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“I went to the woods because I wished to live deliberately, to front only the essential facts of life, 
and see if I could not learn what it had to teach, and not, when I came to die, discover that I had 

not lived. I did not wish to live what was not life, living is so dear; nor did I wish to practise 
resignation, unless it was quite necessary. I wanted to live deep and suck out all the marrow of 

life, to live so sturdily and SPartan-like as to put to rout all that was not life, to cut a broad swath 
and shave close, to drive life into a corner, and reduce it to its lowest terms.” 

 
Henry David Thoreau 

Walden
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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). 
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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). 



Chapter 1   
	

	 22	

 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 



Chapter 1   
	

	 26	

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 
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Figure 4 
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Figure 5 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter 1   
	

	 32	

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.  
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Abstract 

The highly dynamic remodeling and cross talk of the microtubule and actin 

cytoskeleton support neuronal morphogenesis. Small RhoGTPases family 

members have emerged as crucial regulators of cytoskeletal dynamics.  In this 

review we will comprehensively analyze findings that support the participation of 

RhoA, Rac, Cdc42, and TC10 in different neuronal morphogenetic events 

ranging from migration to synaptic plasticity. We will specifically address the 

contribution of these GTPases to support neuronal polarity and axonal 

elongation. 
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Introduction 

The development and maintenance of the unique shape of most neuron types 

involves a complex series of events that start when spherical neuronal 

progenitors become asymmetric (Da Silva and Dotti, 2002) gradually adopting a 

polarized morphology by extending a single long axon and several much shorter 

dendrites that eventually connect with axons at synapses (Jan and Jan, 2003, 

2010; Wiggin et al., 2005; Arimura and Kaibuchi, 2007; Barnes and Polleux, 

2009; de la Torre-Ubieta and Boni, 2011). There is considerable interest in 

learning about the mechanisms underlying neuronal shaping and polarization 

since they are central for understanding the complex connectivity and functioning 

of the nervous system, and help solving many disorders, involving nerve 

degeneration and failure to regenerate, as in spinal cord or brain injuries, 

cerebrovascular accidents, and neurodegenerative diseases (de la Torre-Ubieta 

and Boni, 2011). This article focuses on the role of the small Rho GTPases family 

members RhoA, Rac, Cdc42 and Tc10 in regulating cytoskeletal organization 

and dynamics (Conde and Cáceres, 2009), as well as membrane addition 

(Pfenninger, 2009) during neuronal morphogenesis and polarization (Arimura and 

Kaibuchi, 2007; Tahirovic and Bradke, 2009; Hall and Lalli, 2010; de la Torre-

Ubieta and Boni, 2011).  

The initial and very well characterized observations on the functions of small Rho 

GTPases (Etienne-Manneville and Hall, 2002) established that they promote 

actin reorganization, with RhoA (Ras homology member A) regulating stress fiber 

formation and cell contraction (Ridley and Hall, 1992; Nobes and Hall, 1995), 

Rac1 (Ras-related C3 Botulinum substrate 1), and Cdc42 (Cell division cycle 42) 
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inducing extensive protrusive activities that include the formation of lamellipodia 

and filopodia, respectively (Ridley et al., 1992; Hall et al., 1993a; Nobes and Hall, 

1995; Hall, 1998; 2005). 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” 

(Pert, 2010) modulating microtubule organization, dynamics, plus-end capture 

and cross talk with actin-based structures, such as growth cone actin ribs (Paglini 

et al., 1998a), actin arcs (Zhang et al., 2003; Burnette et al., 2008), actin bundles 

and the subcortical cytoskeleton (Jaffe and Hall, 2005; Li and Gundersen, 2008; 

Lowery and van Vactor, 2009). 

The Rho family of small GTPases. Molecular and structural considerations 

The Rho family of GTPases comprises a subgroup of the Ras superfamily of 

small (20-30 kDa) GTP-binding proteins. These proteins are ubiquitously 

expressed across the species, from yeast to human. The small GTPases act as 

molecular switches, cycling between an active GTP bound state and an inactive 

GDP bound state (Etienne-Manneville and Hall, 2002; Pertz, 2010). Rho 

GTPases are activated, mainly through several cell-surface receptors via 

guanine-exchange factors, including cytokine, tyrosine kinase and adhesion 

receptors, as well as G-protein coupled receptors (GPCRs) (Kjoller and Hall, 

1999; Schiller, 2006). Rho GTPases interact with myriad of effectors controlling 

many components of brain development and functioning such as neuronal 

migration (Hall, 2005), cell adhesion (Nobes and Hall, 1995), phagocytosis 

(Chimini and Chavrier, 2000), morphogenesis (Hall and Nobes, 2000; Hall, 

2005); thus, almost all aspects of neuronal polarization, one of the main issues of 
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this review, are controlled by small Rho-GTPases  (Luo et al., 1997; Luo, 2000; 

Ng et al., 2002: Jan and Jan, 2003, 2010;  Ng and Luo, 2004; Govek et al., 2005; 

Arimura and Kaibuchi, 2007; de Curtis 2008; Hall and Lalli, 2010). 

   To date, 22 mammalian members of the Rho GTPase family have been 

identified and subdivided into several groups on the basis of their amino acid 

composition, that include:  Rho (A, B and C isoforms), Cdc42, Rac (1, 2 and 3 

isoforms), Rnd (Rnd1, Rnd2 and Rnd3/RhoE), RhoD, Rif (RhoF), RhoG, TTF 

(RhoH), mitochondrial Rho/RhoT (Miro1 and Miro2), TC10/RhoQ, Chp/RhoV and 

atypical members like, RhoBTB.  

   The canonical structure of Rho GTPases consists of several motifs (Figure 1). 

An effector domain that becomes accessible to targets when GTP is loaded 

(active conformation); by contrast, when GDP is bound the effector domain 

acquires an inactive conformation being hidden for binding to downstream 

effectors. These changes in structure are restricted to two switch domains 

(Hakoshima et al., 2003). In the C-terminal domain exists a Hyper Variable 

Region (Figure1, HVR) that differs not only between the Rho GTPase subclasses 

but also within the same subclass in terms of the presence of either a polybasic 

region or a palmitoylation site (Ridley, 2006). The polybasic region and 

palmitoylation site present at the hypervariable region are involved in targeting of 

GTPases to plasma membrane or endomembrane comPartments (Michaelson, 

2001). A C-terminal CAAX-box (C, cysteine; A, Aliphatic Amino acid; X, any 

amino acid) contains a cysteine residue, which is crucial for prenylation that adds 

a farnesyl or geranylgeranyl group, enhancing their interactions with membranes 

and very often defining their localization to specific membrane comPartments. 
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Then, the remaining aliphatic and variable amino acid undergoes proteolysis and 

replacement by a methyl group (Adamson et al., 1992; Wennerberg and Der, 

2004; Samuel and Hynds, 2010).  

  On the other hand, one striking feature of atypical Rho GTPases, like those in 

the RhoBTB group is a non-functional GTPase domain followed by a proline rich 

region, and a C-terminal Bric-a-brac, Tramtrack, and Broad-complex (BTB) 

domain, a module known for mediating protein-protein interactions. The RhoBTB 

subfamily consists of 3 isoforms: RhoBTB1, RhoBTB2, and RhoBTB3 (Figure 1) 

(Ramos et al., 2002; Berthold et al., 2008). Quite interesting, RhoBTB3 behaves 

as an ATPase involved in Rab9-mediated late endosome to Golgi trafficking 

(Espinoza et al., 2009; Danglot and Thierry, 2009).  

The on/off cycling and target accessibility of Rho-GTPases are controlled by 

different groups of proteins. The are two primary classes of molecules that 

control the switching: 1) GEFs, which catalyze the exchange of GDP for GTP 

(Hart et al., 1991; Schmidt and Hall, 2002); and 2) GTPase-activating proteins 

(GAPs), which enhance the relatively slow intrinsic GTPase activity of Rho 

proteins. GEFs promote the activation of Rho-GTPase family members, whereas, 

GAPs act as inhibitory factors. A third set of regulatory proteins, are the guanine 

nucleotide-dissociation inhibitors (GDIs) that maintain a large pool of 

RhoGTPases in the cytosol in a GDP bound state (Sasaki and Takai, 1998; 

Dovas and Couchman, 2005; Garcia-Mata et al., 2011; Figure 2). 
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Regulators of Rho GTPases 

Guanine nucleotide exchange factor (GEFs) 

The first mammalian GEF was originally identified as an oncogene from human 

diffuse B-lymphoma cells and designated as Dbl (Hart et al.,1991; Zheng et al., 

1996; Zheng, 2001). In humans, approximately 70 GEFs have been described; 

most of them contain a Dbl-homology (DH) domain and an adjacent Pleckstrin 

homology (PH) domain. In most cases, they provide the minimal structural unit 

required to catalyze the GDP-GTP exchange reaction (Chen et al., 1997; 

Baumeister et al., 2003). A non-conventional Rho-GEF family, whose members 

lack DH domains, has also been identified (Meller and Merlot, 2005). These 

proteins designated as CZH (CDM and Zizimin homology) or 180 kDa protein 

downstream of CRK (DOCK180)-related proteins contain two high homolog 

regions [Dock homology regions (DHR1 and DHR2)] that mediate nucleotide 

exchange (Meller and Merlot, 2005). 

   DH domains interact extensively with the switch regions of GTPases (Switch I, 

residues 28-44 and Switch II, residues 62-69 in human RhoA, respectively), 

which are domains for nucleotide binding (Hakoshima et al., 2003; Meller and 

Merlot, 2005). The nucleotide exchange mechanism involves sequential steps in 

which the RhoGEF interacts with a rigid zone of the RhoGTPase and a portion of 

the Switch II. This interaction (GTPase-GEF) promotes conformational changes 

of Switch I allowing dissociation of GDP and Mg+2 leaving the nucleotide binding 

pocket fully exposed for binding to GTP-Mg+2 (For details: Worthylake et al., 

2000; Hakoshima et al., 2003; Rossman et al., 2005).  
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GTPase activating proteins (GAPs) 

GAPs increase the rate of GTP hydrolysis by more than 100 times. The first GAP 

identified for Rho family GTPases was p50 RhoGAP (Garrett et al., 1989) and, 

since then more than 70 members have been characterized in eukaryotes. The 

human genome is predicted to encode between 59 and 70 proteins containing a 

RhoGAP domain, and to date more than half of them have already been 

identified (Venter et al., 2001; Peck et al., 2002; Bernards, 2003). The structure 

of p50 RhoGAP-RhoA has been well characterized (Rittinger et al., 1997 a, b; 

Hakosima et al., 2003).  

Guanine nucleotide dissociation inhibitors (GDIs) 

There are only three well-defined RhoGDIs (Garcia-Mata et al., 2011), including 

RhoGDI-1 (α), RhoGDI-2 (β) and RhoGDI-3 (γ). These proteins fold into a 

immunoglobulin-like β sandwich followed by an helix-turn-helix motif in the N-

terminus that generates a hydrophobic pocket, which binds and encompass the 

C-terminal regions of Rho GTPases containing isoprenylation of the conserved 

cysteine within the CAAX box. When associated with GTPases, the GDI-GTPase 

complex comprises a cytoplasmic pool of inactive prenylated proteins (Garcia-

Mata et al., 2011: for an excellent recent review on Rho-GDIs). 

    In the following sections we will focus on specific GEFs, GAPs and GDIs for 

Rho, Rac and Cdc42, which have been implicated in neuronal morphogenesis. 

 The Rho family (RhoA, RhoB and RhoC) 

This family is composed of three members, namely RhoA, B and C. RhoA and 

RhoC share a structural identity of 92% and 82% with RhoB, respectively; all 

three members are post-translational modified by prenylation at the C-terminal 
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cysteine. Besides, RhoA and RhoC can be geranylgeranylated (Wheeler and 

Ridley, 2004; Primeau and Lamarche-Vane, 2008) while RhoB can be 

geranylgeranylated, farnesylated and palmitoylated (Wherlock et al., 2004). 

Differential post-translational modifications of Rho members are linked with 

differences in their subcellular localizations and functions (Robertson et al., 1995; 

Michaelson et al., 2001; Stamatakis et al., 2002; Perez-Sala et al., 2009; Samuel 

and Hynds, 2010). While RhoA and RhoC are localized to the cytoplasm or the 

plasma membrane, RhoB is mainly localized to membranes and to an endo-

lysosomal compartment for degradation (Perez-Sala et al., 2009).  

Rho proteins are highly expressed in the nervous system, both in neuronal and 

glial cells (Suidan et al., 1997; Sepp and Auld, 2003); each of them has been 

implicated in several aspects of neural morphogenesis, but the more investigated 

one has been RhoA. Thus, a large body of evidence, mainly from studies in 

cultured cells, suggests that RhoA and one of its main downstream effectors, the 

Rho-associated coil-coiled containing-associated protein kinase (ROCK; Kiento 

and Ridley, 2003) acts during a large part of the neuronal morphogenetic 

program, from neurogenesis and migration to dendritic formation and synaptic 

plasticity.   

RhoA is expressed in the plasma membrane of neural crest progenitors and 

down regulated upon delamination (Groysman et al., 2008); more importantly, 

loss-of-function of RhoA or inhibition of overall Rho signaling with C3 transferase 

(Just et al., 2010) enhances premature delamination without effects on cell fate 

specification (Groysman et al., 2008). In accordance with this, treatment of neural 

crest explants with Y27632, an inhibitor of ROCK, or cell permeable C3 toxin, 
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accelerates migration without affecting proliferation  (Groysman et al., 2008); 

these treatments also reduce stress fiber formation, focal adhesions and 

membrane-bound N-cadherin. Conversely, activation of RhoA with LPA inhibits 

migration (Groysman et al., 2008). A role for RhoA in regulating migration of 

cortical neurons has also been reported (Pacary et al., 2011). These authors 

showed that two proneural transcription factors, Neurog2 and Ascl1, promote 

migration of newborn cortical neurons by inducing expression of the atypical Rho 

GTPases, Rnd2 and Rnd3, which in turn inhibit RhoA activity at different steps of 

the migratory process, respectively (Heng et al., 2008; Pacary et al., 2011; Lin 

and Anton, 2011).  

Another set of studies showed that RhoA regulates apoptosis (Coleman et al., 

2001; Coleman and Olson, 2002) proliferation and cell division in the developing 

cerebral cortex, rather than migration or layering. Programmed cell death plays a 

central role in shaping the organization of neuronal circuits and RhoA appears to 

be actively involved. Thus, a mouse line in which a dominant negative (DN) RhoA 

mutant (N19-RhoA) is expressed in all post-natal developing neurons led to no 

major changes in neocortical anatomy (Sanno et al., 2010). However, the density 

and absolute number of neurons in the somatosensory cortex increased by 12-

26% compared with wild-type littermates. This was not associated with a change 

in neuronal migration during formation of cortical layers, but rather by a large 

decrease in the amount of neuronal apoptosis at postnatal day 5, when a 

developmental peak of cortical apoptosis occurs. In addition, overexpression of 

RhoA in cortical neurons caused high levels of apoptosis. Besides, inhibition of 

RhoA decreased the number of cleaved caspase-3-expressing neurons in cortex, 
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whereas overexpression of wild-type RhoA activated caspase-3, suggesting that 

RhoA acts upstream of this key executor of the apoptotic pathway (Sanno et al., 

2010). Proteins that promote RhoA activation (Figure 4) such as the guanine 

nucleotide exchange factor, GEF-H1 or Lfc (Lbc [lymphoid blast crisis]’s first 

cousin), have also been implicated in the generation of cortical neurons by 

regulating proliferative symmetric versus neurogenic asymmetric cell divisions 

(Gauthier-Fisher et al., 2010). 

Neurite formation, a fundamental step for initiating migration and the extension of 

axon and dendrites, also involves RhoA. Both in situ and in vitro neuritogenesis 

begins with the breakage of the neuronal sphere, as budding neurites emerge 

from the cell body (Da Silva and Dotti, 2002; Da Silva et al., 2003). These 

neurites extend progressively until one of them (the future axon) starts growing 

more rapidly; as neurites extend further and acquire their final axonal or dendritic 

identities, establish functional synaptic contacts and consolidate polarization. 

Several lines of evidence suggest that RhoA is a negative regulator of 

neuritogenesis, including axon-dendrite formation (Da Silva et al., 2003; Conde et 

al., 2010).  

Ectopic expression of constitutively active  (CA) RhoA inhibits neurite sprouting in 

neuronal cell lines (Kozma et al., 1997) and minor process formation in cultured 

hippocampal pyramidal neurons (Threadgill et al., 1997; Chuang et al., 2005; 

Conde et al., 2010). Likewise, factors that induce growth cone collapse and 

neurite retraction or arrest nerve regeneration, like LPA (Jalink et al., 1993, 1994) 

and Nogo (Fournier et al., 2000; Schwab, 2004; Kim et al., 2006; Schmandke 

and Strittmatter, 2007), or direct/stop axon guidance/advance, like netrin/slit  
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(Murray et al., 2010) or Sema 3A (Aizawa et al., 2001) act through a RhoA-

ROCK mediated signaling cascade. Disheveled (Dvl)-mediated activation of 

RhoA-ROCK is also involved in Wnt-3a-induced neurite retraction in rat PC-12 

and mouse/N1E-115 cells (Kishida et al., 2004; Tsuji et al., 2010). LIMK1 (Rosso 

et al., 2004), a kinase that phosphorylates and inactivates the actin 

depolymerizing factor (ADF) and cofilin (Bamburg, 1999; Bernstein and Bamburg, 

2010), is phosphorylated and activated by ROCK, mediating several of the 

neurite retraction effects of RhoA (Aizawa et al., 2001; Ng and Luo, 2004). 

   Conversely, inactivation of RhoA/ROCK by pharmacological agents or ectopic 

expression of DN mutants enhances neurite formation. In hippocampal cultures, 

treatment of stage 2 neurons with toxin B (Bradke and Dotti, 1998), or C3 toxin 

(Jalink et al., 1994; Da Silva et al., 2003; Arimura and Kaibuchi, 2007), or Y27632 

(Da Silva et al, 2003; Sanchez et al., 2008), or expression of DN RhoA (Chuang 

et al., 2005) or reduction of Rho A activity by suppression of Lfc (Conde et al., 

2010) enhances axonal elongation and/or induces the formation of 

supernumerary axon-like neurites. Interestingly, neurons incubated with RhoA 

inhibitory C3 toxin lead to increased neuronal sprouting characterized by the 

presence of longer neurites. Moreover, these cells showed decreased actin 

filament polymerization (Da Silva et al., 2003), consistent with observations 

suggesting that increased actin dynamics is required for axon initiation (Bradke 

and Dotti, 1999; Kunda et al., 2001; Conde et al., 2010) and that down regulation 

of RhoA activity parallels the transformation of a minor neurite into an axon. 

Forster Resonance Energy Transfer (FRET) experiments using a RhoA 

biosensor (Pertz, 2010) revealed high RhoA activity in growth cones of minor 
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processes of stage 2 or 3 hippocampal neurons compared with axonal shafts or 

their growth cones (Figure 3). Taken together, these observations argue for the 

existence of a RhoA-ROCK inhibitory tone that limits neurite sprouting, 

enhancing actin stability and preventing axon formation; LIMK1 and profilin IIa, as 

well as inhibition of a Rac-Cdc42 signaling pathway are likely to mediate the 

effects of RhoA-ROCK on actin dynamics, neuritogenesis and axon formation 

(Da Silva et al., 2003; Rosso et al., 2004; Conde and Caceres, 2009; Conde et 

al., 2010). In other systems, the inhibitory role of RhoA on axon formation and 

polarization is less clear. For example, in rodent enteric neurons, Smurf, a 

SMAD-specific E-3 ubiquitin proteasome protein ligase 1 that causes RhoA 

degradation, promotes axon elongation without inducing multiple axon formation 

(Bhupinder et al., 2007).  

RhoA has also been implicated in regulating the complex structure of dendritic 

arbors and their spines (Van Aelst and Cline, 2004; Jan and Jan, 2010). Time-

lapse imaging of developing dendrites within the brains of Zebrafish or Xenopus 

tadpoles (Cline, 2001) have revealed that dendrogenesis follows a stereotyped 

sequence of events that involve the addition and retraction of many fine filopodial 

branches to the primary arbor; some branches are stabilized and become a 

substrate for further branching and extension. The iteration of this process: 

addition, stabilization and extension lead to the generation of intricate dendritic 

trees (Van Aelst and Cline, 2004). Expression of active forms of RhoA in 

Xenopus tectal and retinal ganglion cells (Ruchhoeft et al., 1999; Wong et al., 

2000; Li et al., 2000), or Drosophila Melanogaster mushroom body (MB) neurons 

(Lee et al., 2000) or cultured hippocampal neurons (Nakayama et al., 2000) 
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restrain dendrite growth. Conversely, suppression or inactivation of RhoA in MB 

neurons or Xenopus tectal neurons increased dendritic length (Li et al., 2000; 

Lee et al., 2000). However, in other model systems, such as cultured 

hippocampal neurons, where overexpression of RhoA inhibits dendrogenesis, no 

effects were observed after ectopic expression of a DN mutant (Nakayama et al., 

2000); to explain this apparent discrepancy, it was proposed that inhibition of 

RhoA is a physiological phenomenon to allow dendrite growth; thus, no further 

inhibition can be achieved by expressing a DN mutant (Van Aelst and Cline, 

2004). Interestingly, Cux4, a transcription factor that limits dendritic growth in 

cortical pyramidal neurons acts through activation of RhoA (Li et al., 2010).  

Dendritic growth is highly sensitive to afferent activity. Live imaging of dendritic 

arbors of tectal neurons expressing GFP fusion mutants of RhoGTPases, in the 

presence or absence of visual stimulation, revealed that branch addition and 

stabilization are Rac-mediated, whereas extension involves inhibition of RhoA 

activity (for further details: Sin et al., 2002; Niell et al., 2004; Van Aelst and Cline, 

2004).  

Dendritic spines are highly dynamic actin-rich protrusions that undergo 

remodeling triggered by neurotransmitters and neurotrophins; not surprisingly, 

RhoA has emerged as an important regulator of spine formation and synaptic 

plasticity. Expression of a CA RhoA decreases spine length in slices of CA1 

hippocampal pyramidal neurons; interestingly, this phenotype was mimicked by 

down regulation of oligophrenin-1 (Govek et al., 2004). It was also shown that the 

effect of oligophrenin-1 on spine structure involves the RhoA-ROCK pathway 

(Van Aelst and Cline, 2004). Interestingly, mutations in oligophrenin-1 are linked 
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with mental retardation (Bienvenu et al., 1997; Bergmann et al., 2003). Other 

studies have demonstrated that increases in spine density and length induced by 

NMDA receptor activity (Shepherd and Huganir, 2006) are negatively regulated 

by an Lfc-RhoA signaling cascade (Ryan et al., 2005; Kang et al., 2009). The 

function of RhoA has also been tested in behavioral studies where ROCK 

inhibition in the amygdala of intact animals blocks fear conditioning (Lamprecht et 

al., 2002). 

Current evidence also suggests that RhoB has a role in regulating spine 

morphogenesis and synaptic plasticity (McNair et al., 2010). For example, RhoB, 

but not RhoA or Rac, is specifically activated during LTP (O’Kane et al., 2003). 

More recent studies have used RhoB-/- mice to show that the early phase of LTP 

is significantly reduced in the KO animals, whereas the later phase is unaffected 

(McNair et al., 2010). In addition, the RhoB-/- animals have a decrease in 

phosphorylated LIMK1, increased dendritic branching, and fewer, but larger 

spines. The formin mDia2 interacts with RhoB in endosomes, and when down 

regulated with RNAi produces a spine phenotype similar to that of RhoB -/- 

neurons (Wallar et al., 2007; Hotulainen et al., 2009). Membrane recycling is 

required for spine growth and maintenance (Park et al., 2006); then, RhoB-mDia 

could be part of a signaling pathway controlling membrane trafficking from 

recycling endosomes to dendritic spine membranes during synaptic plasticity. 

Another unique aspect of RhoB is that it interacts with MAP1A (Lajoie-Mazenc et 

al., 2008), a microtubule-associated protein involved in activity-driven dendritic 

remodeling (Szebenyi et al., 2005).  In this regard, it is worthnoting that MAP1B 

interacts with the Rac GEFs, Tiam1/Tiam2, and regulates spine formation by a 
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mechanism involving increased RhoA activity (Tortosa et al., 2011). These 

interactions are of great interest since may serve to link dendritic spine 

microtubules (Hoogenraad and Bradke, 2009) with the actin cytoskeleton.  

Rho regulators and effectors 

Regulatory mechanisms are different for the three members of the Rho family 

(Figure 4). For example, RhoA, B and C share high similarity except in a defined 

region around Switch 1, suggesting that they have different affinities for 

regulators or effector proteins (Wheeler and Ridley, 2004). However, most work 

has focused on the modulation of RhoA activity. RhoGDIs inactivate Rho by 

inhibiting the dissociation of the GDP nucleotide (Dovas and Couchman, 2005) 

after removal from the plasma membrane (Dransart et al., 2005; Garcia-Mata et 

al., 2011).      

Current evidence suggests that RhoGDIs may have important neuronal functions. 

For example, Rho inhibition promotes axon growth on inhibitory substrates and 

regeneration in the injured CNS. Thus, several studies have shown that Nogo, 

MAG and other myelin-derived axon growth inhibitors activate RhoA (Pearse, 

2004). Interestingly, this activation involves sequestering RhoGDI from the 

membrane by the p75NTR; thus, inhibitors of RhoA are potential therapeutic 

targets for promoting recovery after spinal cord injury (Yamashita and Tohyama, 

2003;; Zurn and Bartlow, 2006). Down regulation of RhoGDI leads to 

differentiation of the neural stem cell line C17.2, whereas suppression of RhoGDI 

was associated with decreased expression of RhoA, Cdc42, LIMK1 and WASP 

(Lu et al., 2008). These intriguing results highlight the importance of further 

exploring the role of GDIs in neuronal development.  
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Phosphorylation can regulate the affinities between Rho and Rho-GDIs. A recent 

study has shown that cAMP induces phosphorylation of RhoA and increases 

binding with Rho-GDI. Moreover, a mutant RhoA (e.g RhoA S188D) that mimics 

PKA-mediated phosphorylation induces greater neurite outgrowth than RhoA 

(S188A) mimicking the dephosphorylated form.  Taken together these results 

suggest that inactivation of RhoA by PKA phosphorylation can Participate in 

neuritogenesis affecting RhoA and the Rho-RhoGDI complex (Jeon et al., 2011). 

Interestingly, PKA also phosphorylates and inactivates the Rho-GEF, Lfc (Meiri et 

al., 2009), which is implicated in axon formation (Conde et al., 2010). Rho can 

also be modulated by heterotrimeric G proteins (Kranenburg et al., 1999; 

Sachdev et al., 2007).  

The interaction of Rho-GEFs with microtubules is crucial to regulate cross talk 

with actin filaments and the plasma membrane.  For example, the p190RhoGEF 

interacts with microtubules through its C-terminal domain adjacent to the DHPH 

domain; p190RhoGEF localizes and binds RhoA in the plasma membrane and 

when over expressed inhibits neurite outgrowth (van Horck et al., 2001). Another 

specific RhoA-GEF that binds to microtubules is the brain enriched PDZRhoGEF 

that is activated by Gα12/13 (Kuner et al., 2002) and interacts with LC2, a light 

chain of MAP1A or B; It has been proposed that this interaction is essential in the 

maintenance of neuronal polarity (Longhurst et al., 2006); interestingly, ubiquitin-

mediated degradation of PDZRhoGEF in cultured hippocampal neurons 

promotes neurite outgrowth (Lin et al., 2011). 

Another striking example of a microtubule-regulated Rho-GEF is GEF-H1, the 

human homolog of Lfc, which is activated upon microtubule depolymerization 
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(Birkenfeld et al., 2008). In primary cultured neurons, suppression of Lfc induces 

formation of multiple axon-like neurites and decreases RhoA activity; conversely, 

ectopic expression of Lfc prevents axon formation, inducing retraction of minor 

neurites (Conde et al., 2010). Tctex-1, a dynein light chain implicated in axon 

outgrowth by modulating actin dynamics and Rac activity (Chuang et al., 2005), 

colocalizes and physically interacts with Lfc, inhibiting its GEF activity, 

decreasing Rho-GTP levels, and antagonizing Lfc during neurite formation 

(Conde et al., 2010). 

Kalirin, is a brain-specific GEF for RhoA, Rac and RhoG. Alternative splicing 

generates several Kalirin isoforms; one of them, Kalirin-7 is the most abundant in 

brain and enriched in the post-synaptic density where it regulates spine 

morphology and synaptic plasticity. In fact, Kalirin-7 KO mice showed reduced 

dendritic branching, fewer spines, alterations in cortical layering, and cognitive 

deficits (Xie et al., 2007, 2008, 2010). A Rac specific domain (e.g. GEF1 domain) 

is present in all isoforms, while a second domain (e.g. GEF2) specific for RhoA is 

present in Kalirin-9 and Kalirin-12 (Penzes et al., 2001). Ectopic expression of 

Kalirin GEF2 domain (DHPH2) enhances axonal elongation (Penzes et al., 

2001). In sympathetic neurons ectopic expression of Kalirin induces prolific 

sprouting of new axonal fibers, a phenomenon dependent on Kalirin GEF1 

domain and mimicked by expression of CA RhoG (May et al., 2002).  

A brain-specific GAP for RhoA and Rac, p200RhoGAP, was found in 

differentiated N1E-115 cells associated with the cortical actin cytoskeleton; it 

binds to SH3 domains, being tyrosine-phosphorylated upon association with 

activated Src in cells. Transient expression of the RhoGAP domain or of the full-
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length molecule promotes N1E-115 differentiation (Moon et al., 2003).  

p190 RhoGAP is a GAP with high specificity for RhoA, rather than Rac or Cdc42 

(Kaibuchi  et al., 1999). Although not directly linked with neuronal polarization, 

some studies have shown its involvement in Nerve Growth Factor (NGF) or Basic 

Fibroblast Growth Factor- (bFGF) induced PC12 differentiation and neurite 

extension, through a mechanism involving RhoA inactivation (Jeon et al., 2010, 

2011). 

Molecules that act downstream of Rho, can be classified into three groups. The 

class I includes protein kinase N (PKN), rhophilin, and rhotekin; class II includes 

ROCK-I and ROCK-II9 (Kiento and Ridley, 2003); and class III includes Citron 

(Fujisawa et al., 1998). Class I contains a Rho binding region of 70 amino acids 

near their N-terminus, known as HR1 domain. By contrast, class II contains the 

Rho-binding region towards the C-terminus. Finally, Citron contains a Rho-

binding region, which is also localized to the C-terminus, but is unrelated to the 

Class II or the HR1 sequences (Wheeler and Ridley, 2004). The Switch 1 region 

of Rho contains the sequence VFSKD, which is very important for binding to all 

classes of Rho effectors. This sequence is preserved in RhoA, B, and C and 

therefore most effector proteins could bind the three Rho family members 

(Fujisawa et al., 1998; Wheeler and Ridley, 2004). 

RhoA, B and C activate ROCK, which in turn can phosphorylate several actin 

cytoskeleton regulatory proteins, such as myosin light chain (MLC) phosphatase 

and LIMK. The activation of LIMK by ROCK can then be associated with changes 

in the phosphorylation levels of ADF/cofilin. Regulation of LIMK1 and cofilin 

phosphorylation contributes to axon development (Rosso et al., 2004; Garvalov 
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et al., 2007).  

Other important downstream effectors of Rho family members are formins, a 

family of proteins, which are essential for nucleation and polarization of straight, 

unbranched actin filaments (Pruyne et al., 2002). To date, the most studied 

members of this family are the mammalian Diaphanous Formin (mDia) 1 and 2. 

Both formins possess a microtubule binding ability that is independent of its actin 

polymerization activity, and serve to coordinate actin cytoskeleton 

rearrangements to microtubule dynamics in migrating cells (Spiering and 

Hodgson, 2011). For example, the association of mDia1 with the microtubule plus 

end capping protein complex EB1/APC, is required to stabilize dynamic 

microtubule tips during cell migration (Palazzo et al., 2001; Gundersen, 2002; 

Wen et al., 2004). mDia also interacts  with  Ena/VASP proteins that have been 

implicated  in many processes requiring actin remodeling downstream of Rho, 

including neuronal polarization (Shakir et al., 2006; Fleming et al. 2010).  

The Rac family (Rac1, Rac2, Rac3) 

Rac family members have also been implicated in several aspects of neuronal 

morphogenesis, ranging from proliferation and migration to synaptic plasticity. 

There are three Rac genes in vertebrates encoding the Rac1, Rac2, and Rac3, 

proteins that share 88-92% sequence identity (Corbetta et al., 2005, 2009). While 

Rac1 is ubiquitously expressed, Rac3 is neuron-specific and developmentally 

regulated (Malosio et al., 1997; Albertinazzi et al., 1998; Bolis et al., 2003); by 

contrast, Rac2 is expressed in hematopoietic cells (Didsbury et al., 1989). The 

Rac isoforms exhibit their highest amino acid divergence at their C-terminal 

region (van Hennik et al. 2003; Haataja et al. 1997). It has been described that 
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Rac1 and Rac3 are also differentially expressed in brain regions, such as 

cerebellum (Bolis et al., 2003). Besides, while Rac3 localizes to the plasma 

membrane independently of its activation state, inactive Rac1 mainly localizes to 

the cytoplasm, being translocated to the membrane after activation (Wennerberg 

and Der 2004).    

Most studies related with the functioning of Rac isoforms in vertebrate brain 

tissue have focused on Rac1; less effort was devoted to Rac3 despite its 

neuronal-specificity, co expression with Rac1 and developmental regulated 

expression pattern (Hajdo-Milasinovic 2007, 2009). A genetic approach has now 

established that Rac1 and Rac3 are both critical for brain development, shedding 

light on previous discrepancies (Corbetta et al., 2009; see below). 

Pioneering work in flies showed the importance of Drosophila Rac (DRac) for 

axon elongation (Luo et al. 1994), and following studies in mammalian brain 

demonstrated that it also participates in many other aspects of neuronal 

morphogenesis. For example, a recent study suggests that Rac1 regulates 

survival of neuronal progenitors  (Leone et al., 2010). It is likely that Rac1 acts in 

concert with Cdc42 to regulate corticogenesis serving distinct but complementary 

functions: Cdc42 is required for the maintenance of polarity and normal 

proliferation in radial glial cells of the ventricular zone (VZ; Cappello et al., 2006), 

whereas Rac1 regulates survival of cortical progenitors, including those located 

in the subventricular zone (SVZ; Leone et al., 2010).  

Rac1 has also been implicated in neuronal migration. Initial studies using in utero 

electroporation of DN Rac1 or the GEFs, Tiam1/Tiam2, into VZ progenitors 

produced an almost complete inhibition of radial migration of cortical neurons 
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(Kawauchi et al., 2003). By contrast, conditional deletion of the Rac1 gene using 

Foxg1-Cre mice produced mild defects in cortical radial migration (Chen et al., 

2007). These authors showed that the inside-to-outside sequence of 

neurogenesis and migration is preserved in the Rac1-deficient cerebrum; 

however, tangential migration of ventral telencephalic neuron was considerably 

compromised. The different severity of migration defects between these two 

approaches was interpreted as indicative that overexpression of DN mutants 

likely altered the activity of other RhoGTPases.  

Rac1 is present in growth cones where it regulates adhesion and navigational 

activities (Lowery and van Vactor, 2009); not surprisingly, the participation of 

Rac1 in neurite outgrowth, axon formation, elongation, branching, guidance and 

pathfinding has been under intense investigation (Hall and Lalli, 2010). The study 

of Rac1 function in nerve cells with DN or CA mutants is a clear example of how 

results derived from these approaches should be interpreted with caution (Kuhn 

et al., 1998). The initial studies of Luo’s laboratory established that DN DRac1 

prevents axonal outgrowth; it was later showed that this phenotype was the 

consequence of a progressive inactivation of DRac1, DRac2 and the related 

protein Mtl; this phenomenon leads to dose-dependent cumulative phenotypes 

involving:  first, defects in axonal branching, then in guidance, and finally in 

outgrowth (Luo et al., 1994; Luo, 2000; Ng et al., 2002; Chen et al., 2007). In 

agreement with this, loss of function mutations in Drac1, DRac2, and Mtl 

produced abnormalities in axonal growth and guidance; it was also demonstrated 

that the GEF Trio is essential for DRac functioning in axon growth and guidance 

(Hakeda-Susuki et al., 2002). 



Chapter 2 

	 68	

A role for Rac1 in neuritogenesis and axon outgrowth has also been 

demonstrated in mammalian neuronal cell lines or primary cultures. Thus, PC12 

cell differentiation requires Rac1 activation, by a mechanism involving RhoA 

translocation from the plasma membrane to the cytoplasm and inactivation 

(Nusser et al., 2002). Activation of Rac1 by ectopic expression of Tiam1 

promotes growth cone lamellipodial expansion and neurite sprouting in 

neuroblastoma cells (van Leeuwen et al., 1997). A similar mechanism may 

operate in cultured hippocampal pyramidal neurons; ectopic expression of Rac1 

or Tiam1/2 enhance axonal elongation and also induce the extension of multiple 

Tau-1 + axon-like neurites  (Kunda et al., 2001; Nishimura et al., 2005; Chuang 

et al., 2005). Suppression of Tiam1 also prevents expansion of the growth cone 

lamellipodial veil and the increase in actin dynamics that marks the 

transformation of a minor process into an axon (Bradke and Dotti, 1999; Kunda et 

al., 2001). Interestingly, Tiam1 interacts with MAP1B (Montenegro et al., 2010) in 

axonal growth cones and may serve to link microtubules with Rho-GTPase 

signaling and the actin cytoskeleton. Tctex-1, a dynein light chain also stimulates 

axonal outgrowth and elongation, by a Rac-dependent mechanism that involves 

inhibition of RhoA (Chuang et al., 2005; Conde et al., 2010).  

Three studies have used a conditional-gene targeting approach to study the 

function of Rac1 in mammalian neurons. The first study used Foxg1-Cre mice to 

suppress Rac1 in the VZ of telencephalon and Dlx5/6-CRE-EGFP mice to 

eliminate Rac1 from the SVZ of ventral telencephalon (Chen et al., 2007). The 

results obtained showed that deletion of Rac1 in VZ progenitors did not prevent 

axonal outgrowth of telencephalic neurons. However, several major axonal tracts 
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display desfasiculation or projection defects. These results were interpreted as 

indicative that Rac1 controls axon guidance rather than neuritogenesis (Chen et 

al., 2007). Functional redundancy is one possibility for explaining why the 

absence of Rac1 does not affect axon outgrowth in the KO animals. One likely 

candidate is Rac3. Thus, conditional deletion of Rac1 in neurons combined with 

KO of Rac3 impairs development of dentate granule cells altering mossy fiber 

formation, and therefore hippocampal circuitry; besides, lack of both genes 

causes behavioral and motor defects, as well as premature death of mice. This 

fundamental study provides a set of evidence showing that Rac1 and Rac3 act 

synergistically, having complementary functions (Corbetta et al., 2009). This 

study also showed that single rac1 or rac3 deletions produce minor phenotypes. 

One possible explanation for these mild phenotypes is that the GTPase RhoG 

(Katoh and Neguishi, 2003) shares a high amino acid sequence homology (72%) 

with Rac1and also involved in neurite outgrowth, at least in PC12 cells (Katoh et 

al., 2000), may partially compensate for Rac1 and/or Rac3 functions in the 

nervous system. Other explanations are possible.  

A third conditional KO deleting Rac1 in the whole brain has also been generated 

(Tahirovic et al. 2010).  These authors analyzed cerebellar granule cells, which 

are devoid of other Rac isoforms, and found that deletion of the rac1 gene 

impairs migration and axon formation. This study also showed absence of 

Wiscott-Aldrich syndrome protein (WASP) family velprolin homologous protein 

(WAVE) from the plasma membrane of Rac -/- granule cells; interestingly, the 

axon growth defect of these neurons could be partially rescued by expression of 

a WAVE mutant that targets to the plasma membrane. The results of this study 
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suggest that regulation of axon growth by Rac1 isoforms may be neuron-type 

specific (Tahirovic et al. 2010).  

The study by Corbetta et al., (2009) also showed that spine development is 

strongly hampered in hippocampal neuronal cultures derived from the Rac1-/-

/Rac3-/- mice (Corbetta et al., 2009) These alterations may underlie the epileptic 

phenotype found in the Rac1/Rac3 double KO animals (Corbetta et al., 2009).  

Rac regulators and effectors 

One of the most important GEFs in the nervous system is the T-lymphoma 

invasion and metastasis 1 factor (Tiam1; Habets et al., 1994; Mertens et al., 

2003). Translocation of Tiam1-family members to the plasma membrane is 

crucial for inducing Rac-mediated membrane ruffles and activation of c-Jun N-

terminal kinase (JNK; Michiels et al., 1997; Stam et al., 1997). Pioneering work 

from the Collard’s laboratory with N1E-115 cells showed that Tiam1 induces cell 

spreading, expansion of the growth cone lamellipodial veil and increases neurite 

sprouting (van Leeuwen et al., 1997). Tiam1 has a closely related member 

known as Tiam2 or STEF that also participates in NIE-115 differentiation (Matsuo 

et al., 2003). Tiam1 colocalizes with actin filaments and a subset of tyrosinated 

microtubules present in axonal growth cones (Kunda et al., 2001). Tiam1/STEF 

suppression inhibits axon growth, while overexpression induces multiple axon 

formation (Kunda et al., 2001; Nishimura et al., 2005), a phenomenon that 

involves interaction with Par3 (Nishimura et al., 2005).  Recent observations have 

shown that Tiam1 interacts with MAP1B favoring its localization at the distal 

axonal end (Tortosa et al., 2010). In non-neuronal cells, Tiam1-dependent 

Rac1activation requires the participation of the Arp2/3 complex (Ten Klooster et 
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al., 2006). Although the significance of this interaction has not been explored in 

neurons, it is plausible that Tiam1-promoted axonal elongation could require the 

participation of the Arp2/3 complex. 

Current evidence suggests that Tiam1/STEF activity could be down regulated by 

RhoA-ROCK (Matsuo et al., 2003). ROCK phosphorylates STEF at Thr1662 

diminishing its ability to activate Rac, presumably by altering its interaction with 

MAP1B or other molecules (Takefuji  et al., 2007). For example, Par3 interacts 

directly with Tiam1/STEF, which is then assembled into the polarity complex 

aPKC-Par6-Cdc42-GTP to drive Rac activation. It has been reported that RhoA-

ROCK phosphorylates Par3 disrupting its interaction with Par6-aPKC 

suppressing Par3-mediated Rac activation (Nakayama et al., 2005).   

Trio is another GEF for Rac, which is highly expressed in the brain (Debant, et 

al., 1996). A special feature of Trio is the presence of two different DHPH 

domains. The first domain is involved in both Rac and RhoG activation, whereas 

the second stimulates RhoA  (Bellanger et al., 1998). Trio appears to be a key 

component of the intracellular signaling pathway that regulates axonal guidance 

and cell migration in the nervous system (Liebl et al., 2000); this appears to 

involve regulation of Filamin, an actin binding protein (Fox et al., 1998). A role for 

Trio in neuronal morphogenesis is further supported by other observations. 

Solo/Trio8, a short membrane-associated isoform of Trio selectively expressed in 

Purkinje cells, regulates neurite morphology in primary cultured neurons by 

activating endosome recycling (Sun et al., 2006). Other Trio isoforms containing 

a GEFD1 domain also modulate neurite growth (Portales-Casamar et al., 2006).  

 Kalirin family members are highly homologous to Trio. The DHPH1 domain of 
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Kalirin is similar to the first DHPH domain of Trio, which activates Rac1 (Debant 

et al., 1996), whereas Kalirin DHPH2 is most similar to the second DHPH domain 

of Trio, and therefore it can also activate RhoA. A functional analysis of Kalirin 

DHPH domains in primary cultured cortical neurons showed that DHPH1 reduced 

axonal length (Penzes et al., 2001). Interestingly this GEF domain binds and 

activates more strongly RhoG than Rac1. Kalirin-9 and Kalirin-12 also promote 

axonal elongation in cultured rat superior cervical ganglion neurons, presumably 

by activating RhoG (May et al., 2002). 

Vav family members (Vav1, Vav2, and Vav3) are prototypical Dbl GEFs for Rac 

and Cdc42 (Bustelo, 2000). Vav1 is exclusively expressed in hematopoietic cells, 

while Vav2 and Vav3 are ubiquitously expressed (Katzav et al., 1989; Movilla and 

Bustelo, 1999; Schuebel et al., 1996). Tyrosine phosphorylation of Vavs (Lopez-

Lago et al., 2000) abrogates N-terminal auto inhibition leading to an open 

configuration with an exposed DH domain that triggers its GEF activity 

(Aghazadeh et al., 2000; Yu et al., 2010). The three-vav genes have been 

identified in some areas of the CNS (Movilla and Bustelo, 1999; Betz and 

Sandhof, 2003) and Vav proteins implicated in axonal targeting/guidance in flies 

and mice (Cowan et al., 2005; Malartre et al., 2010).  ALS2/Alsin is a GEF that 

contains a central DH/PH domain responsible for Rac1 activation. It colocalizes 

with Rac at neuronal growth cones, and regulates neurite outgrowth and growth 

cone motility (Tudor et al., 2005). The PAK-interacting exchange factor PIX, a 

GEF for Rac has an important role in regulating dendritic spine formation (Zhang  

et al., 2003). 

Another protein that activates Rac is the Dock180-related GEF (Cote and Vuori, 
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2007). Studies in mammalian cells have demonstrated that Dock180, is a GEF 

for Rac1 implicated in multiple activities ranging from cell migration to axonal 

outgrowth (Cote and Vuori,  2007).  Dock180 interacts with ELMO1, a highly 

evolutionarily conserved PH-domain containing protein. It has been proposed 

that the ELMO-PH domain interacts in trans with a Dock180:Rac1 complex, 

eliciting activation of the GTPase (Lu et al., 2004); the C-terminal region of 

ELMO1 is necessary and sufficient to interact with Dock180, functioning as a 

bipartite GEF, promoting Rac GTP activation, membrane ruffling and spine 

morphogenesis (Miyamoto and Yamauchi, 2010).  

Dock7 is an atypical GEF member of the Dock180 family that activates Rac and 

induces axon formation in primary culture neurons (Watabe-Uchida et al., 2006 a, 

b). Dock7-induced axonal growth involves phosphorylation and inactivation of the 

microtubule destabilizing protein stathmin/Op18 (Watabe-Uchida et al., 2006 a, b; 

Conde and Caceres, 2009). MOCA (modifier of cell adhesion) or Dock3 was 

described to be specifically present in neurons where it enhances Rac1 activity. 

Interestingly, MOCA farnesylation is required for its localization to the growth 

cone subcortical cytoskeleton and Rac activation (Namekata et al., 2004). A 

recent study has shown that Dock3 acts downstream of brain derived 

neurotrophic factor (BDNF) to promote axonal outgrowth; interestingly Dock3 

binds and inhibits GSK3-b, increasing the non-phosphorylated form of CRMP2, 

which stimulates microtubule assembly and axonal growth (Namekata et al., 

2012). 

GEFT is another GEF, which is enriched in both hippocampus and cerebellum 

(Bryan et al., 2004) and activates RhoA, Rac and Cdc42; however, in 
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neuroblastoma and primary neurons, its function has been primarily linked with 

Rac1 activation, and the control of neurite and dendrite remodeling (Bryan et al., 

2004, 2006; Mitchell et al., 2011). GEFT-mediated activation of Rac1 has been 

linked with downstream regulation of PAK1 and PAK5 (Bryan et al., 2004, 2006). 

Rac1 is also controlled by specific GAPs, such as a-chimaerins. They occur as �

1 and a2 isoforms; the later, an alternatively spliced isoform, contains an SH2 

domain. These GAPs target primarily Rac1 activation and to a lesser extent 

Cdc42 (Hall et al., 1993 b; Kozma et al., 1996). The expression of �2-chimaerin 

mRNA is high in developing nervous system, suggesting a role in neuronal 

differentiation (Lim et al., 1992; Hall et al., 2001). �2-chimaerin promotes 

neuritogenesis in N1E-115 neuroblastoma cell lines, an effect that requires an 

intact SH2 domain (Hall et al., 2001) (Figure 5). Another study has showed that 

ectopic expression of a1-chimaerin induces pruning of dendritic branches and 

spines (Buttery et al., 2006).  

Rac regulates actin dynamics through two main downstream effector pathways, 

the p21-activated kinase (PAK) (Manser et al., 1994) and WAVE (Miki et al., 

1998). They induce changes in the actin cytoskeleton through the PAK-cofilin (Ng 

and Luo 2004) and the WAVE-Arp2/3 pathways (Takenawa and Miki, 2001; Ng 

and Luo, 2004). 

PAK, is a serine/threonine kinase involved in axon development in flies and 

mammals (Hing et al., 1999; Jacobs et al., 2007). PAK regulates actin dynamics 

by activating a LIMK-cofilin pathway implicated in neurite extension and growth 

cone motility (Endo et al., 2003; Rosso et al., 2004), linking the  Rac-PAK module 

to the mechanisms controlling axonal guidance and branching. 
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The p35/Cyclin-dependent kinase 5 (Cdk5; Tsai, 2001), is also a Rac1 

effector.  P35, the neuron-specific regulator of CK5  associates with Rac in a 

GTP-dependent manner, hyperphosphorylating Pak1 and inhibiting its activity 

(Nikolic et al., 1998). Since the Cdk5-RacGTP-Pak1 complex localize in the 

growth cone periphery, it is likely to have an impact on the dynamics of the  actin 

cytoskeleton, thus promoting neuronal migration and neurite outgrowth (Paglini et 

al., 1998 b; Tsai, 2001; Rashid et al., 2001). Experiments with  Rac1-deficient 

cerebellar granule neurons have shown that WAVE is absent from the plasma 

membrane; since loss of WAVE inhibits axon extension, these observation 

strongly support the view that the Rac1-WAVE pathway is necessary for axonal 

growth (Tahirovic et al., 2010). 

The Cdc42 family (Cdc42, Tc10 and TCL) 

Cdc42 and the closer related members, teratocarcinoma 10 (TC10) and 

teratocarcinoma 10 like (TCL) (Drivas et al., 1990), share the ability to induce the 

formation of filopodia in cells (Neudauer et al., 1998; Vignal et al., 2000; 

Wennerberg and Der, 2004).  

Current evidence favors the view that Cdc42 plays a central role in the 

establishment of cell polarity in a wide variety of cells, ranging from yeast to 

neurons (Etienne-Manneville, 2004). In the case of nerve tissue, Cdc42-mediated 

polarization arises early in brain development. For example, the neuroepithelium 

(NE) has an apParent apical-basal polarity marked by the position of adherens 

junctions from neural progenitors facing the ventricular lumen (apical pole) and 

their ascending projections on radial glia towards the pial surface (basal pole). 

While the signaling pathways underlying NE polarization are poorly understood, 
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Cdc42 plays a critical role (Chen et al., 2006). Conditional deletion of Cdc42, 

abolishes the apical distribution of Par3, aPKC, E-cadherin, b-catenin, and 

Numbs. Besides, Cdc42 deletion severely impairs the extension of nestin-positive 

radial glia. Interestingly neural progenitors failed to anchor with the apical surface 

and become extensively intermingled with nascent neurons throughout the entire 

depth of the NE. Consequently, the Cdc42-deficient telencephalon failed to 

separate resulting in holoprosencephaly (Chen et al., 2006). 

Cdc42 and the Par3-Par6-aPKC complex also have a role in neurite outgrowth 

and polarization in cultured hippocampal pyramidal cells (Wiggin et al., 2005; 

Arimura and Kaibuchi, 2007; Hall and Lalli, 2010). Par3 and Par6 determine cell 

polarity in epithelial cells, and also in worms and flies. In cultured neuronal cells, 

the transformation of a minor neurite into an axon is preceded and accompanied 

by the translocation of Par3 and Par6 to the growth cone of the nascent axon 

(Shi et al., 2003). Moreover, ectopic expression of Par3 or Par6 altered axon 

formation. These neurons fail to elaborate a single axon; instead they extend two 

or more axon-like neurites. It was also shown that the correct localization of Par3-

Par6 and aPKC to the tip of the future axon is triggered by activation of a 

signaling pathway involving a receptor tyrosine kinase and phosphatidyl-inositol 3 

kinase (PI3K) (Shi et al. 2003, 2004; Menager et al., 2004). A molecular 

mechanism linking Cdc42 and the polarity complex is dependent on the GTP-

Cdc42 interaction with Par3/Par 6 complex (Nishimura et al., 2005). Interestingly 

a fast cycling mutant of Cdc42 mimics Par3 ovexpression inducing the extension 

of multiple axon-like Tau-1 + axon-like neurites (Sosa et al., 2006); on the other 

hand, RNAi suppression of Cdc42 prevents axon formation (Schwamborn and 
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Puschel, 2004). Besides, IGF-1 a trophic factor required for axon formation in 

cultured hippocampal pyramidal (Sosa et al., 2006) and cortical motor projection 

neurons (Ozdinler et al., 2006) acts through a signaling pathway involving a 

tyrosine kinase receptor (b-gc, a growth cone-enriched variant of the IGF1 

receptor [IGF1R]; Mascotti et al., 1997), PI3K and Cdc42 (Sosa et al., 2006). The 

PI3K-Cdc42-Par3-Par6 signaling module is reinforced by the action of 

Tiam1/Tiam2, by direct interaction with Par3-Par6-aPKC and GTP-bound Cdc42 

that leads to Rac activation (Nishimura et al., 2005). Since Rac-GTP also 

activates PI3K (Tolias et al 1995; Conde et al., 2010) a positive feedback loop is 

generated that drives the continued activation of PI3K and targeting of the 

polarity complex to the axonal growth cone. Major downstream effectors of this 

regulatory system are components of the microtubule cytoskeleton required for 

growth cone protrusion, engorgement and advance during the formation of a new 

axonal segment (Conde and Caceres, 2009). Proper regulation of microtubule 

organization and dynamics could provide an additional positive feedback loop to 

further ensure Rac-Cdc42 activities (Waterman-Storer et al., 1999; Gonzalez-

Billault et al., 2001; Montenegro et al., 2010).  

On the other hand, the Cc42-Tiam-Par3-Par6-aPKC-Rac module could be a 

major target for a RhoA-ROCK inhibitory signaling pathway during axon 

formation; thus, ROCK phosphorylates and inhibits Tiam1/Tiam2 and Par3 

disrupting the polarity complex and preventing Rac activation (Nakayama et al 

2008; Caceres et al., 2010). A genetic knock-out strategy used to ablate Cdc42 in 

mouse brain also revealed that loss of Cdc42 strongly suppress axon formation 

in vivo and in culture and that cofilin is an important downstream effector in this 
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process (Garvalov et al., 2007). 

Studies in the Drosophila nervous system showed that Cdc42 is implicated in 

multiple aspects of dendritic morphogenesis (Scott et al., 2003). The results of 

this work revealed that despite having a grossly normal dendritic arbor, Cdc42 

mutant MB neurons display a number of key alterations in dendritic morphology, 

including: 1) Loss of proximo-distal dendritic tapering; 2) loss of stereotyped 

branching; and 3) a drastic (50%) reduction in spine number.  

A more recent study examined Cdc42 activity in single dendritic spines during 

LTP using two-photon fluorescence lifetime imaging (2pFLIM; Murakoshi et al., 

2011). The results of this very innovative and fascinating study revealed that 

when spine volume increases, activated Cdc42 remains within the stimulated 

spine, while RhoA diffuses out of the spine into the shaft; interestingly, inhibition 

of the Rho-ROCK pathway preferentially inhibited initial spine growth, whereas 

that of the Cdc42-PAK pathway blocked the maintenance of sustained structural 

plasticity (Murakoshi et al, 2011). It is worthnoting that the p21-activated kinase 3 

(PAK 3) implicated in mental retardation regulates spine morphogenesis through 

a Cdc42-dependent pathway (Kreis et al., 2007).  

Another Cdc42-related GTPase implicated in neuronal morphogenesis is TC10. 

For example, it was shown that TC10 induces neurite outgrowth in PC12 and 

N1E-115 cells (Abe et al., 2003), as well as in cultured dorsal root ganglia 

(Tanabe et al. 2000). However, another studies failed to demonstrate the 

participation of TC10 in NGF-induced neurite formation (Murphy et al. 1999, 

2001). Axonal elongation, a hallmark of neuronal polarization, requires 

membrane addition (exocytosis of plasma precursor vesicles or PPVs) at sites of 
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active growth, such as the axonal growth cone (Pfenninger, 2009; Ory and 

Gasman, 2011). This phenomenon has to be tightly coupled with cytoskeletal 

assembly to ensure neurite extension. In a recent study, Dupraz and colleagues 

showed that a signaling cascade involving the IGF1-R (bgc) and PI3K activate 

TC10 to regulate membrane addition during axon formation. Activated TC10 

triggers translocation of the exocyst component exo70 to the plasma membrane 

in the distal axon and growth cone. Moreover, silencing of either TC10 or exo70 

inhibits axon formation by hindering the insertion of the b-gc subunit of IGF1R  

(Sosa et al., 2006; Dupraz et al., 2009). Thus, by activating two highly related 

RhoGTPases, namely Cdc42 and TC10, PI3K controls two critical events 

underlying axon growth, namely cytoskeletal assembly and membrane addition.  

Cdc42 regulators and effectors 

One important set of factors for regulating Cdc42 are RhoGDIs. RhoGDIα, which 

is ubiquitously expressed and strongly interacts with Cdc42 (Zalcman et al., 

1996) induces relocalization of Cdc42 to the cytoplasm and nucleoplasm, an 

effect, which is not found with TC10 (Murphy, et al., 2001). Post-translational 

modifications can alter RhoGDIa functions, since phosphorylation at Ser34 might 

interfere with the hydrophobic interaction between Cdc42 and RhoGDI (Hoffman 

et al., 2000; Shin et al., 2009). Suppression of RhoGDIγ, stimulates differentiation 

of neural stem cells (Lu et al. 2008). It will be now of considerable interest to 

address the role of different RhoGDI-Cdc42 complexes in regulating the spatio-

temporal activation of Cdc42, and their significance for axon specification, 

elongation and guidance. 

Cdc42 and Rac share several regulators. Thus, some members of the Dock6 
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family activate Rac1 or Cdc42 through the catalytic Dock Homology Region-2 

(DHR-2) and induce actin-based morphological changes both in vitro and in vivo 

(Miyamoto et al., 2007). The expression of Dock6 increases during differentiation 

of NIE-115 cells, whereas Dock6 suppression inhibits neurite outgrowth 

(Miyamoto et al., 2007). Vav proteins can also promote Cdc42 activity. In NGF-

treated PC12 cells, Cdc42 and Rac1 are activated mainly through a signaling 

pathway involving Vav2/3 and PI3K (Aoki et al., 2005). The transmembrane 

protein CD47 also regulates Cdc42 during neurite extension and filopodial 

formation in N1E-115 cells  (Miyashita, et al., 2004), by a mechanism that 

involves Src kinase-mediated phosphorylation of Vav2 (Murata et al., 2006). A 

specific GEF for Cdc42 is the protein hPEM-2. Functional assays with this protein 

suggest that is necessary for filopodia formation and actin remodeling in non-

neuronal cells. While little is known about its function in nerve cells, it is worth 

noting that is highly enriched in rodent brain (Reid et al., 1999). A recent high 

throughput analyses performed to uncover global proteomic changes occurring 

during N1E-115 differentiation revealed a Rac-Cdc42 compartmentalized 

signaling network that operates in conjunction with multiple GEFs and GAPs to 

control neurite outgrowth. In this study, RNAi experiments implicated the Cdc42-

specifc GEF Dock10 and Cdc42 GAP ArhGAP17 in neurite extension (Pertz et 

al., 2008).  

Another interesting specific regulator of Cdc42 is NOMA-GAP, which belongs to 

a new family of multi adaptor proteins with RhoGAP activity.  This GAP is 

essential for NGF-stimulated neuronal differentiation and for regulation of the 

ERK5 MAP kinase and the Cdc42 signaling pathways (Rosario et al., 2007). 



The role of Small GTPases in Neuronal Morphogenesis and Polarity 
 

	
	

81	

RICS and PX-RICS are splicing variants of a Cdc42 GAP highly enriched in 

brain. RICS was shown to be important for neurite extension (Nasu-Nishimura et 

al., 2006) and recycling of NMDA receptors (Okabe et al., 2003). Mice lacking 

RICS, showed increased Cdc42 activity in both hippocampal and granule 

cerebellar neurons (Nasu-Nishimura et al., 2006). PX-RICS, a splicing variant 

with lower GAP activity, is the predominant isoform during nervous system 

development. It has been proposed that PX-RICS controls protein trafficking to 

the plasma membrane (Hayashi et al., 2007; Nakamura et al., 2008) (Figure 6).  

Cdc42 also share with Rac1 some effector proteins, such as PAKs. In this regard 

it is worthnoting that PAK3 appears to be preferentially activated by Cdc42.  

Cdc42-dependent-PAK3 activation had been proposed to modulate dendritic 

spine formation and synaptic plasticity (Kreis et al., 2007). Importantly, PAK3 is 

another GTPase effector linked to mental retardation disorders, due to either loss 

of PAK3 protein or loss of its kinase activity (Allen et al., 1998). 

Antagonistic influences of RhoA vs. Rac/Cdc42 during migration and 

neuronal polarity  

As described in previous sections it is now quite evident that RhoA, Rac and 

Cdc42 family members actively participate in several events along the neuronal 

morphogenetic program. One conclusion of many studies is that RhoA acts as an 

inhibitory regulator as opposed to Rac and Cdc42 that serve as positive ones. 

However, this general idea could be misleading and challenged by several 

experimental observations.  

One example is cell migration, where the current view indicates that Rac 

regulates protrusion at the leading edge and Rho mediates actin-based 
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contractility at the trailing side. However, studies using wounded fibroblasts 

monolayers or LPA-stimulated serum starved fibroblasts have shown that 

microtubule reorientation and stabilization, required for direct cell migration, are 

dependent on a RhoA-mDia signaling pathway (Cook et al., 1998; Palazzo et al., 

2001; Wen et al., 2004; Gundersen, 2002, 2008).  The development of 

biosensors to monitor the spatio temporal activation of RhoGTPases has also 

revealed a more complex picture of the relationship between RhoA and Rac-

Cdc42 during cell migration (Pertz, 2010). Using FRET probes that report RhoA 

activity, two studies revealed that the bulk of RhoA activation occurs at the 

leading edge of migrating cells (Pertz et al., 2006; Machacek et al., 2009). When 

used in combination with multiplexing techniques and biosensors for RhoA, Rac 

and Cdc42, this approach allowed measurements of the time and location of 

RhoGTPase activation during cell migration (Machacek et al., 2009). The striking 

results of this study revealed that RhoA activation occurs directly in the leading 

edge at the onset of protrusion, while Rac and Cdc42 are switched on later, 

remaining active during retraction; it is likely that this behavior will apply to other 

RhoGTPases, and/or cellular events and/or contexts (Pertz, 2010). 

With the exception of Murakoshi and colleagues (Murakoshi et al, 2011) that 

used 2p-FLIM to analyze the spatio temporal kinetics of Cdc42 and RhoA 

activation during synaptic plasticity, no experimental data is available about the 

spatio temporal patterns of Rho-GTPase activation during neuronal polarization. 

However, it is likely that this phenomenon is more complicated than currently 

envisioned and that cellular context a major factor to consider. For example, in 

cerebellar granule cells, a neuronal cytokine designated as Stromal-cell derived 
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factor 1 a (SDF1a) is a physiological ligand that can promote axonal elongation 

by a RhoA-mDia signaling pathway; interestingly, a high dose of SDF-1a produce 

axon retraction by a pathway involving RhoA-ROCK (Arakawa et al., 2003). A 

recent study by Dotti and colleagues (Pollarolo et al., 2011) has followed the time 

course of appearance of a neuron’s first neurite, and therefore an early 

polarization event that ultimately will define the growth axis. The results of this 

study suggest that the asymmetrical distribution of RhoA and Aurora kinase 

would be linked to the generation of a cleavage plane during the last mitotic 

division, which ultimately would determine the site for the emerging of the axon.  

RhoGTPase activity needs to be precisely controlled to ensure proper functioning 

among different cell types and intracellular compartments. In fact, a large group 

of accessory proteins compose a delicate and exquisite regulatory system to 

dynamically control the function of RhoGTPase family members.  

Conclusions and Perspectives 

Morphological changes occurring during neuronal differentiation are supported by 

dynamic changes of the cytoskeleton. Small Rho GTPases cycle between active 

and inactive states which are mutually exclusive. This property allows a local and 

fine regulation of their cellular functions. After activation, Rho GTPases control 

several neuronal morphogenetic and polarization events, including cell division, 

migration, neurite sprouting, axon outgrowth and elongation, as well as 

regeneration and synaptic plasticity. Although it has been postulated a 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. Evidence derived from the use of 
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FRET-based biosensors suggests that there is a coordinated fine-tuning of Rho 

GTPase activity that must be locally regulated with great precision. The 

mechanisms that control the activation of GTPases are based in protein-protein 

interactions involving positive and negative regulators. Some of them, may serve 

not only to control GTPase functions, but also to allow interactions with other 

sub-cellular compartments, such as the microtubule lattice, plasma membrane 

and organelles of the secretory and endocytic pathways. It is likely that new 

regulators will be discovered and characterized in the immediate future. We 

envision an exciting field for cell/molecular biology studies, which ultimately 

would consider: a) local and temporal changes of Rho GTPases, most likely 

defining sub-cellular domains; b) concurrent changes of GTPases regulators by 

signaling cascades; c) concurrent mechanisms controlling the activity of Rho 

GTPases effectors; and d) the integration of multiple extracellular cues into 

discrete signaling pathways affecting the function of RhoGTPases. Most of these 

questions will serve to understand the physiological roles of Rho GTPases in 

different cellular contexts and events, opening the possibility to address their 

contribution to pathological conditions due to loss- or gain-of-function.  
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Figure  legends 

Figure 1: Overall structure of canonical and atypical Rho GTPases domains 

and post-translational modifications. 

Members of the RhoGTPase family share a functional GTPase domain (green 

boxes). However, not all of these domains are functional (** denotes deficient 

GTPase activity) The C-terminal region contain a hyper variable region (HVR, 

dark blue box) and adjacent to the HVR a conserved CAAX region (orange box), 

which is post translationally modified by the addition of farnesyl (F-) or 

genarylgenaryl (GG-) groups and subsequent methylation (CH3). The CAAX is 

isoprenylated in typical RhoGTPases (Rho, Rac and Cdc42) and members of 

Rnd subfamily. CHP (RhoV) is not isoprenylated. CHP protein display a proline 

rich motif (PRM, light blue box), which is also present in other atypical 

RhoGTPases (RhoBTB1 and RhoBTB2). Miro, contains two EF-hand (EFH pink 

box) motifs and an additional GTPase domain located at the most C-terminal 

region of the protein (light orange box). RhoBTB proteins do not undergo any of 

the known post-translational modifications, and contains two broad 

complex/Tramtrack/Bric-a-brac domains (BTB). RhoBTB3 also display a C-

terminal deficient GTPase domain (light orange box). All RhoBTB family 

members differs in their C-terminal domain, where different proteins domains 

involved in protein-protein interaction (CC, green box; PEST domain, red box) 

and nuclear localization signal (yellow box) critical for their functions can be 

found. 
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Figure 2: Canonical RhoGTPases activation/inactivation mechanisms. 

RhoGTPases are firstly modulated by their destination to the plasma membrane, 

which involved the activity of the genaryl-genaryl transferases (GGTase) shown 

in gray. The switch cycling between GDP- (inactive form) and GTP- (active form) 

bound states depends on the activity of  GEF (green) and GAP (orange) proteins. 

The third general mechanism contributing to the regulation of RhoGTPases is 

shown in red, and it is dependent on GDI proteins that recognize and bind the 

prenylated groups of RhoGTPase, inhibiting their translocation to the plasma 

membrane.    

Figure 3. Analysis of RhoA activity in cultured hippocampal pyramidal 

neurons by FRET using an Acceptor Photobleaching procedure.  

FRET map images reflecting Rho-A activity on developing neurons was 

calculated as described by Icaruso et al., 2011. Briefly, prebleaching CFP (A, B) 

and YFP (E, F) images were sequentially acquired exciting the sample with 515 

and 458 nm argon lasers respectively. Photobleaching of the acceptor (YFP) was 

accomplished by repeatedly scanning the sample with the 458 nm laser at 100% 

power until YFP fluorescence was reduced at least at 80% of its initial value. 

Post-bleached CFP (C, D) and YFP (G, H) images were acquired with the exact 

same configuration used to acquire the prebleaching pair of images. FRET map 

images (Figure I, J) were calculated using Image J software according to the 

following formula: 

FRET map = 1 – (prebleaching CFP / posbleaching CFP); 
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Before FRET map calculation, images were background subtracted and carefully 

checked for correct alignment between pre and post images. Finally, a binary 

mask was created using the prebleaching YFP image to exclude non- neuronal 

signal from analysis. Note high RhoA FRET in minor neurites from stage II and 

stage III, compared with axon shaft and growth cone.  

  Transient transfection of a wild type Rho-A probe plasmid (Addgene cat 

#12150) was performed mixing 2.2 µg of plasmid with Lipofectamine 2000; the 

mixture was added into neurons 6 hr or 24 hr day after plating. Culture were fixed 

with 4% paraformaldehyde in 4% sucrose-containing PBS 16 hours after 

transfection, mounted and processed for FRET map calculation as described. 

Cells were visualized using either an Olympus FV300 or FV1000 confocal 

microscopes using a 60xm 1.4 NA immersion objective.  

Figure 4: RhoA regulators involved in the development of the axon. 

The participation of RhoA in the development of neuronal polarity is tightly 

regulated by several proteins; acting as positive or negative regulators of RhoA 

activity. The figure shows the GEF protein that stimulates RhoA activity (in 

green), and the GAP proteins that lead to inactive RhoA (in orange). It is also 

indicated the role of the Rho-GDI (in red). 

Figure 5: Rac1 regulators involved in the development of the axon. 

The participation of Rac1 in the development of neuronal polarity is tightly 

regulated by several proteins acting as positive or negative regulators of Rac1 

activity. The figure shows the GEF proteins that stimulate Rac1 activity (in 

green), and the GAP proteins that lead to inactive Rac1 (in orange). It is also 

indicated the role of the Rho-GDI (in red). Two scaffold proteins are relevant to 
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control Rac1 activity involved in axonal elongation. Thus, ELMO and ARNO are 

showed in brown. Finally, Arf6 and MAP1B are proteins involved in the regulation 

of factors that control Rac1 activity (shown in pink). 

Figure 6: Cdc42 regulators involved in the development of the axon. 

The participation of Cdc42 in the development of neuronal polarity is tightly 

regulated by several proteins acting as positive or negative regulators of Cdc42 

activity. The figure shows the GEF proteins that stimulate cdc42 activity (in 

green), and the GAP proteins that lead to inactive Cdc42 (in orange). It is also 

indicated the role of the Rho-GDI (in red). Two important upstream proteins 

regulating Cdc42 are indicated in pink. 
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bound state and an inactive GDP-bound state [Etienne-
Manneville and Hall, 2002; Pertz, 2010]. Rho GTPases
are activated mainly through several cell-surface receptors
via guanine-exchange factors, including cytokine, tyrosine
kinase and adhesion receptors, as well as G-protein
coupled receptors (GPCRs) [Kjoller and Hall, 1999;
Schiller, 2006]. Rho GTPases interact with a myriad of
effectors controlling many components of brain develop-
ment and functioning such as neuronal migration [Hall,
2005], cell adhesion [Nobes and Hall, 1995] and mor-
phogenesis [Hall and Nobes, 2000; Hall, 2005]. Thus,
almost all aspects of neuronal polarization, one of the
main issues of this review, are controlled by small Rho-
GTPases [Luo et al., 1997; Luo, 2000; Ng et al., 2002;
Jan and Jan, 2003, 2010; Ng and Luo, 2004; Govek
et al., 2005; Arimura and Kaibuchi, 2007; de Curtis,
2008; Hall and Lalli, 2010].

To date, 22 mammalian members of the Rho GTPase
family have been identified and subdivided into several
groups on the basis of their amino acid composition. These
members include Rho (A, B and C isoforms), Cdc42, Rac
(1, 2 and 3 isoforms), Rnd (Rnd1, Rnd2 and Rnd3/RhoE),
RhoD, Rif (RhoF), RhoG, TTF (RhoH), mitochondrial
Rho/RhoT (Miro1 and Miro2), TC10/RhoQ, Chp/RhoV
and atypical members such as RhoBTB.
The canonical structure of Rho GTPases consists of sev-

eral motifs (Fig. 1). An effector domain becomes accessi-
ble to targets when GTP is loaded (active conformation).
In contrast, when GDP is bound, the effector domain
acquires an inactive conformation and is hidden for bind-
ing to downstream effectors. These changes in structure
are restricted to two switch domains [Hakoshima et al.,
2003]. In the C-terminal domain there is a Hyper Vari-
able Region (HVR; Fig. 1) that differs not only between

Fig. 1. Overall structure of canonical and atypical Rho GTPase domains and post translational modifications. Members of the
RhoGTPase family share a functional GTPase domain (green boxes). However, not all of these domains are functional (** denotes defi-
cient GTPase activity). The C-terminal region contains a hyper variable region (HVR, dark blue box) and adjacent to the HVR, a con-
served CAAX region (orange box), which is post-translationally modified by the addition of farnesyl (F-) or genarylgenaryl (GG-) groups
and subsequent methylation (CH3). The CAAX is isoprenylated in typical RhoGTPases (Rho, Rac and Cdc42) and members of the Rnd
subfamily. CHP (RhoV) is not isoprenylated. CHP proteins display a proline rich motif (PRM, light blue box), which is also present in
other atypical RhoGTPases (RhoBTB1 and RhoBTB2). Miro contains two EF-hand (EFH pink box) motifs and an additional GTPase
domain located at the most C-terminal region of the protein (light orange box). RhoBTB proteins do not undergo any of the known
post-translational modifications, and contain two broad complex/Tramtrack/Bric-a-brac domains (BTB). RhoBTB3 also lacks the C-ter-
minal GTPase domain (light orange box). All RhoBTB family members differ in their C-terminal domain, where different domains criti-
cal for their functions, such as those involved in protein-protein interaction (CC, green box; PEST domain, red box) and nuclear
localization signals (yellow box) can be found.
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the Rho GTPase subclasses but also within the same sub-
class in terms of the presence of either a polybasic region
or a palmitoylation site [Ridley, 2006]. The polybasic
region and palmitoylation site present in the HVR are
involved in targeting of GTPases to plasma membrane or
endomembrane compartments [Michaelson, 2001]. A C-
terminal CAAX-box (C, cysteine; A, Aliphatic Amino
acid; X, any amino acid) contains a cysteine residue,
which is crucial for prenylation that adds a farnesyl or ger-
anylgeranyl group, enhancing their interactions with mem-
branes and very often defining their localization to specific
membrane compartments. Then, the remaining aliphatic
and variable amino acids undergo proteolysis and replace-
ment by a methyl group [Adamson et al., 1992; Wenner-
berg and Der, 2004; Samuel and Hynds, 2010].
On the other hand, one striking feature of atypical Rho

GTPases, like those in the RhoBTB group is a non-func-
tional GTPase domain followed by a proline rich region,
and a C-terminal Bric-a-brac, Tramtrack, and Broad-com-
plex (BTB) domain, a module known to mediate protein-
protein interactions. The RhoBTB subfamily consists of 3
isoforms: RhoBTB1, RhoBTB2, and RhoBTB3 (Fig. 1)
[Ramos et al., 2002; Berthold et al., 2008]. Interestingly,
RhoBTB3 behaves as an ATPase involved in Rab9-medi-
ated late endosome to Golgi trafficking [Espinosa et al.,
2009; Danglot and Galli, 2009].
The on/off cycling and target accessibility of Rho-

GTPases are controlled by different groups of proteins.
There are two primary classes of molecules that control the
switching: 1) Guanine exchanging factors (GEFs), which
catalyze the exchange of GDP for GTP [Hart et al., 1991;
Schmidt and Hall, 2002]; and 2) GTPase-activating pro-
teins (GAPs), which enhance the relatively slow intrinsic
GTPase activity of Rho proteins. GEFs promote the activa-
tion of Rho-GTPase family members, whereas GAPs act as
inhibitory factors. A third set of regulatory proteins are the
guanine nucleotide-dissociation inhibitors (GDIs) that
maintain a large pool of RhoGTPases in the cytosol in a
GDP-bound state [Sasaki and Takai, 1998; Dovas and
Couchman, 2005; Garcia Mata et al., 2011] (Fig. 2).

Regulators of Rho GTPases

Guanine Nucleotide Exchange Factor

The first mammalian GEF was originally identified as an
oncogene from human diffuse B-lymphoma cells and desig-
nated as Dbl [Hart et al., 1991; Zheng et al., 1996; Zheng,
2001]. In humans, approximately 70 GEFs have been
described; most of them contain a Dbl-homology (DH) do-
main and an adjacent Pleckstrin homology (PH) domain. In
most cases, they provide the minimal structural unit required
to catalyze the GDP-GTP exchange reaction [Chen et al.,
1997; Baumeister et al., 2003]. A non-conventional Rho-
GEF family, whose members lack DH domains, has also

been identified [Meller and Merlot, 2005]. These proteins,
designated as CZH (CDM and Zizimin homology) or 180
kDa protein downstream of CRK (DOCK180)-related pro-
teins, contain two highly homologous regions [Dock homol-
ogy regions (DHR1 and DHR2)] that mediate nucleotide
exchange [Meller and Merlot, 2005].
DH domains interact extensively with the Switch regions

of GTPases (Switch I, residues 28–44 and Switch II, residues
62–69 in human RhoA, respectively), which are domains for
nucleotide binding [Hakoshima et al., 2003; Meller and
Merlot, 2005]. The nucleotide exchange mechanism involves
sequential steps in which the RhoGEF interacts with a rigid
zone of the RhoGTPase and a portion of Switch II. This
interaction (GTPase-GEF) promotes conformational changes
of Switch I allowing dissociation of GDP and Mg2þ leaving
the nucleotide binding pocket fully exposed for binding to
GTP-Mg2þ [for details: Worthylake et al., 2000; Hakoshima
et al., 2003; Rossman et al., 2005].

GTPase Activating Proteins

GAPs increase the rate of GTP hydrolysis by more than
100 times. The first GAP identified for Rho family
GTPases was p50 RhoGAP [Garrett et al., 1989] and
since then, more than 70 members have been character-
ized in eukaryotes. The human genome is predicted to
encode between 59 and 70 proteins containing a RhoGAP
domain, and to date more than half have been identified
[Venter et al., 2001; Peck et al., 2002; Bernards, 2003].
The structure of p50 RhoGAP-RhoA has been well char-
acterized [Rittinger et al., 1997a,b; Hakoshima et al.,
2003].

Fig. 2. Canonical RhoGTPases activation/inactivation mech-
anisms. RhoGTPases are firstly modulated by their destination
to the plasma membrane which involves the activity of the gen-
aryl-genaryl transferases (GGTase) shown in gray. The switch
cycling between GDP- (inactive form) and GTP- (active form)
bound states depends on the activity of GEF (green) and GAP
(orange) proteins. The third general mechanism contributing to
the regulation of RhoGTPases is shown in red, and is depend-
ent on GDI proteins that recognize and bind the prenylated
groups of RhoGTPase, inhibiting their translocation to the
plasma membrane.
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1997; Bergmann et al., 2003]. Other studies have demon-
strated that increases in spine density and length induced
by NMDA receptor activity [Shepherd and Huganir,

2006] are negatively regulated by an Lfc-RhoA signaling
cascade [Ryan et al., 2005; Kang et al., 2009]. The func-
tion of RhoA has also been tested in behavioral studies

Fig. 3. Analysis of RhoA activity in cultured hippocampal pyramidal neurons by FRET using an Acceptor Photobleaching
procedure. FRET map images reflecting Rho-A activity in developing neurons were calculated as described by Icaruso et al. [2011].
Briefly, prebleaching CFP (A, B) and YFP (E, F) images were sequentially acquired exciting the sample with 515 and 458 nm argon
lasers, respectively. Photobleaching of the acceptor (YFP) was accomplished by repeatedly scanning the sample with the 458 nm laser
at 100% power until YFP fluorescence was reduced at least to 80% of its initial value. Post-bleached CFP (C, D) and YFP (G, H)
images were acquired with the exact same configuration used to acquire the prebleaching pair of images. FRET map images (Fig. I,
J) were calculated using Image J software according to the following formula: FRET map 5 1 – (prebleaching CFP / post bleaching
CFP); Before FRET map calculation, images were background subtracted and carefully checked for correct alignment between pre
and post images. Finally, a binary mask was created using the prebleaching YFP image to exclude non- neuronal signal from analysis.
Note high RhoA FRET in minor neurites from stage II and stage III, compared with the axon shaft and growth cone. Transient
transfection of a wild type Rho-A probe plasmid (Addgene cat #12150) was performed mixing 2.2 lg of plasmid with Lipofectamine
2000; the mixture was added into neurons 6 hr or 24 hr after plating. Cultures were fixed with 4% paraformaldehyde in 4% su-
crose-containing PBS 16 hr after transfection, mounted and processed for FRET map calculation as described. Cells were visualized
using either an Olympus FV300 or FV1000 confocal microscopes using a 60 ! m 1.4 NA immersion objective.
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where ROCK inhibition in the amygdala of intact animals
blocks fear conditioning [Lamprecht et al., 2002].
Current evidence also suggests that RhoB has a role in

regulating spine morphogenesis and synaptic plasticity
[McNair et al., 2010]. For example, RhoB, but not RhoA
or Rac, is specifically activated during LTP [O’Kane et al.,
2003]. More recent studies have used RhoB-/- mice to
show that the early phase of LTP is significantly reduced
in the KO animals, whereas the later phase is unaffected
[McNair et al., 2010]. In addition, the RhoB-/- animals
have a decrease in phosphorylated LIMK1, increased den-
dritic branching, and fewer, but larger spines. The formin
mDia2 interacts with RhoB in endosomes, and when down
regulated with RNAi produces a spine phenotype similar to
that of RhoB !/! neurons [Wallar et al., 2007; Hotulai-
nen et al., 2009]. Membrane recycling is required for spine
growth and maintenance [Park et al., 2006], so RhoB-
mDia could be part of a signaling pathway controlling
membrane trafficking from recycling endosomes to dendri-
tic spine membranes during synaptic plasticity. Another
unique aspect of RhoB is that it interacts with MAP1A
[Lajoie-Mazenc et al., 2008], a microtubule-associated pro-
tein involved in activity-driven dendritic remodeling [Szebe-
nyi et al., 2005]. In this regard, it is worth noting that
MAP1B interacts with the Rac GEFs, Tiam1/Tiam2, and
regulates spine formation by a mechanism involving
increased RhoA activity [Tortosa et al., 2011]. These inter-
actions are of great interest since they may serve to link
dendritic spine microtubules [Hoogenraad and Bradke,
2009] with the actin cytoskeleton.

Rho Regulators and Effectors

Regulatory mechanisms are different for the three members
of the Rho family (Fig. 4). For example, RhoA, B and C
share high similarity except in a defined region around
Switch 1, suggesting that they have different affinities for
regulators or effector proteins [Wheeler and Ridley, 2004].
However, most work has focused on the modulation of
RhoA activity. RhoGDIs inactivate Rho by inhibiting the
dissociation of the GDP nucleotide [Adra et al., 1997;
Dovas and Couchman, 2005] after removal from the
plasma membrane [Dransart et al., 2005; Garcia Mata
et al., 2011].
Current evidence suggests that RhoGDIs may have im-

portant neuronal functions. For example, Rho inhibition
promotes axon growth on inhibitory substrates and regen-
eration in the injured CNS. Thus, several studies have
shown that Nogo, MAG and other myelin-derived axon
growth inhibitors activate RhoA [Pearse, 2004]. Interest-
ingly, this activation involves sequestering RhoGDI from
the membrane by p75NTR; thus, inhibitors of RhoA are
potential therapeutic targets for promoting recovery after
spinal cord injury [Yamashita and Tohyama, 2003; Zurn and
Bartlow, 2006]. Down regulation of RhoGDI leads to differ-

entiation of the neural stem cell line C17.2, whereas suppres-
sion of RhoGDI was associated with decreased expression of
RhoA, Cdc42, LIMK1 and WASP [Lu et al., 2008]. These
intriguing results highlight the importance of further explor-
ing the role of GDIs in neuronal development.
Phosphorylation can regulate the affinities between Rho

and Rho-GDIs. A recent study has shown that cAMP
induces phosphorylation of RhoA and increases binding
with Rho-GDI. Moreover, a mutant RhoA (e.g., RhoA
S188D) that mimics PKA-mediated phosphorylation
induces greater neurite outgrowth than RhoA (S188A)
mimicking the dephosphorylated form. Taken together
these results suggest that inactivation of RhoA by PKA
phosphorylation can participate in neuritogenesis affecting
RhoA and the Rho-RhoGDI complex [Jeon et al., 2011].
Interestingly, PKA also phosphorylates and inactivates the
Rho-GEF, Lfc [Meiri et al., 2009], which is implicated in
axon formation [Conde et al., 2010]. Rho can also be
modulated by heterotrimeric G proteins [Kranenburg
et al., 1999; Sachdev et al., 2007].
The interaction of Rho-GEFs with microtubules is crucial

to regulate cross talk with actin filaments and the plasma
membrane. For example, the p190RhoGEF interacts with
microtubules through its C-terminal domain adjacent to the
DHPH domain. p190RhoGEF localizes and binds RhoA in
the plasma membrane and when over expressed, inhibits neu-
rite outgrowth [van Horck et al., 2001]. Another specific
RhoA-GEF that binds to microtubules is the brain enriched
PDZRhoGEF that is activated by Ga12/13 [Kuner et al.,
2002] and interacts with LC2, a light chain of MAP1A or B.
It has been proposed that this interaction is essential in the

Fig. 4. RhoA regulators involved in the development of the
axon. The participation of RhoA in the development of neuro-
nal polarity is tightly regulated by several proteins acting as pos-
itive or negative regulators of RhoA activity. The figure shows
the GEF protein that stimulate RhoA activity (in green), and
the GAP proteins that lead to inactive RhoA (in orange). The
role of Rho-GDI is also indicated (in red).
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1989; Schuebel et al., 1996; Movilla and Bustelo, 1999].
Tyrosine phosphorylation of Vavs [Lopez-Lago et al.,
2000] abrogates N-terminal auto inhibition leading to an
open configuration with an exposed DH domain that trig-
gers its GEF activity [Aghazadeh et al., 2000; Yu et al.,
2010]. Expression of the three vav genes has been identi-
fied in some areas of the CNS [Movilla and Bustelo,
1999; Betz and Sandhof, 2003] and Vav proteins are
implicated in axonal targeting/guidance in flies and mice
[Cowan et al., 2005; Malartre et al., 2010]. ALS2/Alsin is
a GEF that contains a central DH/PH domain responsible
for Rac1 activation. It colocalizes with Rac at neuronal
growth cones, and regulates neurite outgrowth and growth
cone motility [Tudor et al., 2005]. The PAK-interacting
exchange factor PIX, a GEF for Rac has an important role
in regulating dendritic spine formation [Zhang et al.,
2003].
Another protein that activates Rac is the Dock180-

related GEF [Cote and Vuori, 2007]. Studies in mamma-
lian cells have demonstrated that Dock180 is a GEF for
Rac1 implicated in multiple activities ranging from cell
migration to axonal outgrowth [Cote and Vuori, 2007].
Dock180 interacts with ELMO1, a highly evolutionarily
conserved PH-domain containing protein. It has been
proposed that the ELMO-PH domain interacts in trans
with a Dock180:Rac1 complex, eliciting activation of the
GTPase [Lu et al., 2004]. The C-terminal region of
ELMO1 is necessary and sufficient to interact with
Dock180, functioning as a bipartite GEF, promoting Rac
GTP activation, membrane ruffling and spine morphogen-
esis [Miyamoto and Yamauchi, 2010].
Dock7 is an atypical GEF member of the Dock180

family that activates Rac and induces axon formation in
primary culture neurons [Watabe-Uchida et al., 2006a,b].
Dock7-induced axonal growth involves phosphorylation
and inactivation of the microtubule destabilizing protein
stathmin/Op18 [Watabe-Uchida et al., 2006a,b; Conde
and Caceres, 2009]. MOCA [modifier of cell adhesion) or
Dock3 was described to be specifically present in neurons
where it enhances Rac1 activity. Interestingly, MOCA far-
nesylation is required for its localization to the growth
cone subcortical cytoskeleton and Rac activation [Name-
kata et al., 2004]. A recent study has shown that Dock3
acts downstream of brain derived neurotrophic factor
(BDNF) to promote axonal outgrowth. It is worth noting
that Dock3 binds and inhibits GSK3-b, increasing the
non-phosphorylated form of CRMP2, which stimulates
microtubule assembly and axonal growth [Namekata
et al., 2012].
GEFT is another GEF, which is enriched in both hip-

pocampus and cerebellum [Bryan et al., 2004] and acti-
vates RhoA, Rac and Cdc42. However, in neuroblastoma
and primary neurons, its function has been primarily
linked with Rac1 activation, and the control of neurite
and dendrite remodeling [Bryan et al., 2004, 2006;

Mitchell et al., 2011]. GEFT-mediated activation of Rac1
has been associated with downstream regulation of PAK1
and PAK5 [Bryan et al., 2004, 2006].
Rac1 is also controlled by specific GAPs, such as a-chi-

maerins. They occur as a1 and a2 isoforms, the latter, an
alternatively spliced isoform, contains an SH2 domain.
These GAPs target primarily Rac1 activation and to a
lesser extent Cdc42 [Hall et al., 1993b; Kozma et al.,
1996]. The expression of a2-chimaerin mRNA is high in
the developing nervous system, suggesting a role in neuro-
nal differentiation [Lim et al., 1992; Hall et al., 2001].
a2-chimaerin promotes neuritogenesis in N1E-115 neuro-
blastoma cell lines, an effect that requires an intact SH2
domain [Hall et al., 2001] (Fig. 5). Another study has
shown that ectopic expression of a1-chimaerin induces
pruning of dendritic branches and spines [Buttery et al.,
2006].
Rac regulates actin dynamics through two main down-

stream effector pathways, the p21-activated kinase (PAK)
[Manser et al., 1994] and WAVE [Miki et al., 1998].
They induce changes in the actin cytoskeleton through
the PAK-cofilin [Ng and Luo, 2004] and the WAVE-
Arp2/3 pathways [Takenawa and Miki, 2001; Ng and
Luo, 2004].

Fig. 5. Rac1 regulators involved in the development of the
axon. The participation of Rac1 in the development of neuro-
nal polarity is tightly regulated by several proteins acting as pos-
itive or negative regulators of Rac1 activity. The figure shows
the GEF proteins that stimulate Rac1 activity (in green), and
the GAP proteins that lead to inactive Rac1 (in orange). The
role of Rho-GDI is also indicated (in red). Two scaffold pro-
teins are relevant to control Rac1 activity involved in axonal
elongation. Thus, ELMO and ARNO are showed in brown.
Finally, Arf6 and MAP1B are proteins involved in the regulation
of factors that control Rac1 activity (shown in pink).
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proposed that PX-RICS controls protein trafficking to the
plasma membrane [Hayashi et al., 2007; Nakamura et al.,
2008] (Fig. 6).
Cdc42 also shares with Rac1 some effector proteins,

such as PAKs. In this regard, it is interesting to note that
PAK3 appears to be preferentially activated by Cdc42.
Cdc42-dependent-PAK3 activation had been proposed to
modulate dendritic spine formation and synaptic plasticity
[Kreis et al., 2007]. Importantly, PAK3 is another GTPase
effector linked to mental retardation disorders, due to ei-
ther loss of PAK3 protein or loss of its kinase activity
[Allen et al., 1998].

Antagonistic Influences of RhoA vs. Rac/Cdc42
During Migration and Neuronal Polarity

As described in previous sections, it is now quite evident
that RhoA, Rac and Cdc42 family members actively par-
ticipate in several events during the neuronal morphoge-
netic program. One conclusion of many studies is that
RhoA acts as an inhibitory regulator, as opposed to Rac
and Cdc42 that serve as positive ones. However, this gen-
eral idea could be misleading and is challenged by several
experimental observations.
One example is cell migration, where the current view

indicates that Rac regulates protrusion at the leading edge
and Rho mediates actin-based contractility at the trailing
side. However, studies using wounded fibroblast mono-
layers or LPA-stimulated serum starved fibroblasts have
shown that microtubule reorientation and stabilization at
the leading edge, required for direct cell migration, are de-
pendent on a RhoA-mDia signaling pathway [Cook et al.,
1998; Palazzo et al., 2001; Gundersen, 2002, 2008; Wen
et al., 2004]. The development of biosensors to monitor

the spatio temporal activation of RhoGTPases has also
revealed a more complex picture of the relationship
between RhoA and Rac-Cdc42 during cell migration
[Pertz, 2010]. Using FRET probes that report RhoA activ-
ity, two studies demonstrated that the bulk of RhoA acti-
vation occurs at the leading edge of migrating cells [Pertz
et al., 2006; Machacek et al., 2009]. When used in com-
bination with multiplexing techniques and biosensors for
RhoA, Rac and Cdc42, this approach allowed measure-
ments of the time and location of RhoGTPase activation
during cell migration [Machacek et al., 2009]. The strik-
ing results of this study showed that RhoA activation
occurs directly in the leading edge at the onset of protru-
sion, while Rac and Cdc42 are switched on later and
remain active during retraction. It is likely that this behav-
ior will apply to other RhoGTPases, and/or cellular events
and/or contexts [Pertz, 2010].
With the exception of Murakoshi and colleagues [Mura-

koshi et al., 2011] that used 2p-FLIM to analyze the spa-
tio temporal kinetics of Cdc42 and RhoA activation
during synaptic plasticity, no experimental data is available
about the spatio temporal patterns of Rho-GTPase activa-
tion during neuronal polarization. However, it is likely
that this phenomenon is more complicated than currently
envisioned and that the cellular context is a major factor
to consider. For example, in cerebellar granule cells, a neu-
ronal cytokine designated as Stromal-cell derived factor 1a
(SDF1a) is a physiological ligand that can promote axonal
elongation by a RhoA-mDia signaling pathway; interest-
ingly, a high dose of SDF-1a produces axon retraction by
a pathway involving RhoA-ROCK [Arakawa et al., 2003].
A recent study by Dotti and colleagues [Pollarolo et al.,
2011] has followed the time course of appearance of a
neuron’s first neurite, an early polarization event that ulti-
mately defines the growth axis. The results of this study
suggest that the asymmetrical distribution of RhoA and
Aurora kinase could be linked to the generation of the
cleavage plane during the last mitotic division, which ulti-
mately determines the site for the emergence of the axon.
RhoGTPase activity needs to be precisely controlled to

ensure proper functioning among different cell types and
intracellular compartments. In fact, there is a large group
of accessory proteins which form a delicate and exquisite
regulatory system to dynamically control the function of
RhoGTPase family members.

Conclusions and Perspectives

Morphological changes occurring during neuronal differ-
entiation are supported by dynamic changes of the cyto-
skeleton. Small Rho GTPases cycle between active and
inactive states which are mutually exclusive. This property
allows a local and fine regulation of their cellular func-
tions. After activation, Rho GTPases control several neu-
ronal morphogenetic and polarization events, including

Fig. 6. Cdc42 regulators involved in the development of the
axon. The participation of Cdc42 in the development of neuro-
nal polarity is tightly regulated by several proteins acting as pos-
itive or negative regulators of cdc42 activity. The figure shows
the GEF proteins that stimulate cdc42 activity (in green), and
the GAP proteins that lead to inactive cdc42 (in orange). The
role of Rho-GDI is also indicated (in red). Two important
upstream proteins regulating Cdc42 are indicated in pink.
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Abstract 

Acquisition of a polarized morphology is an essential morphological 

transformation that neurons undergo during the development of the nervous 

system. The Par3-Par6-aPKC polarity complex is essential in determining the 

identity of axons and dendrites. We used a cell biology approach to study the role 

of EPAC proteins and the Par3-Par6-aPKC polarity complex during axon 

determination stage in cultured neurons. Our results show that EPAC1 is more 

abundantly expressed in hippocampal neurons, compared to EPAC2. Here, we 

report that EPAC induces multiple axons by a PKA-independent mechanism. 

Furthermore, upon pharmacological modulations, we found that EPAC protein 

acts upstream of aPKC, a component of the Par3/Par6 polarity complex and 

PI3K. Genetic modulation of Par6 suggests that there is an interaction between 

EPAC-Rap1B and the polarity complex. Interestingly, EPAC induced changes in 

actin dynamic a process most likely regulated through the action of Rap1B. 
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Introduction 

 Neurons are highly polarized cells that present with two types of 

cytoplasmic projections: the axon and several dendrites. The acquisition of a 

polarized morphology requires a directional flow of components within neurons, 

from dendrites to soma to axon (Barnes et al., 2007). The long and thin axon acts 

in response to electrical signals from the cell body and contains synaptic vesicles 

from which neurotransmitters are released at the axon terminals. Thick and short 

dendrites receive axonal inputs in a specialized domain present in glutamatergic 

excitatory synapses, the dendritic spines which have receptors for 

neurotransmitters released by axon presynaptic terminals (Nimchinsky et al., 

2002). Differences in the molecular function and composition of axons and 

dendrites allow neurons to make a distinction between signal reception and 

transduction (Kishi et al., 2005; Arimura and Kaibuchi, 2007; Witte et al., 2008; 

Conde and Caceres, 2009).  

 Embryonic hippocampal neurons are one of the best-characterised models 

to investigate ex vivo neuronal polarization. This in vitro method was developing 

by Banker and colleagues (Banker and Cowan, 1977; Kaech and Banker, 2006). 

Hippocampal neurons are very useful in the study of ex vivo neuronal functions 

because they are a relatively simple population of cells, mostly pyramidal 

neurons with a low amount of interneurons and glial cells (Benson et al., 1994). 

 Additionally, cultured hippocampal neurons express many of the key 

phenotypic features in cell culture, such as axons and dendrites that are 

decorated with dendritic spines in long-term cultures, allowing in vitro excitatory 

synapse development. The stages of development of hippocampal neurons are 
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very consistent between laboratories and there are extensive databases, created 

over the last 20 years, that provide a good starting point for new experiments 

(Kaech and Banker, 2006). Late stage embryos (E18) are used for cultures 

because of the low amount of glial cells present in the culture and the ease of 

obtaining these neurons from tissue. Additionally, the generation of pyramidal 

neurons is essentially complete at this developmental stage (Banker and Cowan, 

1977). The acquisition of neuronal polarity proceeds through stereotyped stages, 

with a clear compartmentalization of axon and dendrites (Figure 1, Chapter 1). In 

Stage 1, neurons present an actin-based region, comprising lamellipodia and 

filopodia. At Stage 2, several minor neurites emerge from the cell body. 

Approximately 12 hours later, neurons enter Stage 3, where one of the neurites 

starts to grow faster than the others, developing into an axon. In the following 

days, the axon elongates while the other neurites become dendrites (Stage 4). 

When the dendrites develop dendritic spines, neurons achieve Stage 5 of 

development (Lalli, 2012) (Figure 2, Chapter 1).  

 Positive and negative signalling molecules control neurite extension and 

retraction respectively, and thereby regulate the behaviour of actin filaments and 

microtubules. There are four main steps involved in the extension of neurites: 

First, an increase of the amount of plasma membrane by vesicle fusion; second, 

local concentration and subsequent activation of signalling molecules; third, 

increment of filamentous actin and finally increased microtubules dynamic. 

Finally, after this extension, an opposite reaction is induced (Andersen and Bi, 

2000) (Figure 3, Chapter 1).  
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 During this differentiation, the neuron shows hand-like structures at the 

end of growing neurites, axons, and dendrites called growth cones. Growth 

cones are special domains, localized at the tip of growing axons, which respond 

to external guidance cues needed for axonal growth. The actin cytoskeleton 

controls the locomotion and dynamics of the growth cone by growing toward 

positive cues and retracting when coming into contact with negative cues. 

Another important player in polarization is the microtubules, as stable 

microtubules fixate growth direction and facilitate protrusion (Lowery and Van 

Vactor, 2009). The peripheral area contains filopodia, which are bundles of actin 

filaments. Filopodia extend and retract continuously to sense changes in the 

extracellular environment by specific receptors. Furthermore, post-translational 

modifications of tubulin (such as detyrosination and acetylation) characterize the 

so-called stable microtubules population (Lalli, 2012). Thus, before neuronal 

polarization, there is a large and more motile growth cone in the prospective 

axon, which is defined as the neurite that will later develop as the axon.  This 

neurite has a larger flux of vesicles, more organelles (e.g. mitochondria, Golgi-

apparatus), more stable microtubules, and dynamic filaments of actin (Witte et 

al., 2008; Conde and Caceres, 2009). 

 Glial cells and the extracellular matrix surround neurons in the nervous 

system. In this complex environment, neurons react to a myriad of extracellular 

signals, which are potential cues for specifying axon formation (reviewed in 

(Arimura and Kaibuchi, 2007). Examples of extracellular molecules that modulate 

axon specification include: Netrin (a secreted protein that mediates axon 

guidance and cell migration), Semaphorin 3A (repulsive guidance cue), Wnts 
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(shown to act in polarity along the anterior–posterior body axis), and neurotrophic 

factors involved in the maturation of the neurons, such as nerve growth factor 

(NGF), brain-derived neurotrophic factor (BDNF), and neurotrophic 3 (NT3) 

(reviewed in (Arimura and Kaibuchi, 2007)).  

 Several lines of evidence indicate that evolutionarily conserved proteins, 

such as small GTPases, phosphatidylinositol 3-kinase (PI3K), and the 

Partitioning defect (Par) complex, are key players in neuronal polarity (Arimura 

and Kaibuchi, 2007). Neurotrophins, such as BDNF, and NT-3 are extracellular 

cues that drive neuronal differentiation. Their functions are mediated by the 

tropomyosin receptor kinase (Trks) to activate downstream effectors, such as the 

phosphoinositide 3-kinase (PI3K), which produces phosphatidylinositol 3,4,5-

triphosphate (PIP3). The phospholipid PIP3 is concentrated at the tip of the 

nascent axon during stage 3. Interestingly, pharmacological inhibition of PI3K 

activity prevented axon specification in cultured neurons (Shi et al., 2003; 

Menager et al., 2004; Yoshimura et al., 2006b). On the other hand, 

overexpression of PI3K leads to the formation of multiple axons. The activity of 

PI3K is counteracted by PTEN (phosphatase and tansin homologue deleted on 

chromosome 10), which dephosphorylates PIP3, disrupting the development of 

polarity, indicating that the local dynamics of the phospholipid metabolism is 

essential during neuronal polarization (Shi et al., 2003; Menager et al., 2004; 

Yoshimura et al., 2006b). Furthermore, activation of the PI3K-PIP3-Akt-GSK3� 

(glycogen synthase kinase 3�) complex occurs through Ras. PI3K activates 

phosphoinositide-dependent kinase 1 (PDK1) in a PIP3-dependent manner, 

which results in the phosphorylation of Akt (Akt/PKB). Activated Akt 
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phosphorylates GSK3�, thereby inhibiting its action. Inactive GSK3� and Akt 

colocalize at the tips of growing axons in cultured hippocampal neurons (Jiang et 

al., 2005; Yoshimura et al., 2005) and overexpression of pharmacological 

inhibition of GSK3� causes disruption of axon elongation and multiple axons, 

respectively, indicating that the PI3K-Akt-GSK3�  pathway is important in 

regulating neuronal polarity.  

 Small GTPases are molecular switches that cycle between two activation 

states. GDP-bound small GTPases are inactive and GTP-bound small GTPases 

are active. Guanine nucleotide exchange factors (GEF’s) are multidomain 

proteins; the GTPase-activating proteins (GAPs), and RhoGDIs (Rho GDP-

dissociation inhibitor) regulate activation state of small GTPases (reviewed in 

(Gonzalez-Billault et al., 2012)). GEF’s proteins promote the exchange of GDP to 

GTP, while GAPs increase the intrinsic GTPase activity of small GTPases (Bos 

et al., 2007). Rho-GTPases show that they are important for regulation of axon 

specification (Bito et al., 2000; Schwamborn and Puschel, 2004; Nishimura et al., 

2005; Montenegro-Venegas et al., 2010; Gonzalez-Billault et al., 2012). There 

are 18 types of Rho GTPases, grouped in three main families. However, the most 

extensively characterized ones are RhoA, Cdc42, and Rac1 (Govek et al., 2005; 

Gonzalez-Billault et al., 2012). Activation of Rac1 and Cdc42 induces neurite 

elongation, whereas activation of RhoA is associated with inhibiting the formation 

of neurites (Sebok et al., 1999). 

 The Rac1-specific GEF T-lymphoma and metastasis 1 protein (TIAM1) 

and TIAM1-like exchange factor (STEF) trigger the activation of Rac1 and 

thereby regulate the remodelling of microtubules and actin  (reviewed in (Arimura 



EPAC-Rap1B regulates the polarity complex in neuronal polarization 
	

	 126	

and Kaibuchi, 2007)). Other Rho GTPase effector molecules influence neurite 

outgrowth through rearrangements of microtubules or actin filaments: p21-

activated kinase (PAK, (Daniels et al., 1998)), p35 (a neuron-specific regulator of 

cyclic-dependent kinase 5 (Cdk5) (Nikolic et al., 1998) and IQGAP (Wang et al., 

2007). IQGAP3 is a novel member of the IQGAP family that is highly expressed 

in the brain, where it functions as an effector of Rac1 and Cdc42. IQGAP3 

directly associates with actin filaments and is asymmetrically accumulating at the 

distal region of axons in hippocampal neurons (Wang et al., 2007). A depletion of 

IQGAP3 results in an impairment of axonal outgrowth and a disorganized 

cytoskeleton (Wang et al., 2007).  

 The Ras-related protein 1B (Rap1B) is a member of the Ras superfamily 

of GTPases. (Schwamborn and Puschel, 2004). Rap effectors contain an RBD 

(Ras/Rap-binding domain) or RA (Ras/Rap-association) domain. Rap proteins 

modulate the actin cytoskeleton, adhesion molecules, and/or intracellular 

trafficking, processes involved in the establishment of cell polarity and 

proliferation (Frische and Zwartkruis, 2010). Rap1B is localized at the tips of 

growing axons and leads to the activation of Cdc42 (Schwamborn and Puschel, 

2004). It has been shown that Rap1B acts upstream of Cdc42 and the polarity 

complex (Par3/Par6/aPKC) (Hogan et al., 2004; Schwamborn and Puschel, 

2004) and downstream of PI3K, probably in a PIP3-dependent manner (Lova et 

al., 2003; Schwamborn and Puschel, 2004). Moreover, a constitutively active 

Rap1B causes multiple axon-like neurites in neurons (Schwamborn and Puschel, 

2004). In contrast, suppression of Rap1B expression by RNA interference results 

in the complete loss of axons (Schwamborn and Puschel, 2004). Concentrated 
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localization of Rap1B into a single neurite seems to contribute to the recruitment 

of essential molecules for axon specification and is therefore believed to 

represent a decisive step in neuronal polarization.  

 It has been shown that the polarity complex has a key role in neuronal 

polarity. Six Partitioning defect (Par) proteins have been characterized; Par1-6, 

four of these Par-proteins are involved in neuronal polarity, the scaffold proteins 

Par3 and Par6 and the serine/threonine kinases Par1 and Par4 (Lalli, 2012). 

Par3 and Par6 are Part of the polarity complex, together with atypical protein 

kinase C (aPKC), and are known to be crucial for the establishment and 

maintenance of the anterior-posterior polarity in C. elegans epithelial cells, and 

neuroblast cells from Drosophila melanogaster (Lin et al., 2000). Furthermore, in 

hippocampal neurons, phosphorylated (active) aPKC is localized in the tips of 

growing axons and pharmacological inhibition of aPKC prevented axon formation 

(Shi et al., 2003; Schwamborn and Puschel, 2004). In Stage 3 of neuronal 

development, the Par3 and Par6 proteins are localized at the tip of the nascent 

axon (Shi et al., 2003; Schwamborn and Puschel, 2004). Upon PI3K inhibition, 

Par3 and Par6 dislocalized, indicating that the polarity complex acts downstream 

of PI3K and that the activity of this complex is regulated by factors upstream (Shi 

et al., 2003).  

 Atypical forms of protein kinase C (aPKC: PKC � and �) associate with 

Par3 and Par6 (Yamanaka et al., 2001). Par6 binds to aPKC and constitutively 

inhibits the activity of aPKC. The inhibition is due to the unique structure of Par6 

that shields the regulatory domain of aPKC, thereby precluding ectopic signalling 

(Plant et al., 2003; Nishimura et al., 2004; Nishimura et al., 2005; Tahirovic and 
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Bradke, 2009). Then, activated Cdc42 (Cdc42-GTP) binds Par6 and relieves the 

inhibition of aPKC (Barnes and Polleux, 2009). Normally, Cdc42-GTP interacts 

with proteins that contain a CRIB (Cdc42/Rac-interactive-binding) motif. Cdc42-

GTP binds to the inactive Par6-aPKC complex via the Par6 GTPase-binding 

domain (GBD) that is formed by a semi-CRIB motif and the adjacent 

PSD95/Discs large/ZO1 (PDZ) motif, leading to an active complex (Henrique and 

Schweisguth, 2003). The Par3 protein consists of three PDZ motifs, the first of 

which interacts with the PDZ motif of Par6. On the other hand, Par6 interacts with 

aPKC with its octicosapeptide repeat (OPR). Furthermore, Par3 binds the kinase 

of aPKC inhibiting their kinase activities (Henrique and Schweisguth, 2003).  

One of the phosphorylation targets for aPKC is the tumour suppressor lethal-

giant-larvae (Lgl). Posttranslational modifications of Lgl play a crucial role in the 

regulation of its distribution during polarization (Betschinger et al., 2003; Plant et 

al., 2003; Yamanaka et al., 2003). The Par3/Par6 axonal localization occurs 

through interaction with the microtubule plus-end directed kinesin motor A 

(KIF3A), and it has been shown that KIF3 associates with Par3 and this 

interaction results in the movement of the whole complex to the growth cone 

(Nishimura et al., 2004; McCaffrey and Macara, 2009). Furthermore, KIF3A loss 

of function using interference RNAs leads to the dyslocalization of Par3 and 

aPKC in the axonal tip (Nishimura et al., 2004). Par3 and Par6 are scaffold 

proteins that interact not only with aPKC, but also with Tiam1/STEF (Chen and 

Macara, 2005; Nishimura et al., 2005), PTEN (von Stein et al., 2005; Feng et al., 

2008), and the ubiquitin ligases Smurf1 (Ozdamar et al., 2005b). 
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 All of these proteins had been implicated in the regulation of polarity in 

neuronal and non-neuronal cells, through molecular mechanisms involving the 

participation of the Par3/Par6 complex. 

However, embryonic neurons in culture lack a polarized source of external cues 

directing their polarization. Therefore, it is assumed that in addition to the 

aforementioned extrinsic factors, intrinsic cell-autonomous signalling cascades 

that drives neuronal polarization exist (Arimura and Kaibuchi, 2007).  

 During in vitro polarization, a balance between positive and negative 

signals (Figure 3, Chapter 1) is broken in the neurite, resulting in the future axon. 

An interesting study related to the existence of positive and negative signals 

during polarization, comes from observations of Shelly et al. 2010, that reported 

the role of the second messengers adenosine 3’, 5’-cyclic monophosphate 

(cAMP) and cyclic guanosine 3’, 5’-monophosphate (cGMP) as regulators of 

polarity in neurons playing as opposite signals (Shelly et al., 2010). 

 The mechanisms proposed by Shelly and colleagues (Shelly et al. 2010) 

show that local elevation of cAMP leads to an increase in PKA activity and 

subsequent activation of downstream effectors (Shelly et al., 2007). On the other 

hand, elevation of cGMP suppresses axon formation upon modulation of PKC 

activity (Shelly et al., 2007).   

 The prevailing idea that cAMP signalling is mediated only by protein 

kinase A (PKA) has changed after the discovery of the ‘Exchanged protein 

directly activated by cAMP’ (EPAC). EPAC is a GEF for the small GTPAses Rap1 

and Rap2 (de Rooij et al., 1998; Kawasaki et al., 1998). There are two isoforms 

of EPAC: EPAC1 and EPAC2. Both have been implicated in a wide range of 
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cellular functions, including cell growth, adhesion, division, differentiation, 

neurotransmission, exocytosis, and inflammation (Borland et al., 2009; Grandoch 

et al., 2010b). The difference between EPAC isoforms is that EPAC1 has one 

cAMP-binding domain and EPAC2 contains an additional cAMP-binding domain 

with a lower affinity for cAMP binding (Bos, 2003). Although it has been initially 

postulated that EPAC1 and EPAC2 require higher cellular cAMP concentrations 

for their activation, compared to PKA (Bos, 2003; Rehmann et al., 2003b), it has 

been shown that both EPACs are active under physiological cAMP 

concentrations in mammal cells (0.1–5 �M) (Ponsioen et al., 2004; Dao et al., 

2006; Schmidt et al., 2013). Nowadays, several pharmacological tools are 

available to study PKA or EPAC signalling; for instance: the PKA activator 6-Bnz-

cAMP (6-Bnz), the EPAC activator 8-pCPT-2’-O-Me-cAMP (8-pCPT), and the 

PKA inhibitors Rp-cAMPs and Rp-8-CPT-cAMPs. (Schmidt et al., 2013) 

During development, EPAC1 is highly expressed in the brain of embryonic (E14-

16) and neonatal (Postnatal 1-3) rats, whereas EPAC2 is mainly expressed in 

adult stages (>3 months) in rat brains (Murray and Shewan, 2008). These studies 

suggest that EPAC may play a role in mediating the cAMP signalling during 

nervous system development. However, the role of EPAC in neuronal polarity is 

still unknown.   

 We intend here to study the role of EPAC in the regulation of the polarity 

complex. We determined the expression of EPAC during in vitro polarization in 

mouse hippocampal neurons.  Subsequently, we measured the expression and 

subcellular distribution of the proteins that are involved in regulation of the 

polarity complex. Next, we studied the role of EPAC in the regulation of neuronal 
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polarity with pharmacological treatments. Finally, we included live cell imaging to 

analyse the dynamics of actin and activation of the EPAC effector, Rap1B.  

Materials and methods 

Antibodies and chemicals 

Rap1B (1:300, BD Biosciences, lot:06186), EPAC1 (Immunofluorescence 1:150, 

Santa Cruz: H-70, lot: L1109, Western blot 1:300, Cell Signalling: 5B1, lot: 

4156S), EPAC2 (Immunofluorescence 1:150 Santa Cruz H-220, lot: K100911, 

Western blot 1:300, Cell Signalling: 5D3 lot: 4155S), p-AKT (1:1000, Cell 

Signalling (D9E) 4060S), AKT (1:1000, Cell Signalling (40D4) 2920S), �-tubulin 

(1:5000, (Ab-1), Oncogene CP06), anti-�-actin (1:5000, Sigma Aldrich, A5441), 

anti-� -III-tubulin (1:1000, Promega, G1712A), anti-MAP2 (1:500, Millipore, 

AB5622), anti-Tau1 (Western blot 1:7000, Immunofluorescence 1: 500, Millipore, 

MAB3420), Cdc42Hs (Immunofluorescence 1:150, Santa Cruz, sc87), p-

ERK(1/2) (1:1000, Cell Signalling, 9101), ERK(1/2) (1:1000, Cell signalling, 

9102), phospho-PKA Substrate (1:1000, Cell Signalling, 9624S), ikB-� (1:300, 

Santa Cruz, C-15, lot: P0910)  

Secondary anti-mouse antibody (Jackson Immuno Research, IgG, code: 15-035-

150) secondary anti-rabbit (Jackson Immuno Research, IgG, code: 711-035-

152),  

Immunofluorescence secondary antibody: Gt�msCY3 (red), Gt�msCY2 (blue), 

Gt�rabbitAF633 (FarRed), Gt�rabbitCY3 (red), Gt�rabbitCY2 (blue) (all from 

Jackson ImmunoResearch), 

DMSO (Sigma Aldrich), 8-pCPT-2’-O-Me-cAMP (8-pCPT, Biolog cat.no. C041-

05), 6-Bnz-cAMP (6-Bnz, Biolog cat.no. B009-10), RP-cAMPS (Biolog cat.no. 
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A002-05T), RP-8-CPT-cAMPS (A014-05), 2-(4-morpholinyl)-8-phenyl-4H-

1benzopyran-4-hydrochloride (LY294002, Tocris 1130),  

Bisindolylmaleimide,(BIM, Tocris, 3/19163), Phalloidin (Alexa Fluor 488, 

Invitrogen A12379), Poly-L-Lysin (Lot: 88H5907, Sigma Aldrich), Western 

Lightning Plus-ECL (Perkin-Elmer, lot.nr. 203-12221), Hoechst staining 

(Invitrogen, 33342 trihydrochloride), BSA (Sigma Aldrich, lot: SLBF0550V), 

Neurobasal media (Gibco),  

N1E-115 neuroblastoma cultures 

N1E-115 neuroblastoma (ATCC, CRL-2263) were cultured in Dulbecco’s 

Modified Eagle Medium (DMEM) plus 10% FBS and 2% antibiotics 

penicillin/streptomycin. 

During chemical treatments, N1E-115 were cultured in DMEM 0% serum for 12 

hours before treatment and then treated with the PKC inhibitor BIM (5,10 and 20 

µM), the PKA activator 6-BNZ (20 µM) for 30 minutes at 37°C. The PI3K inhibitor, 

LY294002, the PKA inhibitors RP-cAMPs (10-50 µM), and RP-8CPT-cAMPS (20-

50 µM) for 15 minutes at 37 °C. During the evaluation of PKA phosphorylation, 

the cells were treated with 8-pCPT (50 µM) and 6-BNZ (50 µM) for 15 minutes. 

Primary culture of hippocampal neurons 

Preparation of the hippocampal cell cultures was done according to the protocol 

of Banker et al. (2007). Hippocampi were dissected from the brains of the mouse 

embryos (E18) and digested with trypsin for 15 minutes at 37°C. After this, 

plating medium (MEM containing Earl’s salts and L-glutamine, 0.6%D-glucose 

and 5% FBS) was added and the cells were pipetted through a narrowed Pasteur 

pipette to dissociate neurons. Then, the hippocampal neurons were plated on 
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sterile coverslips coated with poly-L-Lysine and Incubated at 37°C with 5% CO2 

in neurobasal medium (50 U/ml penicillin-streptomycin, 1 mM sodium pyruvate, 2 

mM L-glutamine, 2 % B27). The cultures were transfected with DNA vectors, 6 

hours after plating and drugs were added directly to the neuronal culture medium 

at indicated concentrations around 16 hours after plating. Finally, the cultures 

were fixed for 40-48 hours in culture with 4% Paraformaldehyde (PFA) and 4% 

sacharose for 30 minutes at 37°C and processed for immunohistochemistry.  

DNA constructs 

The neuronal transfection was performed with the Amaxa Mouse Neurons 

Nucleofector Kit. The vectors used are: Par6BFullLength pKH3 (2.1µg/µl), Par6B

�PDZ pKH3 (1.8µg/µl), Par6B�102-271 pKH3 (1.5µg/µl) (All kindly donated by 

Dr. Ian Macara Vanderbilt University School of Medicine, United States), 

pmaxGFP (1µg/µl, Amaxa Kit), RalGDS-GFP (3.6µg/µl, kindly donated by Dr. 

Johannes Bos from UMCU, The Netherlands). pLifeAct-mTurquoise2 (1.5µg/µl) 

was a gift from Dorus Gadella (Addgene plasmid # 36201) 

Western blot analysis  

Neurons and cell lines grown on dishes were washed once with PBS and then 

incubated with RIPA (65 mM Tris, 155 mM NaCl, 1% Triton, 0.25% sodium 

deoxycholate, 1mM EDTA, pH 7.4, mixture of protease inhibitors, 5µg/ml 

Na3VO4, 20µM PMSF, 5mM NaF). Then, cells were scraped from the plate and 

kept on ice for 15 min and finally centrifuged for 20 minutes at 14,000 RPM. 

Supernatant fractions were quantified by the Bradford method, denatured in 

loading buffer by heating to 95 ° C for 5 minutes and subjected to SDS-PAGE, 

using 10% running gels for EPAC, 15 % for Rap1B and 12% for PKA substrates, 
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Par6 and RhoA.  The fractions were then transferred to nitrocellulose membranes 

or PVDF membranes and were blocked further with 5% of BSA for 1 h at room 

temperature. The membranes were incubated with primary antibodies overnight 

at 4°C. The next day, membranes were washed using TBST (50mM Tris-HCl, 

150mM NaCl, 0.05% Tween 20, pH 7,4), four times for 10 min and incubated with 

HRP-conjugated secondary antibody for 1 h at room temperature. Finally, 

peroxidase activity in membrane blots was detected using photographic films, 

quimioluminicente and SuperSignal West Pico Western blotting substrate. 

Immunofluorescence and image analysis  

Hippocampal neurons were fixed at 18 h, 48 h, and 72 h, with 4% (w/v) 

Paraformaldehyde, 4% sucrose for 30 min at 37°C and washed with phosphate-

buffered saline (PBS) three times, 5 min each. The cells were incubated in PBS, 

0.1% Triton X-100 for 5 min and then blocked with 5% (w/v) bovine serum 

albumin (BSA) in PBS for 1 h. After blocking, cells were incubated with primary 

antibodies diluted with 1% BSA in PBS overnight at 4°C, washed in PBS three 

times for 5 min each, incubated with fluorescent secondary antibody for 1 h, and 

washed in PBS three times for 5 min each. Finally, samples were mounted on 

slides and examined using using a HC PL APO CS2 63x/1,4 (oil) objective on a 

Leica SP8 Confocal Microscope (DMI 600). Digital images were quantified using 

the LAS AF 3.0 image browser and ImajeJ (NIH) for axonal length, fluorescence 

intensity, and cell counting. Changes in the phenotype of the neurons were 

measured by determining total axon length, percentage of polarization, and 

neuron phenotype. For the purposes of this study, we define a polarized neuron 

as a neuron displaying an axon >50µm or two times longer than neuronal soma, 
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with positive Tau1 staining localized in a proximal-distal gradient along the shaft, 

and negative for MAP2 staining. 

Live cell imaging 

\Images were acquired using a Zeiss LSM780 inverted confocal laser scanning 

microscope, fitted with Zeiss Plan-Apochromat 63x/1.4 oil DIC lens. Images were 

acquired with a 1AU pinhole size, at 7-10 seconds of interval. For global 

manipulation of RalGDS-GFP and Lifeact, pharmacological agents (8-pCPT) 

were applied to the bath after 5 minutes of baseline recording. Images after the 

pharmacological treatment were acquired for 7 minutes. A single excitation laser 

with a wavelength of 440 nm (446–508 nm filter) at a minimal of 2 % laser 

intensity, and short 1.58 µsec pixel dwell, was used to minimize cell toxicity 

(RalGDS). Images were recorded at a frame size of 1024×1024 pixels. Cells 

were maintained in a heated 37°C chamber and stage, in neurobasal medium 

with 5% CO2, to ensure optimal cell conditions throughout the time-lapse. 

Statistical analysis 

All data were represented as mean ± SEM of at least three independent 

experiments. Comparison between two groups was made using unpaired T-test. 

Comparisons among three or more groups were performed using one-way 

ANOVA followed by Dunnetts or Tukey poshoc test. p< 0.05 was considered as 

the level of significance. Quantification was performed with GraphPad Prism 

(GraphPad Software, Inc.). 
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Results 

Cellular cAMP and EPAC expression during different developmental stages  

EPAC is an effector of cAMP and upon cAMP binding; EPAC is activated leading 

to the GTP-loading of its downstream effector, Rap1 (de Rooij et al., 1998). Since 

local elevation of cAMP in neurites leads to axon formation (Shelly et al., 2010), 

we wanted to analyse the global cellular levels of cAMP during neuronal 

polarization (Figure 1). We did not observe differences in global cAMP 

concentrations between the distinct developmental stages (i.e. Stage 1-Stage 3), 

indicating that neuronal polarization most likely relies on very subtle locally 

restricted changes in cAMP.   

Next, we studied the expression of EPAC1 and EPAC2 in hippocampal neurons. 

The results in Figure 2A-C show that the levels of EPAC1 and EPAC2 were not 

significant increased in hippocampal neurons between stages 1-4 during 

neuronal polarity. Next, we analysed the subcellular distribution of EPAC1 and 

EPAC2 in neurons at Stage 2 (after 24 hours) and Stage 3 (after 48 hours) 

(Figure 2B,D). We quantified and determined differences between neurites and 

the future axon by measuring the length of the long neurite, which is >50µm or 

two times the length of the cell body (blue line, stage 3). As shown in the graphs 

of Figure 2B and 2D, we observed that EPAC1 and EPAC2 shown a 

homogeneous distribution at Stage 2 in every neurite. However, in Stage 3, it 

seems that EPAC1 and EPAC2 were found along the shaft and at the tip of the 

axon. Interestingly, EPAC2 exhibited a more homogenous distribution in all Stage 

2 and 3 neurites. Our results indicate that EPAC1 and EPAC2 are both 

expressed during the developmental stages. However, EPAC1 is more abundant 
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than EPAC2 during early stages of development and shows accumulation at the 

tips of the axon, which suggests that EPAC1 may play a role during polarization 

of neurons. 

Axon specification regulated by EPAC is independent of PKA signalling  

It has been shown that PKA is responsible for neuronal cAMP signalling; 

regulating growth cone attraction and neuronal polarity (Murray et al., 2009; 

Shelly et al., 2010). However, it is generally accepted that EPAC mediates cAMP 

signalling, independent of PKA (de Rooij et al., 1998; Kawasaki et al., 1998b). To 

study whether EPAC may regulate neuronal polarity independently from PKA, we 

treated cultured hippocampal neurons with the EPAC activator, 8-pCPT both in 

presence and absence of PKA inhibitor Rp-8-CPT-cAMPs (Figure 3). First, we 

performed a Western blot on N1E-115 cells to evaluate the inhibiton of PKA with 

the total phosphorylated PKA-specific substrates antibody. We evaluated two 

concentrations of the PKA inhibitor Rp-8-CPT-cAMPs and we observed a 

significant reduction of phospho-PKA substrates (n=3, p<0.05*, 20 µM: 

0.52±0.03, 50 µM: 0.41±0.01 a.u., One-Way ANOVA, Dunnett) in both 

concentrations. We decided to use the lowest concentration (20 µM) in our 

treatments, since we did observed an effect at that concentration. Next, we 

performed immunofluorescence of hippocampal neurons stained with the soma-

dendritic marker (MAP2) and the axonal marker (Tau1), and measured the 

morphological changes in hippocampal neurons induced by 8-pCPT and Rp-8-

CPT-cAMPs (Figure 3 C-F). We observed no significant differences on the 

percentage of polarized neurons between treatments (Figure 3G). Interestingly, 

the EPAC activator, 8-CPT, caused a significant increase in the formation of 
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multiple axons (Figure 4H, 2 axons, n=3, p<0.01**, SD 34.4±10.1%, One-Way 

ANOVA, Dunnett). The neurons treated with Rp-8-CPT-cAMPs did not show a 

reduction in polarization or multiple axons (Figure 3G,H). Noteworthy, 8-pCPT 

still induced multiple axons in the presence of Rp-8-CPT-cAMPs (n=3, p<0.05*, 

SD 20.7±11.7%, One-Way ANOVA, Dunnett). These results suggest that EPAC 

activation is involved in neuronal polarity and may act independently of PKA 

activity.  

Axon specification by EPAC acts upstream of aPKC  

It has been shown that aPKC and Rap1B are required for neuronal polarity (Shi 

et al., 2003; Schwamborn and Puschel, 2004). Upon inhibition of aPKC with 

bisindolylmaleimide (BIM), Shi and colleagues reported a reduction of polarized 

neurons by about 60 % (Shi et al., 2003). The possible mechanism by which 

aPKC is involved in neuronal polarity is related to its interaction with Par3 and 

Par6 (Shi et al., 2003). Our results in Figure 3 show that EPAC activation induced 

morphological changes during neuronal polarity in hippocampal neurons. 

Therefore, we wanted know whether EPAC signalling could modulate neuronal 

polarity in presence of aPKC inhibition. First, we determined the concentration at 

which significant inhibition of aPKC could be observed. We performed a Western 

blot against phosphorylated ERK, which has previously been shown to be caused 

by PKC (Besson et al., 2001). Figure 4A and 4B, show that 20 µM of BIM caused 

a significant reduction in ERK phosphorylation in N1E-115 cells culture (n=3, 

p<0.01**, Control: 1.2±0.2, 20 µM: 0.3±0.1, One-Way ANOVA, Dunnett). Next, 

we used the same concentration to treat hippocampal neuron for 48 h. Figure 4E 

shows that neurons treated with BIM display polarity defects, compared to control 
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neurons (Figure 4D). Quantitative analyses in Figures 4G-I show that BIM 

reduced total neurite length (n=81, p<0.001***, DMSO: 205±11 µm vs BIM 

108.3±67.76 µm, One-Way ANOVA, Dunnett), axonal length (n=23 p<0.001***, 

DMSO: 121±8 µm vs BIM: 92 ±8.4 µm), and the percentage of polarized neurons 

(n=23, p<0.01**, DMSO: 93±2 % vs BIM: 28.0±3.2%, One-Way ANOVA, 

Dunnett, three independent experiments). Interestingly, neurons treated with 8-

pCPT, in combination with BIM, did not revert back to the the morphological 

changes in total neurite length (n=74, p<0.001***, 8-pCPT: 118.7±7.2 µm, One-

Way ANOVA, Dunnett), axonal length (n=23, p<0.05*, 8-pCPT 84.81±4.4 µm , 

One-Way ANOVA, Dunnett), and the percentage of polarized neurons (n=23, 

p<0.01**, 8-pCPT 31.0±13%, One-Way ANOVA, Dunnett, three independent 

experiments) induced by BIM alone (Figure 4E,H,I,J).  Next, we treated the 

neurons with the PKA activator, 6-Bnz, to determine whether PKA activation 

could reverse the effects by BIM. As shown in Figure 4F-I, 6-Bnz did not revert 

the BIM effect on the total neurite length (n=47, p<0.001***, 6-BNZ 115.9±5.8 

µm, One-Way ANOVA, Dunnett), axonal length, (n=25, p<0.001***, SD 

60.68±5.1 µm, One-Way ANOVA, Dunnett), and percentage of polarization 

(n=25, p<0.01**, SD 38.0±9%, One-Way ANOVA, Dunnett, three independent 

experiments). EPAC activation by 8-pCPT did not induce changes in polarization, 

which suggests that supernumeray axons induced by EPAC require the 

Participation of a downstream signalling cascade involving aPKC.  

Role of PI3K and EPAC signalling during neuronal polarity 

Previous work indicated that PI3K acts upstream of the Rap1B and the polarity 

complex (Shi et al., 2003; Schwamborn and Puschel, 2004). We hypothesized 
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that EPAC most likely follows the same regulation as Rap1B, downstream of 

PI3K during neuronal polarity. To investigate this, we first evaluated Westerntwo 

concentrations of the PI3K specific inhibitor, LY294002, by Western blot, and 

analysed the phosphorylation on Akt, its main target (Uranga et al., 2013) (Figure 

5A). Quantitative analysis shows a significant reduction in the phosphorylation of 

Akt, with both concentrations (Control: 2.2±0.3 a.u., LY294002; 10 µM: 0.41±0.1 

a.u., 20 µM: 0.34±0.14 a.u. n=3, p<0.001***, One-Way ANOVA, Dunnett). Next, 

we treated hippocampal neurons for 48 hours with the PI3K inhibitor LY294002, 

both alone and in presence of 8-pCPT and measured its effect on neuronal 

polarization. As shown in Figure 5D, treatment with LY294002 caused polarity 

defects in the neurons. The quantification of morphological changes shows a 

significant reduction on total neurite length (n=43, DMSO: 198±11 µm, 

LY294002: 105.4±6.8 µm, n=43, p<0.001***, One-Way ANOVA, Dunnett) and 

percentage of polarization (n=19, DMSO: 92±8.3%, LY294002: 20.3±4.7%, 

p<0.0001****, One-Way ANOVA, Dunnett), but not in axonal length (n=19-39, 

DMSO: 109.4±8.7 µm, LY294002: 110±9.9 µm, n.s. One-Way ANOVA, Dunnett), 

(Figure 5G-I). Furthermore, neither a combination with 8-pCPT or with 6-Bnz 

reversed the effect of LY294002 in total neurite length (n=70, p<0.001***, 8-

pCPT: 128.3±7.4 µm; n=63, p<0.001***, 6-Bnz: 139.9±8.4 µm, One-Way 

ANOVA, Dunnett), and percentage of polarization (n=19-39, p<0.001***, 8-pCPT: 

27.3±4%; p<0.0001****, 6-Bnz: 25±4.3%, One-Way ANOVA, Dunnett). However, 

we did not observe significant changes in axonal length (n=19-39, 8-pCPT: 

110±9.8 µm, 6-Bnz: 114±9 µm, n.s. One-Way ANOVA, Dunnett), (Figure 5G-I). 

As we expected, our results suggest that EPAC most likely acts downstream of 
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PI3K, as was reported with Rap1B (Schwamborn and Puschel, 2004). 

Interestingly, PKA activation did not induce neuronal changes, suggesting that 

PI3K may regulate the physiological effects of both cAMP players during 

polarization. 

Distribution of Rap1B, Cdc42, and Par3 during neuronal polarization. 

A sequential activity of Rap1B and Cdc42 has been shown during polarization 

and this activity could be linked to Rap1B accumulation in the tips of the neurites, 

which cause a recruitment of Cdc42 and other members of the polarity complex 

(Schwamborn and Puschel, 2004). It has been shown that Par3 becomes 

selectively localized in the tip of neurites as the neuron polarizes (Shi et al., 

2003). Par3 acts as a scaffold to nucleate a multi-protein complex. This includes 

Par6, activated Cdc42/Rac1, and aPKC (Joberty et al., 2000). For this reason, it 

is interesting to analyse its subcellular distribution. 

We performed immunofluorescence analysis on cultured hippocampal neurons to 

examine the distribution of Rap1B, Cdc42, and Par3 proteins. Figure 6A-F shows 

the profile of intensity of three proteins evaluated. Our results show that Rap1B, 

Cdc42, and Par3 were evenly distributed in all neurites at Stage 2. In contrast, at 

Stage 3, the proteins were restricted to the axon during neuronal polarity. These 

results show that polarity complex members and Rap1B follow similar subcellular 

distributions as EPAC during neuronal polarization.  

Role of EPAC signalling and Par6 during neuronal polarization 

In order to evaluate a molecular link between EPAC-Rap1B signalling and the 

polarity complex, we set up an experimental approach that combines 

pharmacological activation of EPAC with the expression of several constructs of 
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Par6 (Figure 7). We used the following constructs: Par6BFL (Full length), Par6B

�PDZ (lacking PDZ domain), and Par6B�102-271 (lacking PDZ and CRIB 

domains). Because the first PDZ domain in Par3 interacts with the PDZ domain 

in Par6, the mutant Par6B�PDZ is used to determine the importance of this PDZ 

domain in the interaction and distribution of Par3 during neuronal polarity 

(Joberty et al., 2000; Henrique and Schweisguth, 2003; Gao and Macara, 2004). 

The Par6B�102-271 mutant lacks the CRIB and PDZ domains, which are 

necessary for binding of Cdc42-GTP and through this, Par6 is activated. The 

binding of aPKC to Par6, via OPR-motifs, is in the N-terminal region of Par6, the 

PB1 domain (1-102), which is not affected by these two mutants of Par6B. The 

full length Par6B contains all the core domains, including PDZ, CRIB, and OPR, 

but lacks the N- and C-terminal flanking regions. It has been shown that this does 

not affect the interaction of Par6BFL with Cdc42-GTP (Lin et al., 2000; Etienne-

Manneville and Hall, 2001; Gerard et al., 2007).  A scheme of the domains 

interaction of Par 6 is shown in the supplementary Figure 1. 

Figure 7A-B shows neurons that were transfected with the Par6BFL plasmid and 

treated with 8-pCPT. Quantitative analysis did not show any difference after 8-

pCPT treatments (n=3, n.s., t test). This indicates that the overexpression of 

Par6BFL does not influence the effect of the EPAC activator. On the other hand, 

Par6B�PDZ transfected neurons show a significant increase in total neurite 

length after treatment with 8-pCPT (n=38, p<0.05*, Par6B�PDZ CT: 103±7.6 

µm, Par6B�PDZ+8-pCPT: 132±9 µm, t test) and percentage of polarization 

(n=38-44, p<0.01**, Par6B PDZ CT: 26±4.1%, Par6B�PDZ+8-pCPT: 66±7%, t 
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test, three independent experiments). Thus, these data indicate that the lack of 

PDZ-dependent interaction between Par6-Par3 does not impact in the regulation 

of polarity complex by EPAC since 8-pCPT caused a recovery of the effect in 

total neurite length and polarization of the Par6B�PDZ group. Furthermore, 

neurons transfected with the Par6B�102-271, a mutant vector lacking the CRIB 

domain (i.e domain that interact with Cdc42/Rac1), did not show any 

morphological changes after 8-pCPT treatments. These results suggest a 

possible interaction of EPAC-Rap1B signalling upstream Par6.  

Actin dynamics and active Rap1B after EPAC activation by 8-pCPT 

The actin and microtubule cytoskeletons are indicated as final targets for many 

signalling cascades (Figure 4, Chapter 1) that influence neuronal differentiation 

(reviewed in (Dent and Gertler, 2003). Also, it has been shown that the actin 

dynamic at the growth cones plays a crucial role in neuronal polarity (Bradke and 

Dotti, 1999). Thus, it is due to the highest dynamic of the actin cytoskeleton that 

allows the elongation of microtubules in the distal areas of the growth cone 

leading to axon formation. On the other hand, stable actin cytoskeleton impairs 

microtubules to penetrate into the growth cone and these neurites will become 

the dendrites (Bradke and Dotti, 1999).  

Live cell imaging of the actin cytoskeleton has gained its importance in the 

fundamental fields of biological research (Riedl et al., 2008). There are several 

techniques that can be used to visualize the actin cytoskeleton, but some of 

these techniques interfere with the actin dynamics in vitro and in vivo, like the 

injection of fluorescently labelled actin or small amounts of fluorescence labelled 

Phalloidin (F-actin-binding and stabilizing compound) (Schmit and Lambert, 
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1990; Waterman-Storer et al., 1998). Lifeact, a 17-amino-acid peptide, which 

stains filamentous actin structures in eukaryotic cells and tissues, does not 

interfere with actin dynamics (in vivo and in vitro) and its chemically modified 

peptide allows visualization of actin dynamics (Riedl et al., 2008). We used 

Lifeact-GFP to visualize actin dynamics in cultured hippocampal neurons, which 

were transfected 6 hours after plating and treated with 20µM 8-pCPT (Figure 8B) 

after 5 minutes of baseline recording (control, Figure 8A). Treatment with 8-pCPT 

shows the effect of EPAC on the actin dynamics. Before and after treatment, 

pictures were taken at an interval of 7 seconds for 5 minutes (control) and 

intervals of 10 seconds for 7 minutes (treatment with 8-pCPT).  

Before treatment, high fluorescence intensity is shown in the growth cones and 

the cell body, as shown by a colour code imaging process in Figure 8A. After 

treatment with 8-pCPT, the growth cones and cell body show a higher intensity of 

fluorescence of Lifeact-GFP, pointing to the presence of an enhanced 

accumulation of polymerized actin. We were able to detect changes in dynamic 

involving the protrusion of filopodia structures at growth cones, which were 

robustly increased after 8-pCPT treatments.   

Next, we investigated the subcellular distribution of active Rap1B by live cell 

imaging in Stage 4 hippocampal neurons. We used the probe RalGDS-RBD-GFP 

(RalGDS-GFP), where the Rap1-binding domain (RBD) of RalGDS selectively 

binds to active Rap1 (Reedquist and Bos, 1998). Hippocampal neurons were 

transfected after 6 hours in culture with RalGDS-GFP and treated with 8-pCPT 

(Figure 9B). Before and after treatment, pictures were taken at an interval of 7 

seconds over 5 minutes (control) and every 10 seconds for 7 minutes (treatment 
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with 8-pCPT), and were analysed after 72 hours. The results of Figure 9 show 

that before 8-pCPT treatments, high fluorescence intensity is shown in the growth 

cones, especially in a specific growth cone indicated by the white arrowhead, and 

in the cell body. After application of 8-pCPT, Rap1-GTP was accumulated at the 

axonal shaft and tip, as indicated by higher fluorescence intensity. The higher 

intensity indicates more active Rap1B after treatment with the EPAC activator. 

Taken together, these results suggest that EPAC might modulate actin dynamics. 

Our results indicate that modulations in actin dynamics, potentially mediated 

Rap1B, may recruit some molecules that interact with the actin cytoskeleton.  

Discussion 

 During the development of the nervous system, neuronal polarization is a 

key process. A lot of research has revealed some molecular players involved in 

this process (Arimura and Kaibuchi, 2007). The role of EPAC in neuronal 

polarization has been investigated individually and in concert with PKA (Peace 

and Shewan, 2011). The developmental regulation of EPAC1 and EPAC2 in the 

nervous system was shown in brain tissue and DRG neurons (Murray and 

Shewan, 2008). Here, we focused on the role of EPAC in neuronal polarization, 

especially its role in regulating the polarity-complex.  

 During the differentiation of embryonic neurons, expression of EPAC1 and 

EPAC2 was measured in hippocampal neurons. Expression of EPAC1 in 

hippocampal neurons was higher than EPAC2. This is in agreement with 

previous research that shows that EPAC1 is more abundant in embryonic tissue 

and EPAC2 is more abundant in postnatal and adult neurons (Murray and 

Shewan, 2008). These results are interesting because more information about 
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the expression of both EPAC isoforms during the stages of neuronal 

differentiation is provided. Furthermore, we analysed the subcellular localization 

of EPAC1, EPAC2, Rap1B, Cdc42, and Par3 since previous studies show that 

Rap1B, Cdc42, and Par3 are concentrated in the tips of the axon at Stage 3 and 

act as modulators of neuronal polarity (Schwamborn and Puschel, 2004). Our 

results show that EPAC1, but not EPAC2, is more concentrated at the tip of the 

axon. The same subcellular distribution was observed for Rap1B, Cdc42 and 

Par3. These results suggest that EPAC1 may be involved in neuronal polarity, a 

process being accompanied by an accumulation of cAMP and subsequent 

modulation of axon formation by Rap1B. Potential downstream targets of Rap1B 

might be the small GTPases Ral, Rac, Cdc42 or Rab11 in polarity and axon 

guidance (Schwamborn and Puschel, 2004; Jossin and Cooper, 2011; Das et al., 

2014b). However, mechanisms downstream of Rap1B need to be further 

elucidated. 

 We also measured the global cAMP concentration in hippocampal 

neurons during development and did not found significant increase of cAMP 

during stages of neuronal differentiation. Together with the finding that the local 

cAMP concentration in the tips of the neurites kept concentrated (Shelly et al., 

2010), cAMP concentrations seem to be strictly controlled during the 

development of neuronal polarity. The local concentration of cAMP has been 

related to the autocrine activity of the neurotrophin BDNF (Cheng et al., 2011b). 

However, since EPAC1 is concentrated in the tips of the neurites, we are in 

favour of a model where EPAC1 is kept active in in the same zones upon 

maintenance of high local cAMP concentrations.   
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 When we activated EPAC with 8-pCPT, it caused a change in the 

morphology of the neurons, inducing the development of multiple axons. Our 

results showed that this effect is independent of PKA. Next, we examined the role 

of EPAC in the context of PI3K and aPKC signalling. We found that EPAC may 

act upstream of aPKC, since previous results show that aPKC is downstream of 

Rap1B (Schwamborn and Puschel, 2004) and the activation of EPAC did not 

reverse the morphological changes induced by aPKC inhibition. Moreover, aPKC 

interacts and phosphorylates Par3, and interacts with Par6. The alteration of 

activity of aPKC may lead to a mislocalization of Par3 or Par6, which can cause 

an alteration in protein transport along the axon (Shi et al., 2003). This would 

explain why EPAC-Rap1B signalling did not reverse the polarity defects. The 

recently-developed EPAC inhibitor, ESI-09, and the EPAC2 inhibitor, ESI-05, 

(Almahariq et al., 2013; Chen et al., 2013; Almahariq et al., 2015), would help to 

a better discriminate between PKA and EPAC signalling (Schmidt et al., 2013). 

 Previous results showed that PI3K acts upstream of Rap1B (Li et al., 

2008) and is highly localized to the tip of the newly specified axon of Stage 3 

neurons. This is essential for the proper subcellular localization of mPar3 (Shi et 

al., 2003). We also inhibited PI3K and then induced EPAC activation by 8-pCPT.  

The increment of EPAC activity did not reverse the effect of reduced polarization 

in neurons under PI3K inhibition, which suggests that EPAC-Rap1B may act 

upstream Pi3K. The available evidence seems to suggest that PI3K inhibition 

reduced the levels of Rap1B in neurons (Li et al., 2008), which can explain why 

EPAC activation did not reverse the polarity defects by the lack of Rap1B 

available. On the other hand, there is evidence that Rap1 directly binds to the 
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Ras binding domain of PI3K and induces its activation in pseudopod formation in 

Dictyostelium (Kortholt et al., 2010). On the basis of this evidence, the 

mechanisms involving EPAC-Rap1B-PI3K must be investigated further. 

 Interestingly, PKA activation did not have a positive effect on the reduction 

of polarized neurons after inhibition of aPKC and PI3K. It has been shown that 

the PKA pathway may converge on the PI3K pathway at several levels. First, 

GSK-3�, a downstream effector of PI3K and Akt (Yoshimura et al., 2005) can be 

inactivated by PKA (Fang et al., 2000). On the other hand, PKA-phosphorylated 

LKB1 is link to aPKC (Shelly et al., 2007; Shelly et al., 2010), and this association 

modulates GSK-3� phosphorylation Xenopus embryo (Ossipova et al., 2003). 

Thus, although PI3K and PKA may be activated in parallel, they converge on 

common downstream effectors that regulate axon formation.  

 We also evaluated neurons transfected with Par6B mutants. Our results 

showed that overexpression of Par6BFL do not induce morphological changes in 

the neurons before and after EPAC activation. However, transfected neurons 

with the PDZ-deletion of Par6 showed that the lack of interaction of Par3-Par6 did 

not interfere with EPAC function, and that there is a recovery in neuronal 

polarization after 8-pCPT treatments. Interestingly, the Par6B�102-271 plasmid 

that lacks the CRIB domain (which is responsible for binding to Cdc42/Rac1) 

induces a reduction of polarization, and EPAC activation did not overcome this 

effect. Since it was shown that PDZ is not important for EPAC to induce 

polarization, this suggests that a possible connection with the polarity complex 

could be related to the small GTPase, Cdc42/Rac1. There is evidence showing 

that upon EPAC activation, Rap1 recruits the guanine nucleotide exchange 
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factor, STEF, and activates Rac1 (Arthur et al., 2004; Zaldua et al., 2007), which 

induces binding to Par6 (Lin et al., 2000). On the other hand, it has been shown 

that the Ral signalling network is downstream of Rap1; and Ral signalling 

interacts downstream with Par3 and Par6 during axon determination, which could 

also be an alternative mechanism to interacting with the polarity complex (Lalli, 

2009; Carmena et al., 2011; Das et al., 2014b). A similar mechanism of activation 

of Cdc42 by Rap1 has not yet been shown. Further work is required to elucidate 

a potential direct connection between Rap1 and Par6 involving neuronal Rac and 

Ral signalling.  

 Finally, we showed that EPAC modulated the actin dynamics in 

hippocampal neurons upon stabilization of filamentous actin and induction of 

filopodia. Furthermore, we showed that active Rap1B is concentrated in the tips 

of the axons after EPAC activation. Since our results pointed to a connection 

between Rap1B and the polarity complex, we can speculate that the changes in 

the actin dynamic may be under control of this pathway, perhaps recruiting small 

GTPases that regulate actin dynamic, such as Rac and Cdc42. However, a 

detailed analysis of the subset of small GTPases involved must still be 

performed; but this was far beyond the scope of our current study.  

 In conclusion, EPAC1 is expressed more in embryonic neurons than 

EPAC2, where EPAC1 is distributed in the tip of the axon. In contrast, EPAC2 is 

more homogeneously distributed in hippocampal neurons. EPAC induces 

multiple neurons independently of PKA. The subcellular distribution of Rap1B, 

Cdc42 and Par3 shows that there is a temporal localization of EPAC1 and other 

modulators of neuronal polarity. Furthermore, EPAC acts upstream of both aPKC 
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and PI3K. The Par3-Par6 protein binding is not necessary for the action of EPAC. 

However, the CRIB domain is shown to be necessary for the EPAC-Rap1B 

pathway to modulate neuronal polarity.  
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Figures legends:  

Figure 1: cAMP levels in hippocampal neurons during differentiation 

cAMP assay performed according to the protocol of the Assay Kit. 140.000 

hippocampal neurons per stage of differentiation were seed to perform this assay 

in triplicate. Stage 1 neurons were assayed after 14-16hours in culture, Stage 2 

neurons were assayed after 24 hours in culture and stage 3 neurons were 

assayed after 48 hours in culture. We did not found significant difference in cAMP 

concentration between during stages 1, 2 (n.s.), and stage 3 (n.s.) is shown. 

(n=3. Stage 1: 2.86±1.0 nM, stage 2: 3.5±1.0 nM, and stage 3: 2.06±0.6, One-

Way ANOVA, Tukey multiple comparison test). The error bars indicate the SEM 

of a triplicate experiment 

Figure 2: EPAC 1 and EPAC2 are differentially expressed in cultured 

hippocampal neurons.  

A, EPAC1 immunoblot and quantification of lysates from cultured neurons 

between stages 1-4, normalized against tubulin (n=3, n.s., One-Way ANOVA, 

Tukey multiple comparison test) B, EPAC1 distribution in cultured hippocampal 

neurons (n=30) at stages 2 and 3 (up). Antibody against beta III tubulin was used 

as neuron-specific marker. The white arrow in the neurons shows the 

accumulation of EPAC1 at the tip of the neurites. Fluorescence intensity profiles  

from EPAC1 in the neurites of stage 2 (left) and Stage 3 (right, blue line indicate 

the axon) neurons (down). C EPAC2 immunoblot and quantification of lysates 

from cultured neurons between stages 1-4, normalized against tubulin (n=3, n.s., 

One-Way ANOVA, Tukey multiple comparison test) D, EPAC2 distribution in 

cultured hippocampal neurons (n=23-26) at Stages 2 and 3 (up). Antibody 
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against beta III tubulin was used as neuron-specific marker. The white arrow in 

the neurons shows the accumulation of EPAC2 along the shaft of the neurites. 

Fluorescence intensity profiles from EPAC2 in the neurites of stage 2 (left) and 

stage 3 (right, blue line indicate the axon) neurons (down). PC: positive control 

E18 mice brain. The error bars indicate the SEM of a triplicate experiment, n.s.= 

no significant, scale bars: 20 µm in B and D. 

Figure 3: EPAC has a role in neuronal polarization independently of PKA. 

Protein extracts from treated N1E-115 neuroblastoma with the PKA inhibitor Rp-

8-CPT-cAMPs, were prepared and analysed by Western blot. A, B N1E-115 

shows a significant reduction of phospho-PKA substrates with 20-50µM of Rp-8-

CPT-cAMPs C-F Immunofluorescence of hippocampal neurons after 48 hours of 

culture. MAP2 is the soma-dendritic marker and Tau1 the axonal marker. C 

Hippocampal neuron treated as a control with DMSO shows normal polarization 

with one long axon and multiple neurites. D Hippocampal neuron treated with the 

EPAC activator 20µM 8-pCPT-2’-O-Me-cAMP shows multiple axons. E 

Hippocampal neuron treated with 20µM RP-8CPT-cAMPs shows normal 

polarized neurons F Hippocampal neuron treated with 8-pCPT and RP-8CPT-

cAMPs (20µM each) shows neurons with multiple axons. G. There is no 

significant difference between the treatments on the percentage of polarized 

neurons (n=3, n.s. One-Way ANOVA, Dunnett). H Quantification of the number of 

axons, there is a significant increase in the formation of multiples axons with 8-

pCPT (n=3, p<0.01**, 2 axon: 34.3±10.1% One-Way ANOVA, Dunnett), but not 

with RP-8CPT-cAMPs (n=3, n.s. One-Way ANOVA, Dunnett). The combination 

of 8-pCPT and RP-8CPT-cAMPs shows that EPAC activation caused multiple 
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axons (n=3, p<0.05*, 2 axons: 20.7±11.7% One-Way ANOVA, Dunnett). The 

error bars indicate the SEM of a triplicate experiment, n.s.= no significant  

Figure 4: Atypical PKC signalling is downstream EPAC and PKA.  

Protein extracts from treated N1E-115 neuroblastoma with the PKC inhibitor BIM, 

were prepared and analysed by Western blot. A-C N1E-115 cells treated with 

20µM BIM reduced significantly the levels of p-ERK C-F Immunofluorescence of 

hippocampal neurons after 48hours in culture. MAP2 is the soma-dendritic 

marker, Tau1 the axonal marker and phalloidin stains F-actin. C Control 

hippocampal neuron treated with the vehicle DMSO shows normal polarization 

with one long axon and multiple neurites. D Hippocampal neuron treated with 

BIM 20µM shows defects in polarization. E Hippocampal neuron treated with BIM 

+ 8-pCPT (20µM each) shows neurons with short neurites short axons F 

Hippocampal neuron treated with BIM and 6Bnz (20µM each) shows neurons 

with short neurites short axons G Quantitative analysis shows that BIM 

significantly reduces the total neurite length H Quantitative analysis shows that 

BIM significantly reduces the axon length I Quantitative analysis shows that BIM 

significantly reduces the percentage of polarized neurons and the defects in 

polarity are not overcome by 8-pCPT and 6-BNZ. The error bars indicate the 

SEM of three individual experiments. *p<0.05, **p<0.01, ***p<0.001.	

Figure 5: EPAC-Rap1B pathway is upstream PI3K. 

Protein extracts from treated N1E-115 neuroblastoma with the PI3K inhibitor 

LY294002, were prepared and analysed by Western blot. A-B N1E-115 

neuroblastoma, treated with 10 and 20µM LY294002, reduced the levels of p-Akt. 

C-F Immunofluorescence of hippocampal neurons after 48hours in culture. MAP2 
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is the soma-dendritic marker; Tau1 the axonal marker and Phalloidin stain 

Filamentous-actin. C Control hippocampal neuron treated with the vehicle DMSO 

shows normal polarization with one long axon and multiple neurites. D 

Hippocampal neuron treated with LY294002 10µM shows defects in polarity E 

Hippocampal neuron treated with LY294002 and 8-pCPT (20µM) shows neurons 

with short neurites and some neurons with axons. F Hippocampal neuron treated 

with LY294002 and 6Bnz (20µM) shows neurons with axons and some with 

defects in polarization G Quantitative analysis shows that LY294002 significantly 

reduces the total neurite length H, Quantitative analysis shows that LY294002 did 

not significantly affect the axon length in each treatment I Quantitative analysis 

shows that LY294002 significantly reduces the percentage of polarized neurons 

and the defects in polarity are not overcome by 8-pCPT and 6-BNZ. The error 

bars indicate the SEM of three individual experiments. ***p<0.001, ****p<0.000. 

Figure 6: Subcellular distribution of Rap1B, Cdc42 and Par3 in stage 2 and 

stage 3 of neuronal development. 

Hippocampal neurons cultured for 24hours (stage 2) and 48hours (stage 3). A, B 

Distribution of Rap1B in stage 2 (A, n=10) and stage 3 (B, n=8) neurons. Rap1B 

distribution in Stage 2 neurons shows neurites with homogeneously distributed 

Rap1B. The blue line in Stage 3 neurons, indicates the axon with an increase in 

the tip, and also that the neurites (other colours) have an increase in intensity 

measured at the end of the tips. C, D, Distribution of Cdc42 in stage 2 (C, n=26) 

and stage 3 (D, n=27) neurons. A homogenously distribution of Cdc42 is found in 

stage 2 neurons. The blue line in Stage 3 neurons indicates the future axon and 

shows an increase in intensity at the tip of the neurites and along the axon. E, F, 
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Distribution of Par3 in stage 2 (E, n=27) and stage 3 (F, n=15) neurons. Stage 2 

neurons show a homogenized distribution of Par3 along the neurites with the 

highest intensity in the cell body. The blue line in Stage 3 neurons indicates the 

future axon and shows an increase in the intensity of Par3 along the axon.  

Figure 7: Par6 is involved in the regulation of the polarity complex by EPAC  

A-F Immunofluorescence of hippocampal neurons after 48 hours in culture. 

Transfected neurons were treated with 8-pCPT 16 hours after plating. MAP2 is 

the soma-dendritic marker, Tau1 the axonal marker and GFP positive control of 

transfected cells. A Hippocampal neuron transfected with Par6B Full Length (FL) 

plasmid shows polarization with one long axon. B Hippocampal neuron 

transfected with Par6BFL plasmid and treated with 20 µM 8-pCPT shows similar 

phenotype as A. C Hippocampal neuron transfected with Par6BΔPDZ plasmid 

shows neurons with shorter axons than the neurons transfected with Par6BFL 

plasmid. D Hippocampal neuron transfected with Par6BΔPDZ plasmid and 

treated with 20µM 8-pCPT shows neurons with normal polarization. E 

Hippocampal neuron transfected with Par6BΔ102-271 plasmid show short axons. 

F Hippocampal neuron transfected with Par6BΔ102-271 plasmid and treated with 

20µM 8-pCPT shows neurons with defects in polarity G Quantitative analysis of 

total neurite length displays significant difference in Par6BΔPDZ plus 8-pCPT 

treatments comPared to Par6BΔPDZ alone H Quantitative analysis of axon 

length shows no significant difference between 8-pCPT treated and the untreated 

groups I Quantitative analysis of the percentage of polarized neurons shows a 

significant difference in Par6BΔPDZ plus 8-pCPT group. The error bars indicate 

the SEM of three individual experiments. *p<0.05, **p<0.01. 
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Figure 8: 8-pCPT induced increment of actin dynamic in hippocampal 

neurons 

A Hippocampal neuron in Stage 3 of neuronal development transfected with 

Lifeact-GFP, 5 minutes of baseline recording (control). The colour legend in the 

pictures indicates the fluorescence intensity, where blue indicates weak and 

white strong labeling of Lifeact. The growth cones (indicated by the white 

arrowheads) show high fluorescence intensity, in the cell body and the tips of the 

axon. B The same neuron as shown in A but after treatment with 8-pCPT (right). 

The image on the left shows a magnification of the growth cone indicated in the 

right picture with the red rectangle. The white arrowheads indicate high 

fluorescence intensity in the cell body and in all of the growth cones. After 

treatment with 8-pCPT, the amount of filopodia is increased along the axon 

shafts and from the cell body. 	

Figure 9: 8-pCPT induces Rap1B activation along the axon.   

A Hippocampal neuron in Stage 3 of neuronal development transfected with 

Lifeact-GFP, 5 minutes of baseline recording (control). The colour legend in the 

pictures indicates the fluorescence intensity, where blue indicates weak and 

white strong labeling of RalGDS-GFP. The growth cone (indicated by the white 

arrowhead) shows high fluorescence intensity, together with the cell body. B The 

same neuron as in A but after treatment with 8-pCPT. Higher fluorescence 

intensity is shown in the growth cone indicated by the white arrowhead and the 

cell body, but also along the shaft of the axon and neurites. A higher intensity 

indicates more active Rap1B in the growth cone and the cell body. 
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Suplementary Figure 1 

Organization of the Cdc42, Par-3, Par-6 and aPKC domains in the polarity 

complex. 

The red bar indicates direct protein-protein interactions. Par-3 has three PDZ 

motifs; the first PDZ motif binds the PDZ motif of Par6. Par6 has one PDZ motif 

and a CRIB motif necessary for the interaction with Cdc42-GTP (this is called the 

GTPase binding domain (GBD) and an OPR motif for binding with aPKC. aPKC 

has an OPR-motif necessary for interaction with Par6 and a Kinase motif, where 

it can bind to Par3. When Cdc42-GTP binds to the inactive Par6-aPKC complex, 

this will induce a conformational change of Par-6 that will lead to aPKC 

activation. Par3 can target the active Cdc42-Par6-aPKC complex to specific sites 

at the cell cortex CRIB: Cdc42/Rac-interactive-binding, OPR: octicosapeptide 

repeat, PDZ: PSD95/Discs large/ZO1 (adapted from (Henrique and Schweisguth, 

2003)). 
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Figure 2 
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Figure 3 
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Figure 4 
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Figure 5 
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Figure 6 
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Figure 7 
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Figure 8 
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Suplementary Figure 1 
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Abstract 

Acquisition of neuronal polarity is a complex process involving cellular and 

molecular events. The second messenger cyclic adenosine monophosphate 

(cAMP) is involved in axonal specification through activation of protein kinase A 

(PKA). However, an alternative cAMP-dependent mechanism involves the 

exchange protein directly activated by cAMP (EPAC), which also responds to 

physiological changes in cAMP concentration, promoting activation of the small 

Rap GTPases. Here we present evidence that EPAC signaling contributes to 

axon specification and elongation. In primary rat hippocampal neurons, EPAC 

isoforms were differentially expressed during axon specification. Furthermore, 

pharmacological activation (8-pCPT) and genetic manipulations of EPAC in 

neurons induced supernumerary axons, indicative of Rap1b activation. Moreover, 

8-pCPT–treated neurons expressed ankyrin G and other markers of mature 

axons such as synaptophysin and axonal accumulation of vGLUT1. In contrast, 

pharmacological inhibition of EPAC delayed neuronal polarity. Genetic 

manipulations to inactivate EPAC1 using either shRNA or neurons derived from 

EPAC1 knock-out mice lead to axon elongation and polarization defects. 

Interestingly, multiaxonic neurons generated by 8-pCPT treatments in wild type 

neurons were not found in EPAC1 knock-out mice neurons. Altogether these 

results propose that EPAC signaling is an alternative and complementary 

mechanism for cAMP-dependent axon determination. 
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Introduction 

The establishment of a polarized morphology and the functional specialization of 

different cellular compartments are essential to the functions of neurons. 

Acquisition of polarity occurs when a single neurite projecting from the cell body 

undergoes rapid growth to become the axon (Conde and Caceres, 2009; 

Gonzalez-Billault et al., 2012). Axonal development is dependent on multiple 

protein complexes, which include cell surface receptors, such as  the TrkB 

receptor (Nakagawara, 2001; Huang and Reichardt, 2003; Cheng et al., 2011b), 

signaling proteins ( e.g the PI 3-kinase signaling pathway) (Shi et al., 2003) and 

cytoskeleton modulators (e.g mPar3/mPar6/aPKC complex, Cdc42/Rac) (Lin et 

al., 2000; Shi et al., 2003; Nishimura et al., 2005; Montenegro-Venegas et al., 

2010). The role for a defined protein can be classified as a determinant, mediator 

or modulator of axonal elongation (Cheng and Poo, 2012). In addition, axon 

specification and elongation depend on the concerted function of positive and 

negative molecules involved in axon extension (e.g BDNF- PI3K/PIP3/Rho 

GTPases, LKB1) (Huang and Reichardt, 2003; Shelly et al., 2007) and retraction 

(e.g GSK3�, Sema3A) (Gartner et al., 2006; Shelly et al., 2011), respectively. 

Interestingly, Shelly et al. investigated the role of the second messengers, cyclic 

adenosine monophosphate (cAMP) and cyclic guanosine monophosphate 

(cGMP) in neuronal polarity, and how subtle coordinated changes in their cellular 

levels contribute to the differentiation of an axon and multiple dendrites (Shelly et 

al., 2010). The authors found that localized increases in cAMP and cGMP in 

undifferentiated neurites in cultured hippocampal neurons promote and suppress  
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axon formation, respectively. A local elevation of cAMP in one of the neurites 

induces a decrease in cAMP in the remaining neurites of the same neuron 

(Shelly et al., 2010). The generation of cAMP leads to activation of protein kinase 

A (PKA) which mediates the axon elongation (Shelly et al., 2010). Interestingly, it 

has been describe that PKA plays a role in repulsion of growth cones in 

embryonic dorsal root ganglion neurons suggesting that cAMP dependent 

signaling mediated by PKA and EPAC may induce opposing effects in some 

neurons (Murray et al., 2009).  

Intracellular changes in cAMP can also activate other proteins. Recently, a 

family of novel cAMP effector proteins, named EPAC (exchange protein directly 

activated by cAMP), has been identified (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 respectively (de Rooij et al., 1998; Kawasaki et al., 1998a; Kawasaki et 

al., 1998c). Interestingly, along with PKA, EPAC/Rap1 mediates cAMP signaling 

in mammalian cells (Kiermayer et al., 2005). 

 The discovery of EPAC1 and EPAC2 has profoundly altered the prevailing 

beliefs about cAMP signaling, which historically had been associated only with 

PKA. EPAC signaling is involved in many physiological processes in neurons, 

such as apoptosis in mouse cortical neurons (Suzuki et al., 2010), 

neurotransmitter release in rat hippocampal neurons (Gekel and Neher, 2008), 

axonal guidance (Murray et al., 2009) and growth of neurites in rat dorsal root 

ganglion neurons (Murray and Shewan, 2008). Whether EPAC proteins 

Participate in cAMP-dependent axon specification and elongation will depend on 

changes in the activity of their molecular targets, particularly Rap1B (Rehmann et 
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al., 2008). The localization of the GTPase Rap1B at the distal tip of a single 

neurite is a crucial step in determining which neurite will become the axon. The 

sequential activation of Rap1B and Cdc42 GTPases is necessary for the 

establishment of polarity in hippocampal neurons. Rap1B and Cdc42 GTPases 

are activated downstream of phosphoinositide 3-kinase (PI3K) signaling, in a 

mechanism involving the polarity complex Par3/Par6/PKC atypical (aPKC) 

(Schwamborn and Puschel, 2004). However, the identity of the GEF protein 

involved in Rap1B activation during polarization of hippocampal neurons has 

remained elusive. Here we have described the role of EPAC proteins as axon-

promoting factors and have analyzed their ability to connect Rap1B activation 

with changes in intracellular levels of cAMP. 
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Material and Methods 

Animals: 

Sprague-Dawley pregnant rats were euthanized at E18 with a lethal injection of 

Ketamine/Xylazine mix. EPAC1 knockout mice (C57BL/6-SV129 background) 

were generated as described in detail by (Oldenburger et al., 2014; Laurent et al., 

2015). Pregnant C57Bl/6 Wild type and EPAC1 knockout mice of either sex were 

euthanized by isoflurane anesthesia (5%). The bioethical Committee of the 

Faculty of Sciences, University of Chile, approved all experiments according to 

the ethical rules of the Biosafety Policy Manual of the National Council for 

Scientific and Technological Development (FONDECYT) and the University of 

Groningen Committee for Animal Experimentation.	

Antibodies and chemicals 

The following antibodies were used in this work: EPAC1 (immunofluorescence, 

1:150, rabbit, Santa Cruz: H-70 sc-25632; Western blot, 1:300, mouse, Cell 

Signaling: 5B1 #4155), EPAC2 (immunofluorescence, 1:150, rabbit, Santa Cruz: 

H-220 sc-25633; Western blot, 1:300, mouse, Cell Signaling: 5D3  #4156), 

Rap1B (1:300, mouse, BD Biosciences: #610195), �-tubulin (1:10000, mouse, 

Sigma-Aldrich: #T6199), �-actin C4, sc-47778, Santa Cruz Biotechnology), �-

III-tubulin (Tuj1; 1:1000, mouse, Promega: # G1712A), MAP2 (1:500, rabbit, 

Millipore: AB5622), Tau1 (1:500, mouse, Millipore: MAB3420), SMI-31 (1:500, 

mouse, Covance: #14835101), phospho-PKA Substrate (1:1000, rabbit, Cell 

Signaling: 9624S), RhoA (1:1000, rabbit, Cytoskeleton: #ARH03-A), AnkG 

(1:150, mouse, Santa Cruz: sc-12719), Synaptophysin I (1:1000, mouse,  
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Synaptic Systems: #101011), horseradish peroxidase (HRP)-conjugated anti–

mouse IgG (1:5000, donkey, Jackson ImmunoResearch: #15-035-150), HRP-

conjugated anti–rabbit [IgG (1:5000, donkey, Jackson ImmunoResearch: #711-

035-152), Alexa Fluor® 488 Phalloidin, 1:500, Invitrogen, #A12379) 

For immunofluorescence experiments, we used the following secondary 

antibodies: Alexa Fluor 488–conjugated anti–mouse IgG (1:600, donkey, 

Molecular Probes: #A21202), Alexa Fluor 546–conjugated anti–rabbit IgG (1:600, 

donkey, Molecular Probes: #A10040), Alexa Fluor 646–conjugated anti–mouse 

IgG (1:600, donkey, Molecular Probes: #31573). Alexa Fluor 633-conjugated 

anti-rabbit IgG (1:500, Goat, Invitrogen, #A-21070) 

Other reagents used include the following: DMSO (Sigma Aldrich, #472301), 8-

pCPT-2’-O-Me-cAMP (8-pCPT; Biolog, #C041-05), protein kinase A inhibitor (14-

22) amide, myristoylated (PKI; Tocris, #2546), ESI-09 (Biolog, #B 133), ESI-05 

(Biolog, #M 092), forskolin (Tocris, #1099). Lipofectamine 2000 (Invitrogen, 

#11668019), Protease Inhibitor Cocktail Tablets (Roche, #04693159001), 

Glutathione Sepharose 4B Media (Amersham, #17-0756-01), Pierce ECL 

Western Blotting Substrate (Thermo, #32106).  

DNA constructs 

pCAG-RFP and Rap1GAP-RFP were kindly provided by John Cooper (Fred 

Hutchinson Cancer Research Center, Washington, USA). RalGDS-GFP was 

kindly provided by Johannes Bos (University of Utrecht, Utrecht, The 

Netherlands). vGLUT1-Venus was kindly provided by Nils Brose (Max Planck 

Institute, Gottingen, Germany). EPAC1 constructs (wild type, dominant negative 

and constitutively active EPAC1 mutants) were subcloned into pMT2-HA (Keiper 
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et al., 2004; Lopez de Jesus et al, 2006). EPAC1 shRNA was obtained from 

OpenBiosystems (Gene set: pGIPZ-tGFP Rapgef3 shRNA, set RMM4532-

EG56508).   

Cell cultures and transfection 

Primary cultures of rat, mouse hippocampal and rat cortical neurons were 

prepared as described (Kaech and Banker, 2006). Briefly, hippocampal and 

cortical neurons were isolated from Sprague-Dawley rat embryos and C57Bl/6J 

wild type and EPAC1 knockout mice embryos at embryonic day 18 (E18) and 

dissociated using 0.25% (w/v) trypsin (Gibco) for 30 min at 37°C, followed by 

trituration and mixing with a fire-polished pipette in plating medium (MEM 

medium [Gibco] with 0.6% D-glucose [Merck, #108342], 10% horse serum and 

1% penicillin-streptomycin [Invitrogen]). Hippocampal cells were plated at 1 × 105 

cells/cm2 in 60-mm tissue culture dishes coated with poly-L-lysine (1 mg/ml; 

Sigma-Aldrich) and on coverslips previously coated with poly-L-lysine (1 mg/ml) 

at 1.5 × 104 cells/cm2 in plating medium. After 1 h, the medium was replaced with 

Neurobasal maintenance medium (Gibco) supplemented with 2% B27 (Gibco), 

GlutaMAX (Gibco) and 1% penicillin-streptomycin in the absence of serum. 

Cortical neurons were plated at 1 × 105 cells/cm2 in 100-mm tissue culture dishes 

coated with poly-L-lysine (1 mg/ml); after 1 h, the plating medium was replaced 

with Neurobasal maintenance medium supplemented as described above. After 

18, 36, 48 and 72 h in culture, hippocampal neurons were fixed for 

immunofluorescence and processed for protein extraction. Cortical neurons were 

maintained for 3 days and then used for pull-down assays. N2A and COS-7 cells 

were cultured in DMEM containing 10% fetal bovine serum (FBS) and 1% 

penicillin/streptomycin.  
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Transfection of rat hippocampal neurons (1.5 × 106 cells) with vGLUT1-Venus 

and RFP (5 �g of DNA) was performed according to instructions provided with 

the Amaxa Nucleofector Kit for rat neurons (Amaxa Biosystem[s], #VPG 1003) 

using program O-003 as suggested by manufacturers. The RalGDS-GFP; wild-

type, dominant-negative and constitutively active EPAC1; RFP; Rap1GAP and 

GFP plasmids (0.5 �g of DNA) were transfected using Neurobasal serum-free 

medium and Lipofectamine 2000 (0.75 �l) as per the manufacturer. The medium 

was changed after 2 h to Neurobasal maintenance medium, and cultures were 

incubated for 48 or 72 h. 

Rap1GAP transfection of N2A cells using 4 �g of DNA/60-mm dish and RFP; 

WT, DN and CA EPAC1 and Rap1Gap transfection of COS-7 cells using 8 �g of 

DNA/100-mm dish were performed with OptiMEM (Gibco) and Lipofectamine 

2000 as per the manufacturer. The medium was changed after 4 h to fresh 

serum-containing DMEM, and the cultures were incubated for 48 h. All cultures 

were grown in a humidified culture incubator at 37°C, 5% CO2.  

Treatments 

PKA inhibition with PKI (20 µM), EPAC1/EPAC2 inhibition with ESI-09 (15 µM) 

and EPAC activation with 8-pCPT (10 µM) were performed on hippocampal 

cultures at 16 h after plating. Evaluation of PKA inhibition was assessed 6 h after 

the addition of inhibitors. 4 DIV Cortical neurons were used for biochemical 

assays with PKI (20 µM), 8-pCPT (10 µM), ESI-09 (15 µM) and ESI-05 (15 µM) 

treatments. Briefly, PKI, 8-pCPT, ESI-09 and ESI-05 were dissolved in plain 

neurobasal medium and incubated with the cultures for 30 min before Rap1B 
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pull-down assays were carried out. For experiments involving mature axonal 

markers, long-term neuronal cultures were treated at 16 h after plating with 8-

pCPT (10 µM) and maintaining the cells for 8 days to evaluate vGLUT and 10 

days for synaptophysin and AnkG, without changing the medium.  

N2A cells were treated for 10 h with 8-pCPT (10 µM), forskolin (20 µM) or 

forskolin + PKI (20 µM). The final DMSO concentration in all experiments was 

maintained below 0.1%. 

Immunofluorescence and image analysis  

Hippocampal neurons that were grown on coverslips were fixed at 18, 48 and 72 

h after transfection with 4% (w/v) Paraformaldehyde/ 4% (w/v) sucrose for 30 min 

at 37°C and washed with phosphate-buffered saline (PBS) three times for 5 min 

each. The cells were incubated with PBS containing 0.1% Triton X-100 for 5 min 

and then blocked with 5% (w/v) bovine serum albumin (BSA) in PBS for 1 h. After 

blocking, cells were incubated with primary antibodies diluted with 1% BSA in 

PBS overnight at 4°C, washed with PBS three times for 5 min each and 

incubated with fluorescent secondary antibody for 1 h and washed with PBS 

three times for 5 min each. For AnkG staining, neurons were permeabilized with 

0.1% Triton X-100 for 20 min at room temperature and blocked with 1% BSA for 

1 h at room temperature. Neurons were incubated with antibodies against MAP-2 

(1:500) and AnkG (1:150) overnight at 4°C. Later, secondary antibodies Alexa 

Fluor 546–conjugated anti–rabbit IgG and Alexa Fluor 488–conjugated anti–

mouse IgG were added and incubated for 1 h at room temperature. Neurons 

were then washed for 1 h, and Tau-1 antibody (1:500) was added and incubated 

overnight at 4°C. Secondary antibody Alexa Fluor 647–conjugated anti–mouse 

IgG was then added and incubated for 1 h at room temperature. Finally, 
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coverslips were mounted on slides using FluorSave™ Reagent (Milipore, 

#345789) and examined using a Zeiss LSM510 Meta confocal scanning 

microscope equipped with Plan-Apochromat 40×/1.3 N.A. and Plan-Apochromat 

63×/1.4 N.A. objective lenses. Digital images were quantified using the LSM 5 

Image Browser (Zeiss) and ImageJ (NIH) for axonal length, fluorescence 

intensity (values are expressed as arbitrary units of the relative fluorescent of 

EPAC1 and EPAC2 to �–III tubulin) and cell counting. Phenotypes were 

determined by measuring the total axon length and the percentage of polarized 

neurons. For 3D reconstruction of vGLUT1 axonal puncta with the Imaris 

Software package (Bitplane), z-stack images of 8-DIV neurons that had been 

transfected with Venus-VGLUT1 were acquired using the 63× objective at a 

resolution of 1024 × 1024 pixels. Three-dimensional images were generated with 

the Surpass tool for filaments (Tau-1–positive axons) and spots (Venus-

VGLUT1–positive clusters). Automated quantification of the number of spots was 

performed with the MATLAB-based “find spots close to filaments” plugin. For the 

purposes of this study, we defined a polarized neuron as a neuron with an axon 

of >50 µm or more than twice the length of its soma that is positive for Tau-1 or 

SMI-31 staining localized in a proximal-distal gradient along the shaft and that is 

negative for MAP2 staining. EPAC1 knockout neurons were examined using a 

HC PL APO CS2 40x/1,3 (oil) objective on a Leica SP8 Confocal Microscope 

(DMI 600). This experiment has been performed at the UMCG Microscopy and 

Imaging Center (UMIC), which is sponsored by NOW-grants 40-00506-98-9021 

(tissue faxs) and 175-010-2009-023 (Zeiss 2P), University of Groningen. 
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GST fusion protein preparation and Rap1 activation pull-down assay 

Expression and purification of GST-conjugated proteins were performed as 

described (Henriquez et al., 2012). Briefly, BL21 (DE3) E. coli strains carrying 

GST-RalGDS-RBD plasmid were grown overnight in LB medium containing 

ampicillin at 37°C. The next day, cultures were diluted 1:100 and grown in fresh 

medium until they reached an OD600 of 0.6. Then, 1 mM of isopropyl-�-D-

thiogalactopyranoside (IPTG, final concentration) was added. Cells were 

collected and lysed 2 h after induction by sonication in lysis buffer A (50 mM Tris-

HCl, pH 8.0; 1% Triton X-100; 1 mM EDTA; 0.15 M NaCl; 25 mM NaF; 0.5 mM 

PMSF; 1× protease inhibitor complex [Roche]). Cleared lysate was then 

incubated with glutathione-Sepharose beads (Amersham). Loaded beads were 

washed 10 times with lysis buffer B (lysis buffer A plus 300 mM NaCl) at 4°C. 

The GST fusion proteins were quantified and visualized in SDS-PAGE gels 

stained with Coomassie brilliant blue. 

For the Rap1 activation assay, beads loaded with RalGDS-RBD (Rap-binding 

domain of the Ral guanine nucleotide dissociation stimulator, which binds 

specifically to Rap1-GTP but not to the inactive Rap1-GDP form) were incubated 

for 1 h at 4°C with 1 mg of freshly made lysate from 3-DIV cortical neuron 

cultures or 1 mg of freshly made lysate from COS-7 cells expressing EPAC1 

constructs. Cell lysates were produced using fishing buffer (50 mM Tris-HCl, pH 

7.5; 10% glycerol; 1% Triton X-100; 150 mM NaCl; 10 mM MgCl2; 25 mM NaF; 

1× protease inhibitor complex). The beads were washed three times with  
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washing buffer (50 mM Tris-HCl, pH 7.5; 30 mM MgCl2; 40 mM NaCl) and 

resuspended in SDS-PAGE sampling buffer. The levels of Rap1B-GTP 

(presented as arbitrary units) were evaluated from Western blot analysis and 

normalized against total Rap1B with ImageJ (values are presented as arbitrary 

units). 

Western blot analysis  

Neurons and cell lines grown on dishes were washed once with PBS and then 

incubated with RIPA (65 mM Tris, 155 mM NaCl, 1% Triton X-100, 0.25% sodium 

deoxycholate, 1 mM EDTA, pH 7.4, and a mixture of protease inhibitors: 5 µg/ml 

Na3VO4, 20 µM PMSF, 5 mM NaF). Then cells were scraped from the plate and 

kept on ice for 15 min and finally centrifuged for 20 min at 14,000 r.p.m. 

Supernatant fractions were denatured and subjected to SDS-PAGE, using 10% 

running gels for EPAC, 15% for Rap1B and 12% for the PKA substrates Par6 

and RhoA. Separated proteins were transferred to nitrocellulose membranes, 

which were then blocked with 5% BSA for 1 h at room temperature. The 

membranes were incubated with primary antibodies overnight at 4°C. 

Membranes were then washed using TBST (50 mM Tris-HCl, 150 mM NaCl, 

0.05% (w/v) Tween 20, pH 7.4) four times for 10 min each and incubated with 

HRP-conjugated secondary antibody for 1 h at room temperature. Finally, the 

membrane blots were developed using Pierce ECL Western Blotting Substrate. 

Digital images of Western blots were quantified using the ImageJ (NIH) software 

and the values are expressed as arbitrary units (a.u.).	

Statistical analysis 

All data represent the mean ± s.e.m., of at least three independent experiments. 
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Comparisons between two groups were made using the unpaired Student’s t-

test. Comparisons between three or more groups were performed using a one-

way ANOVA followed by Dunnett’s or Tukey’s post hoc test. A value of p < 0.05 

was considered significant. Analyses were performed with GraphPad Prism 

(GraphPad Software, Inc.) 

Results 

Expression of EPAC1 and EPAC2 during neuronal polarization  

Because Rap1 is the major downstream target of EPAC (Rehmann et al., 2006; 

Rehmann et al., 2008; Ponsioen et al., 2009), we first examined the expression 

and localization of both EPAC isoforms in stage II (unpolarized) and stage III 

(polarized) hippocampal neurons to assess whether the distribution of EPAC 

isoforms resembled that of active Rap1B. Both EPAC1 and EPAC2 were 

expressed at stages II and III, with no significant differences between the stages 

(Fig. 1a, d).  

We then evaluated the subcellular distribution of EPAC1 and EPAC2 in 

unpolarized and polarized cultured neurons using semi-quantitative 

immunofluorescence (Fig. 1b and 1e). Fluorescence intensities of EPAC1 (Fig. 

1c) and EPAC2 (Fig. 1f) immunostaining (normalized to Tuj1 staining) were 

analyzed at stage II (18 h in culture). EPAC1 and EPAC2 were uniformly 

distributed in every neurite, but the fluorescence intensity of EPAC1 was 

significantly higher than that of EPAC2 (EPAC1: mean, 1.40 ± 0.03; n = 20 

neurons, three experiments vs. EPAC2: mean, 0.60 ± 0.04; n = 44 neurons; p < 

0.0001) (Fig. 1c and 1f). Next, we analyzed the fluorescence intensity at stage III 

(48 h in culture). EPAC1 was enriched at the tip of the longest neurite, which is 

the nascent axon (Fig. 1c). In contrast, EPAC2 distribution showed no significant 
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differences among neurites (Fig. 1f).  

These results suggest that EPAC1 may be important in promoting axon 

elongation in hippocampal neurons, similar to what has been previously  

described for DRG neurons (Murray and Shewan, 2008).  

EPAC induced multiples axons through Rap1B activation 

To assess the role of EPAC activation in axonal elongation, we carried out pull-

down assays to evaluate pharmacological activation and inhibition of EPAC 

functions. We used a selective agonist, 8-pCPT, which activates EPAC but not 

PKA both in vitro and in vivo (Woolfrey et al., 2009; Lim et al., 2012), as well as a 

selective antagonist of EPAC1 and EPAC2 (ESI-09) and an antagonist of EPAC2 

only (ESI-05) (Tsalkova et al., 2012a; Tsalkova et al., 2012b). The immunoblot 

analysis showed a significant increase in the fraction of GTP-bound Rap1B in 

cortical neurons treated with 10 �M 8-pCPT and a significant reduction of 

Rap1B activity in cultures treated with 15 �M of ESI-09 but not with 15 �M of 

ESI-05 (Fig. 2a, b). Thus 8-pCPT stimulated Rap1B activity in neurons, whereas 

ESI-09 inhibited Rap1B activation. Interestingly, ESI-05, the selective EPAC2 

antagonist, did not lead to reduced activation (relative to control) of Rap1B in 

cultured neurons, strongly suggesting the idea that EPAC1 alone is involved in 

Rap1B activation in neurons.  

We then examined the functional role of EPAC proteins during in vitro culture of 

hippocampal neurons prior to polarization. Neurons were incubated with a single 

dose of 8-pCPT (10 �M) or a vehicle control for 3 days in vitro (DIV). Most 

vehicle-treated neurons formed one long Tau-1–positive axon and several 
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shorter MAP2-positive minor neurites (Fig. 2c). In contrast, the 8-pCPT–treated 

neurons displayed multiple axonal processes that were positive for two axonal 

markers, hypophosphorylated Tau (epitope Tau-1; Fig. 2c, e) and mode I–

phosphorylated MAP1B (epitope SMI-31; n = 50 neurons, three independent 

experiments; Fig. 2d). Moreover, neurons treated with 8-pCPT showed increased 

total axonal length compared with the control group (Fig. 2e). To confirm that 8-

pCPT was indeed activating Rap1B protein, we transfected hippocampal neurons 

with a GFP-fused Ral-GDS-RBD construct, which is a reporter of active Rap1B 

that has previously been used to assess subcellular localization of active Rap1 in 

several cell types (Bivona et al., 2004; Jordan et al., 2005; Kortholt et al., 2010). 

Neurons were transfected upon plating and further incubated with 8-pCPT (10 �

M) at 16 h after plating; at 3 DIV, they were stained with Tau-1. We quantified the 

fluorescence intensity of Ral-GDS-GFP in the last third of each Tau-1-positive 

axon. Control transfected neurons each had one Tau-1-positive axon, which 

showed Ral-GDS-GFP fluorescence both along the axon shaft and within the cell 

body (Fig. 2f). In contrast, neurons treated with 8-pCPT each had multiple Tau-1-

positive axons (Fig. 2f), and the Ral-GDS-GFP signal was significantly 

concentrated on each supernumerary axon (Fig. 2g). These data suggest that 

EPAC proteins mediate Rap1B activation in hippocampal neurons, and this 

activation could be responsible for the development of supernumerary axons. 

Activation of EPAC by 8-pCPT induces multiple axons that are positive for 

mature axonal markers 

We next tested whether short-term effects induced by EPAC activation, namely 

induction of supernumerary axons, were maintained in long-term neuronal 
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cultures. For this, we evaluated the assembly of the axon initial segment (AIS) in 

long-term neurons treated with 8-pCPT. AIS is a physical and functional barrier 

between the somatodendritic and axonal compartments, where Na+ and K+ 

channels are recruited to trigger the action potential (Grubb and Burrone, 2010).  

The assembly of AIS represents the maturation and functional polarization of the 

axon (Rasband, 2010)  We used 10 DIV neurons to check whether neurons 

treated with 8-pCPT exhibited more than one Tau-1–positive process containing 

an assembled AIS. We evaluated the distribution of ankyrin G (AnkG) within the 

first 15–25 µm of the axon (Fig. 3A), as it is essential for the organization of the 

AIS (Kordeli et al., 1995; Galiano et al., 2012). 8-pCPT was added to the culture 

medium after 18 h in culture, and the neurons were fixed at day 10. Of the 

DMSO-treated neurons, 94.1 ± 3.0% displayed only one Tau-1 and AnkG-

positive axon, which was also negative for MAP2 staining (Fig. 3a, b). AnkG was 

concentrated in the proximal region of each axon (Fig. 3a), a characteristic 

pattern of AIS in cultured neurons (Kordeli et al., 1995; Galiano et al., 2012). In 

contrast, for neurons treated with 8-pCPT, 76.4 ± 11.5% had multiple axons that 

were positive for Tau-1 and AnkG and negative for MAP2 staining (Fig. 3a, b). 

Next, to assess if these multiple axons were functional, we analyzed the 

distribution of the vesicular glutamate transporter, vGLUT1, by transfecting a 

vGLUT1-Venus fusion construct into neurons that were then treated with 8-pCPT 

and cultured for 8 DIV before fixation. vGLUT1 is a reliable indicator of synaptic 

vesicle precursors loaded with glutamate (Bellocchio et al., 2000), even before 

synapses are formed (Sabo et al., 2006). In addition, vGLUT1 constructs that are 

overexpressed show the same subcellular distribution as the endogenous 
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VGLUT1 protein, which is characterized by an obvious punctate pattern along the 

axon and, in particular, in presynaptic boutons (Wilson et al., 2005). Neurons 

were stained for Tau-1 and MAP2, and the distribution of vGLUT1-Venus was 

examined. As expected, transfected neurons that were treated with 8-pCPT had 

multiple Tau-1–positive axons (Fig. 3c). Venus immunofluorescence was then 

quantified in a three-dimensional reconstruction of a 100-�m region along each 

axon (Fig. 3d). Control neurons had 11.4 ± 1.30 vGLUT1-Venus–positive spots 

per 100 �m of axonal length, and axons from 8-pCPT–treated neurons had 11.5 

± 1.12 vGLUT1-Venus–positive spots per 100 �m of axonal length (Fig. 3e). In 

both cases, the distribution of vGLUT1-Venus was in punctate structures similar 

to those found in excitatory neurons (Wilson et al., 2005), suggesting that the 

multiple axons induced by EPAC activation might be functional. 

We examined the expression and distribution of another axonal marker, 

synaptophysin, to confirm these results. Synaptophysin is a marker of synaptic 

density that predominantly shows granular or punctate staining along axons and 

accumulates in the axon where it is involved in neurotransmitter release; it is thus 

a good indicator of axon functionality (Fletcher et al., 1991a). We transfected 

neurons with red fluorescent protein (RFP) as a reporter gene to identify single 

neurons in confluent cultures. Next, cultures were treated with 8-pCPT and 

maintained for 10 DIV, fixed and immunolabeled for synaptophysin and MAP2. 

Figure 3F shows representative images of a control neuron with a single axon 

and a neuron treated with 8-pCPT showing multiple axons that were also positive 

for synaptophysin (arrows in Fig. 3f). Synaptophysin immunostaining was very 
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similar in both groups and showed canonical punctate structures widely 

distributed along the axons (Fletcher et al., 1991b).  

Gain of function of EPAC1 induces multiple axons similar to 8-pCPT–

treated neurons  

EPAC1 expression in brain tissue is higher at embryonic stages, whereas EPAC2 

is barely detectable at this developmental stage (Murray and Shewan, 2008), 

similar to our findings in stage II and III hippocampal neurons and with ESI-05 in 

the biochemical analysis. We therefore tested whether EPAC1 is sufficient to 

modify neuronal polarity. We first performed pull-down assays to examine Rap1B 

activation in response to different forms of EPAC1 (wild-type EPAC1, dominant-

negative EPAC1 and constitutively-active EPAC1). COS-7 cells were transfected 

with HA-tagged EPAC1 constructs (as determined by Western blot analysis of 

transfected cells (Fig. 4a) and, additionally as a negative control, a RFP-tagged 

Rap1 GTPase-activating protein (Rap1GAP), which leads to Rap1 inactivation. 

Pull-down results revealed that the amount of GTP-bound Rap1 increased in 

response to wild-type EPAC1 and constitutively-active EPAC1 and was no 

different to control levels in the presence of either the dominant-negative form of 

EPAC1 and Rap1GAP (Fig. 4a, b). As expected, results of this assay indicate 

that Rap1 activity changes in response to different EPAC1 constructs. To further 

confirm the contribution of EPAC1 on the multiple-axon phenotype in 

hippocampal neurons, we co-transfected neurons (2 h after plating) with the 

reporter vector RFP and wild-type, dominant negative or constitutively active 

forms of EPAC1 or our negative control, RFP-Rap1GAP. Neuronal polarity was 

evaluated at 3 DIV by measuring the lengths of axons and Tau-1 and MAP2 
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immunostaining (Fig. 4c). Overexpression of wild type and constitutively active 

EPAC1 produced neurons with multiple axons (Fig. 4d). In contrast, 

overexpression of dominant-negative EPAC1 led to neurons that most often had 

only a single axon. Overexpression of constitutively active EPAC1 also produced 

axons that were significantly longer than those of the RFP control, whereas 

dominant-negative EPAC1 and Rap1GAP overexpression induced a significant 

reduction in axonal length comPared with the RFP control (Fig. 4e). Thus EPAC1 

is sufficient to produce multiple axons during the development of neuronal 

polarity in vitro through Rap1B.  

Pharmacological inhibition of EPAC impairs axonal development 

To clarify the role of EPAC in neuronal polarity, we used ESI-09, which inhibits 

cAMP-mediated activation of EPAC1 and EPAC2 but not PKA (Almahariq et al., 

2013),(Tsalkova et al., 2012b). Hippocampal neurons were treated at 16 h after 

plating with 15 �M of ESI-09, incubated for 48 h and immunostained for axonal 

and somatodendritic markers. ESI-09 disrupted the formation of axons, as 

characterized by weak Tau-1 staining and very short axons (Fig. 5a). Quantitative 

analyses revealed a significant reduction in the percentage of polarized neurons 

with ESI-09, as compared with neurons treated with vehicle alone (Fig. 5b). 

Neurons treated with the EPAC activator 8-pCPT were all polarized (Fig. 5b). In 

the presence of ESI-09, neurons extended axons that were significantly shorter 

than the lengths of axons from control neurons (Fig. 5c). This effect did not occur 

with ESI-05 treatment (data not shown). These results suggest that EPAC is 

required for axon elongation and specification during the establishment of 



Exchange protein directly activated by cAMP (EPAC) regulates neuronal polarization 
through Rap1B 
 

	
	

195	

neuronal polarity and reinforce the idea that Rap1B activation during neuronal 

polarity is dependent on EPAC1 activation.  

Axon specification regulated by EPAC is independent of PKA signaling  

cAMP-PKA signaling is involved in establishing neuronal polarity through at least 

two different complementary mechanisms. Elevation of cAMP induces increased 

LKB1 phosphorylation by PKA, which promotes axon formation (Shelly et al., 

2007; Shelly et al., 2010). In addition, phosphorylation of the E3-ligase Smurf1 by 

PKA switches its selectivity for ubiquitination of Par6 or RhoA, promoting the 

accumulation of Par6 and degradation of RhoA in the axonal compartment 

(Cheng et al., 2011a). In this context, we tested the influence of PKA inhibition in 

the presence of 8-pCPT. For this approach we used the inhibitor PKI-(Myr-14-

22)-amide (PKI), which binds to the free catalytic subunit of PKA and prevents 

phosphorylation of PKA targets (Dalton and Dewey, 2006) without the 

nonspecific effects that have been reported for other PKA inhibitors such as 

KT5720 and H89 (Davies et al., 2000; Murray, 2008).  

To test whether PKI can prevent phosphorylation of PKA targets, we added 20 �

M of PKI alone or in combination with 10 �M of 8-pCPT to hippocampal neurons 

in culture. Western blotting of protein lysates was then performed using an 

antibody that specifically recognizes nuclear and cytoplasmic PKA substrates 

(i.e., PKA-specific phospho-motifs, [RR]-X-[S*/T*]) (Bacallao and Monje, 2013) to 

analyze the levels of PKA inhibition (Fig. 6a). At this concentration, PKI reduced 

the phosphorylation of PKA substrates either alone or in combination with 8-

pCPT, as compared with cultures treated with vehicle alone (Fig. 6b). We then 

confirmed the effect of PKA inhibition on the establishment of neuronal polarity. 
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We treated hippocampal neurons at 16 h after plating with DMSO alone (vehicle 

control), 20 �M of PKI or a combination of 20 �M of PKI plus 10 �M of 8-

pCPT. The cultures were fixed at 2 DIV and analyzed by immunofluorescence for 

neuronal phenotype (Fig. 6c). Quantitative analyses revealed that PKI treatment 

did not significantly affect neuronal polarization (Fig. 6d). Interestingly, PKA 

inhibition did not affect the generation of multiple axons by EPAC activation with 

8-pCPT treatments. In fact, the percentage of multiaxonic neurons was 

significantly higher in cultures treated with PKI plus 8-pCPT as compared with the 

PKI and DMSO groups (Fig. 6d). In addition, a significant reduction in the length 

of the axons was observed in neurons treated with PKI as compared with the 

control and PKI/8-pCPT group (Fig. 6e). Neurons treated with PKI/8-pCPT 

showed axonal lengths that were significantly longer as compared with the PKI 

and DMSO groups (Fig. 6e). 

Moreover, we studied the effect of 8-pCPT on Par6 stabilization and RhoA 

degradation in neuro2A cells (N2A) to assess the role of PKA-dependent Smurf1 

phosphorylation (Cheng et al., 2011a). We chose this experimental approach, 

because it has been previously demonstrated by Cheng et al (2011) that N2A 

cells treated with db-cAMP, an analog of cAMP, displayed reduced ubiquitination 

for Par6 and enhanced ubiquitination for RhoA leading to differential ubiquitin-

dependent degradation of these proteins by the proteasome (Cheng et al., 

2011a).  

Fig. 6f shows that incubation of N2A cells with 10 �M of 8-pCPT did not induce 

any obvious change in the overall levels of Par6 and RhoA (Fig. 6g). In contrast, 

20 �M forskolin selectively increased the level of Par6 and decreased the level 
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of RhoA (Fig. 6g). Forskolin effects on Par6 were abrogated when we used 20 �

M PKI (Fig. 6g).  

Furthermore, we evaluated if Rap1B activation induced by the EPAC 

pharmacological agonist increased the activity of the small Rho GTPase Cdc42, 

because it has been previously communicated that sequential activity of Rap1B 

and Cdc42 is essential for axon formation (Schwamborn and Puschel, 2004). 

Primary cultured neurons were incubated with 8-pCPT alone or in the presence 

of PKI or ESI-09, and active (GTP-bound) Cdc42 was evaluated by pull down. No 

differences were found amongst treatments, suggesting that Rap1B does not 

directly induce Cdc42 activation (Fig. 6h and 6i).  

Loss of function and genetic deletion of EPAC1 reduce neuronal 

polarization in hippocampal neurons. 

Finally, we used two genetic approaches to validate results obtained with the 

EPAC1 pharmacological inhibitor, ESI-09. Firstly, we used a short-hairpin RNA 

(pGIPZ-EPAC1-tGFP, shRNA-EPAC1) to suppress EPAC1 expression. Neurons 

were transfected with shRNA-Scramble and ShRNA-EPAC1 after 36hrs of 

culture, immunostained for EPAC1 and analyzed in positive transfected neurons. 

Results of Figure 7a show a significant reduction of EPAC1 staining in the cell 

body of transfected neurons compared to the scramble control. Moreover, 

EPAC1 staining in neurites was almost absent in shRNA-EPAC1 transfected 

neurons (Fig. 7a, inset, arrowhead) confirming knockdown. By visual inspection 

we determined that neurons transfected with shRNA-EPAC1 on average 

displayed shorter axons (Fig.7a, GFP panel). We used the same approach to 

analyze in detail the effect of shRNA-EPAC1 on the phenotype of hippocampal 
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neurons. Knocked-down neurons were fixed and stained for MAP2 and Tau-1 

antibodies (Fig 7b). Knockdown of EPAC1 led to a reduction in the amount of 

polarized neurons from 99±1.3 % in control cultures against 64± 11% of polarized 

neurons in EPAC1 knockdown (Fig. 7c). Moreover, the mean axonal length of 

neurons transfected with shRNA-EPAC1 was shorter compared to the control 

(shRNA-EPAC1: 36±4 �m vs shRNA-Scrambled: 116�11 �m) (Fig. 7d).  

In our last experiments, we cultured hippocampal neurons derived from EPAC1 

knockout mice, which had been previously characterized by Laurent et al., 2015 

(Laurent et al., 2015). We first determined that the EPAC1 protein is not 

expressed in the brain of mutant mice. Whole-brain extracts derived from control 

and EPAC1 KO mice were evaluated by immunoblot against anti-EPAC1 

antibody. Fig 8a shows that null mutants lack EPAC1 protein. EPAC1 loss of 

function was indeed not compensated by increased EPAC2 expression, since no 

changes in the overall amount of EPAC2 could be detected between wild type 

and EPAC1 KO mice (Fig. 8b).  

To study the morphology and axon development of the EPAC1 KO mice, 

hippocampal neurons were dissociated and maintained in culture for 1 DIV (stage 

II) and 2 DIV (stage III) and immunostained with the neuron-specific markers 

Tuj1, MAP2 and Tau-1 followed by staining of actin cytoskeleton with phalloidin-

488. Figure 8b shows representative images of the neurons from wild type and 

EPAC1 KO neurons. The majority of EPAC1 KO neurons cultured for 1 DIV show  

immature neurites typical for stage II, with no segregation of Tau-1 into the short 

neurite and normal MAP2 staining comPared to wild type cells. However, at 2 

DIV we observed that the culture of EPAC1 KO neurons shows a mix between 
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non-polarized (44 ±9.7 % of the cases) and polarized neurons positive for the 

axonal marker Tau-1 (56± 9.7 %). In comparison, the population of polarized 

neuron in wild type cultures was 77± 1 %. To continue our study in these 

cultures, we analyzed EPAC1 KO neurons at 3 DIV. We found that some 

neurons in EPAC1 KO cultures extended processes normally, but at this stage 

the rate of polarization became lower compared to wild type neurons. 

Quantification of neurons at 3DIV shows that a significant population of 

unpolarized neurons in EPAC1 KO compared to wild type (Fig. 8d; unpolarized: 

EPAC1 KO 68±0 %; Wild type 32.3±8 %). This suggests that the majority of the 

mutant neurons failed to generate a normal axon. This approach demonstrated 

that, whereas wild-type hippocampal neurons typically possessed a normal axon 

positive for Tau-1 (Fig 8c), the mutant cells usually did not form an extended 

axon (Fig. 8c). Finally, we wanted to know if the EPAC1 KO neurons were able to 

generate mutliaxonic neurons in the presence of 10 �M 8-pCPT. Figure 8e 

shows representative neurons of wild type and KO neurons treated with 10 �M 

8-pCPT. The treatment with 8-pCPT in wild type neurons led to multiaxonic 

neurons formation with axons positive for Tau-1 compared with EPAC1 KO 

neurons that only displayed one axon (Fig. 8e). Altogether these results confirm 

the effect in axon formation obtained with the antagonist of EPAC1, ESI-09, and 

suggest that EPAC1 is required for normal polarization of hippocampal neurons 

in vitro and is sufficient to produce multiple axons during the development of 

neuronal polarity. 

  



Chapter 4 

	 200	

 
Discussion 

 Our results indicate that EPAC is the GEF involved in Rap1B-dependent 

axon formation during neuronal polarization. Rap1B activation is an essential 

step in the determination of neuronal polarity (Schwamborn and Puschel, 2004). 

Four lines of evidence support the role of EPAC1 in this process during 

neuronal polarization. (1) Similar to other proteins involved in neuronal 

polarization, EPAC1 is present at the growth cones of every neurite in stage II 

hippocampal neurons but becomes restricted to the axon alone in stage III 

neurons. (2) A specific agonist for EPAC resulted in the formation of neurons 

displaying multiple axons, showing increased spatiotemporal activation of 

endogenous Rap1B-GTP (Bivona et al., 2004). (3) Constitutively active forms of 

EPAC1 also induced the formation of supernumerary axons in cultured neurons. 

(4) Specific inhibition, loss of function and genetic deletion of EPAC1 delay axon 

formation in cultured neurons. In this work we used an improved form of an 

EPAC activator that efficiently drives Rap1B activation in vitro and in vivo, without 

any detectable effect on PKA (Enserink et al., 2002; Rehmann et al., 2003a). The 

presence of multiple neurites in individual neurons that were longer than their 

siblings and expressed Tau-1 and MAP1B but not MAP2 strongly suggests that 

these neurites are axons. Under our experimental conditions, neurons had more 

than one axon initial segment, as characterized by AnkG staining. AnkG 

clustering is required to maintain neuronal polarity and recruit other proteins to 

the AIS and to form a diffusion barrier (Rasband, 2010; Galiano et al., 2012) 

involved in the generation of action potentials. Axons from these multiaxon 

neurons expressed other markers of mature axons that are involved in synapse  
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formation such as vGLUT1 and synaptophysin. vGLUT1 expression is observed 

in postnatal and hippocampal neurons at 7–14 DIV with a characteristic punctate 

distribution along the axon (Melo et al., 2013), which is similar to the expression 

pattern of the vGLUT1-Venus construct used here (Wilson et al., 2005). 

Synaptophysin is a synaptic vesicle protein that is distributed along the axon, 

forming large punctate structures that correspond to the dense accumulation of 

vesicles within presynaptic specializations (Fletcher et al., 1991b). Synaptophysin 

clusters were present in supernumerary axons, suggesting that neurons with 

exacerbated polarity could be functional. These results are consistent with a 

previous analysis of the molecular identity of multiple axons that involved staining 

for synapsin I and recycling experiments using FM4-64 uptake (Schwamborn et 

al., 2007). 

We also examined the effects of EPAC loss of function during neuronal 

polarization. Pharmacological and genetic EPAC1 reduction and deletion lowered 

the incidence of neurons displaying multiples axons, and the percentage of 

polarized neurons and total axonal length is reduced in neurons lacking EPAC1 

expression. Interestingly, axon formation was not impaired when we used 

dominant-negative EPAC1 or Rap1GAP overexpression. These findings could be 

explained by residual Rap activity that supported normal polarization because of 

other Rap1B GEFs such as PDZ-GEF (Hisata et al., 2007), C3G (Hisata et al., 

2007) or CalDAG-GEFI (Kawasaki et al., 1998c). 

We used recently developed EPAC pharmacological inhibitors, the results 

from which reinforce the idea that EPAC1 is the GEF responsible for Rap1B  
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activation. Our result is consistent with studies showing that ESI-09 is a potent 

EPAC inhibitor and is 100-fold more selective for EPAC than PKA (Almahariq et 

al., 2013). Inhibition of EPAC1 with ESI-09 suppresses pancreatic cancer cell 

migration, similar to genetic inactivation using siRNA against EPAC (Almahariq et 

al., 2013). Additionally, in vivo pharmacological inhibition of EPAC using ESI-09 

recapitulates the effects of rickettsial infection that are found in EPAC1 knockout 

mice (Gong et al., 2013). Finally, ESI-09 antagonizes myelin sheath formation 

and Schwann cell differentiation, which are linked to EPAC functions (Bacallao 

and Monje, 2013). Although we cannot rule out the possibility that EPAC2 may 

also be involved in axonogenesis, as both EPAC1 and EPAC2 are expressed 

throughout the brain, including the hippocampus and prefrontal cortex, our 

subcellular distribution experiments and the differential effects of ESI-09 and ESI-

05 suggest that EPAC1 is responsible for Rap1B activation during neuronal 

polarity. Interestingly, our results show that treatment with 8-pCPT in EPAC1 

knockout neurons does not induce multiaxonic neurons, which suggests that 

EPAC2 may not be involved in the generation of multiple axons in hippocampal 

neurons cultured in vitro. Alternatively, lower relative EPAC2 levels found in 

embryonic neurons may not be enough to promote multiaxonic neurons upon 8-

pCPT treatments. 

We also studied the cross talk between cAMP/PKA- and cAMP/EPAC-

dependent pathways. PKA regulates neuronal polarity by two mechanisms. PKA 

phosphorylates Smurf1 in response to brain-derived neurotrophic factor (BDNF), 

reducing the degradation of Par6—a member of the polarity complex—and 

enhancing the degradation of the small GTPase RhoA, which is an axonal  
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growth-inhibitor protein (Cheng et al., 2011a; Cheng et al., 2011b). PKA also 

activates LKB1, which phosphorylates and activates SAD/MARKS kinase, 

promoting axonogenesis (Shelly et al., 2007). The EPAC agonist did not modify 

Par6 or RhoA levels, indicating that an additional cAMP-dependent mechanism is 

involved early during the acquisition of neuronal polarity. cAMP had been 

proposed as a key cytoplasmic factor involved in axonal outgrowth. EPAC1 and 

EPAC2 bind cAMP with similar affinity as the PKA holoenzyme, suggesting that 

both factors may respond to similar physiological concentrations of this second 

messenger (Dao et al., 2006). The concerted functions of EPAC and PKA 

signaling are dependent on cellular context and processes (Grandoch et al., 

2010a). Activation of the EPAC-dependent pathway may target several 

molecules that regulate axon formation and elongation such as c-Jun N-terminal 

kinase (JNK) (Hochbaum et al., 2003; Oliva et al., 2006), the small GTPase Rit 

(Shi and Andres, 2005; Shi et al., 2006) and the small GTPases Ras (Li et al., 

2006; Lopez De Jesus et al., 2006; Yoshimura et al., 2006b) and Rho 

(Schwamborn and Puschel, 2004; Moon et al., 2013). An additional regulation 

point for such a complementary mechanism would be related to the extracellular 

cues that trigger neuronal polarization. BDNF elevates cytoplasmic cAMP leading 

to increased axonal elongation (Cheng et al., 2011b; Nakamuta et al., 2011b; 

Nakamuta et al., 2011a). In contrast, nerve growth factor (NGF) is not able to 

trigger axon elongation in cultured neurons, even though it induces the activation 

of C3G, another Rap1B-GEF (Nakamuta et al., 2011), reinforcing the present 

findings that EPAC is the GEF involved in Rap1B activation during neuronal  
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polarization. Finally, extrinsic or intrinsic mechanisms triggering neuronal polarity 

ultimately modify cytoskeleton dynamics. Our results suggest that Rap1B and 

Cdc42 activity may not be directly linked. Future studies should address the 

impact of EPAC functions on the molecular mechanisms downstream of Rap1B, 

which include actin dynamics, and regulation of polarity and membrane delivery. 

To our knowledge, this is the first identification of a molecular mechanism 

explaining Rap1B activation during neuronal polarity, which in addition links two 

complementary signaling cascades activated by cAMP. 

 Thus, the cAMP-PKA–dependent pathway involved in selective 

stabilization and degradation of proteins, which is relevant to axon formation, 

seems complementary to cAMP-EPAC-Rap1B signaling in neuronal polarity, 

strengthening the idea that both signaling pathways cooperate in mediating axon 

formation and elongation. 
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Figure legends 

Figure 1: EPAC 1 and EPAC2 are differentially expressed in cultured 

hippocampal neurons. a, EPAC1 immunoblot of lysates from cultured neurons 

at stages II and III, normalized against actin (stage II, 0.86 ± 0.13; stage III, 0.98 

± 0.1; Student’s t-test, three independent experiments.) b, EPAC1 distribution in 

cultured hippocampal neurons at stages II and III. Tuj1 antibody against beta III 

tubulin was used as neuron-specific marker. c, Quantitative analysis of EPAC1 

distribution in stage II and III neurons (n = 20 neurons, one-way ANOVA with 

Tukey’s post hoc test, three independent experiments). d, EPAC2 immunoblot 

analysis carried out as in a (stage II, 0.10 ± 0.01; stage III, 0.07 ± 0.03; Student’s 

t-test, three independent experiments.) e, EPAC2 distribution in cultured 

hippocampal neurons at stages II and III. Cells were immunostained as in b. f, 

Quantitative analysis of EPAC2 distribution in stage II and III neurons (n = 30 

neurons, one-way ANOVA with Tukey’s post hoc test, three independent 

experiments). Data represent the mean ± s.e.m.; n.s., not significant; *p < 0.05; 

****p < 0.0001. Scale bars: 10 �m in B and E upper panels; 20 µm in B and E 

lower panels. 

Figure 2: EPAC pharmacological activation results in multiaxonic neurons. 

a, 4 DIV Cortical neurons were incubated with 8-pCPT, ESI-09 or ESI-05 for 30 

min, and then activated Rap1B was evaluated by pull down. Rap1B-GTP was 

normalized against Rap1B input and corrected against tubulin. b,  Quantitative 

analyses of pull-down data as in a (Student’s t-test; three independent 

experiments). c, d Neurons cultured for 3 DIV with DMSO or 8-pCPT were  
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immunostain for Tau-1 (C; axon, arrows) or phosphorylated MAP1B (D; SMI-31; 

axon, arrows) and MAP2 (somatodendritic compartment). e, Quantitative analysis 

of neurons stained as in c and n (n = 76 DMSO and 70 8-pCPT neurons [left 

graph]; n = 70 DMSO and 63 8-pCPT neurons [right graph]; Student’s t-tests; 

four independent experiments.) f, Hippocampal neurons were transfected with 

the Ral-GDS-GFP construct, treated with DMSO or 8-pCPT and stained for Tau-

1 (arrows). g, Quantitative analysis of GFP fluorescence in axons (i.e., Tau-1–

positive neurites) as in f (n = 36 neurons for DMSO and 55 neurons for 8-pCPT; 

Student’s t-tests, three independent experiments.) Data represent the mean ± 

s.e.m.; n.s., not significant; *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001. 

Scale bars: 50 µm in c d and f. 

Figure 3: 8-pCPT–treated multiaxonic neurons in long-term (10 DIV) culture 

display markers of mature axons. a, DMSO- and 8-pCPT–treated neurons 

were cultured for 10 DIV and stained for AnkG, MAP2 and Tau-1. Arrows indicate 

axons that are positive for AnkG and Tau-1 staining and negative for MAP2 

staining. b, Quantitative analysis of neurons treated as in a (n = 60 neurons; ***p 

< 0.001; ****p < 0.0001; Student’s t-tests; four independent experiments). c, 

Neurons were transfected with vGLUT1-Venus (green) and then treated with 

DMSO or 8-pCPT for a total of 8 DIV. Fixed neurons were stained for Tau-1 

(axons; white, arrows) and MAP2 (dendrites, red). d, Higher magnification of 

axons in DMSO- and 8-pCPT–treated neurons was used for z-stack 

reconstruction and semi-automated analyses of Venus-vGLUT1 puncta. Upper 

panels show raw images of neurons cultured for 10 DIV. Middle panels show  
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higher magnification of area indicated in white rectangle on upper panels. Lower 

panels show filaments (Tau-1 staining in axons) and dots (Venus-vGLUT1 

punctate staining). e, Quantification of data from neurons analyzed as in d (n =12 

neurons per treatment; n.s., not significant; Student’s t-tests; three independent 

experiments.) f, Neurons were transfected with RFP (white), treated with DMSO 

or 8-pCPT and immunolabeled for endogenous synaptophysin (green) and MAP2 

(red). Arrows indicate positive synapthophysin spots in axons. Data represent the 

mean ± s.e.m. Scale bars: 30 µm in a; 20 µm in c upper panel; 50 µm in c lower 

panel; 40 µm in d upper panel; 10 µm in d lower panel; 50 µm in f lower panel.  

Figure 4: EPAC1 genetic activation results in multiaxonic neurons. a, A 

Rap1B pull down activation assay was used to evaluate the effect of wild type 

(WT), constitutively active (CA) and dominant negative (DN) constructs of EPAC1 

in COS7 cells. In addition, COS7 cells were transfected with a RAP1-GAP 

construct as a negative control. Only EPAC1 constructs have a HA-tag. b, 

Quantitative analysis of data shown in a (all comPared with normalized control). 

c, Hippocampal neurons were transfected with the constructs described in a, with 

RFP as a volume marker. After 3DIV, neurons were immunostained for Tau-1 

(green, arrows) and MAP2 (red). d-e, Quantitative analysis of the percentage of 

neurons with multiple axons (d) and axonal length (e) from data shown in c. Data 

represent the mean + s.e.m.; n.s., not significant; *p < 0.05; **p < 0.01; ***p < 

0.001. Scale bars: 50�m in c. 
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Figure 5: EPAC inhibition results in decreased axonal elongation. a, 

Neurons were treated with control vehicle, EPAC agonist (8-pCPT) or 

antagonists of EPAC1 and EPAC2 (ESI-09) and then were immunostained for 

Tau-1 (green, arrows) and MAP2 (red). b-c, Quantitative analysis of neurons 

treated as in (a) for the percentage of polarized (1 axon), no polarized ( 0 axon) 

and mutliaxonic neurons is show (b) and total axonal length (c) (n = 50 neurons 

per treatment). Data represent the mean ± s.e.m.; n.s., not significant as 

compared with control; *p < 0.05; ****p < 0.001 (one-way ANOVA with Dunnett’s 

post hoc test; four (b) and three (c) independent experiments). Scale bars: 50 µm 

in a.  

Figure 6: EPAC-dependent axonal elongation is independent of PKA 

signaling. a, Whole protein extracts from 2 DIV cultured hippocampal neurons 

treated for 6 h with the vehicle (first lane), PKI (a PKA inhibitor; middle lane) and 

PKI in the presence of 8-pCPT (right lane) were analyzed by immunoblotting with 

an antibody that recognizes PKA-specific phosphorylation epitopes. Asterisks 

indicate epitopes that are less abundant in the presence of PKI. b, Quantitative 

analysis of data shown in a (****p < 0.0001; Student’s t-tests; three independent 

experiments). c, Neurons were treated with DMSO, PKI or PKI + 8-pCPT and 

assessed for neuronal polarization. Neurons were immunolabeled for Tau-1 

(green) and MAP2 (red). d-e, Quantitative analysis of neurons treated in c for the 

percentage of neuronal phenotypes (d) and axonal length (e) (n = 50 neurons per 

analysis; **p < 0.01 and ***p < 0.001 versus control;#p < 0.0001 versus PKI; n.s., 

not significant; one-way ANOVA with Dunnett’s (d) or Tukey’s (e) post hoc test;  
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three independent experiments). f, PKA signaling involved in neuronal 

polarization was evaluated in control and PKI + forskolin–, forskolin- and 8-pCPT-

treated N2A neuroblastoma cells as described (Cheng et al. 2011). g, 

Quantitative analysis of cells treated in f (*p < 0.05, **p < 0.01; n.s., not 

significant; Student’s t-tests; three independent experiments). h-i, Cdc42-GTP 

levels were evaluated in neurons treated with 8-pCPT, 8-pCPT + PKI and 8-

pCPT + ESI-09, no significant differences was observed (three independent 

studies). A representative blot is presented. Data represent the mean ± s.e.m. 

Scale bars: 50 µm in c. 

Figure 7: Knockdown of EPAC1 delays the polarization and decreases the 

length in hippocampal neurons. a, Neurons were transfected with ShRNA 

Scramble-GFP (upper panel) and ShRNA EPAC1-GFP (lower panel). After 36hrs 

of culture, neurons were immunostained for EPAC1 (red). Transfected neurons 

were visualized with GFP marker (arrowhead). The right panel in a; is a close-up 

view of the boxed areas.  b, Neurons were transfected with shRNA as in a and 

assessed for neuronal polarization. Neurons were immunolabeled for Tau-1 

(green, arrow) and MAP2 (red). Quantitative analysis of the percentage of 

polarized neurons (c, n= 31-40 cells, Student’s t-tests; *p<0.05, three 

independent experiments) and axonal length (d, n=31-40 cells, Student’s t-tests; 

p<0.0001****, three independent experiments) from data shown in b. Data 

represent the mean + s.e.m.; n.s., not significant; *p < 0.05; ***p < 0.0001. Scale 

bars: 50 �m in a; 25 �m in close up view and b.   
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Figure 8: EPAC1 Knockout hippocampal neurons show delayed 

polarization  

a, Cerebral extracts (40 μg) from wild-type and EPAC1 knockout E18 mice were 

analyzed for EPAC1 (a, wild type brain =1.4±0.4 a.u) and EPAC2 expression (b, 

wild type brain= 0.37±0.1 a.u.; EPAC1 knockout brain= 0.35±0.1 a.u, Student’s t-

tests n.s.), n=3 samples/genotype. c, Representative images from primary 

hippocampal neurons isolated from E18 wild type and EPAC1 knockout mice. 

Changes in neuronal differentiation at stages II and III were analyzed with anti 

beta III tubulin, phalloidin (F-actin, gray), anti-Tau-1 (green, arrow) or anti-MAP2 

(red) antibodies, respectively. d, Percentage of polarized neurons (blue) and non-

polarized neurons without an axon (white) after 3 DIV is shown. Neurons from 

EPAC knockout mice show a significant reduction in the proportion of polarized 

neurons (n = 47 -134 neurons per treatment). e, Wild type and EPAC1 knockout 

neurons were cultured for 3 DIV and treated either with DMSO or 8-pCPT and 

immunostained for Tau-1 (green, arrows), MAP2 (red), phalloidin (F-actin, gray), 

respectively. Representative images show the formation of multiaxonic neurons 

only in wild type neurons treated with 8-pCPT. EPAC1 knockout neurons display 

polarized (white arrow) and no-polarized neurons. Data represent the mean + 

s.e.m; n.s., not significant; *p < 0.05; **p < 0.001. Scale bars: 30 �m in c; 50 �

m in e.  
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Figure 2 
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Figure 3 
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Figure 5 
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Figure 6 

 

 

 

 

 

 

 

 

Whole-brain extracts derived from control and EPAC1 KO
mice were evaluated by immunoblot against anti-EPAC1 an-
tibody. Figure 8a shows that null mutants lack EPAC1 protein.
EPAC1 loss of function was indeed not compensated by in-
creased EPAC2 expression because no changes in the overall
amount of EPAC2 could be detected between WT and EPAC1
KO mice (Fig. 8b).

To study the morphology and axon development of the
EPAC1 KO mice, hippocampal neurons were dissociated and
maintained in culture for 1 DIV (stage II) and 2 DIV (stage III)
and immunostained with the neuron-specific markers Tuj1,
MAP2, and Tau-1, followed by staining of actin cytoskeleton with
phalloidin-488. Figure 8b shows representative images of the
neurons from WT and EPAC1 KO neurons. The majority of

EPAC1 KO neurons cultured for 1 DIV show immature neurites
typical for stage II, with no segregation of Tau-1 into the short
neurite and normal MAP2 staining compared with WT cells.
However, at 2 DIV, we observed that the culture of EPAC1 KO
neurons shows a mix between nonpolarized (44 ! 9.7% of the
cases) and polarized neurons positive for the axonal marker
Tau-1 (56 ! 9.7%). In comparison, the population of polarized
neuron in WT cultures was 77 ! 1%. To continue our study in
these cultures, we analyzed EPAC1 KO neurons at 3 DIV. We
found that some neurons in EPAC1 KO cultures extended pro-
cesses normally, but at this stage, the rate of polarization became
lower compared with WT neurons. Quantification of neurons at
3 DIV showed a significant population of unpolarized neurons in
EPAC1 KO compared with WT (Fig. 8d; unpolarized: EPAC1 KO

Figure 6. EPAC-dependent axonal elongation is independent of PKA signaling. a, Whole protein extracts from 2 DIV cultured hippocampal neurons treated for 6 h with the vehicle (first lane), PKI
(a PKA inhibitor; middle lane), and PKI in the presence of 8-pCPT (right lane) were analyzed by immunoblotting with an antibody that recognizes PKA-specific phosphorylation epitopes. Asterisks
indicate epitopes that are less abundant in the presence of PKI. b, Quantitative analysis of data shown in a (****p " 0.0001; Student’s t tests; three independent experiments). c, Neurons were
treated with DMSO, PKI, or PKI # 8-pCPT and assessed for neuronal polarization. Neurons were immunolabeled for Tau-1 (green) and MAP2 (red). d, e, Quantitative analysis of neurons treated in
c for the percentage of neuronal phenotypes (d) and axonal length (e; n $ 50 neurons per analysis; **p " 0.01 and ***p " 0.001 versus control;#p " 0.0001 versus PKI; n.s., not significant;
one-way ANOVA with Dunnett’s (d) or Tukey’s (e) post hoc test; three independent experiments). f, PKA signaling involved in neuronal polarization was evaluated in control and PKI # forskolin-
treated, forskolin-treated, and 8-pCPT-treated N2A neuroblastoma cells as described previously (Cheng et al., 2011a). g, Quantitative analysis of cells treated in f (*p " 0.05, **p " 0.01; n.s., not
significant; Student’s t tests; three independent experiments). h-i, Cdc42-GTP levels were evaluated in neurons treated with 8-pCPT, 8-pCPT # PKI, and 8-pCPT # ESI-09, no significant differences
was observed (three independent studies). A representative blot is presented. Data represent the mean ! SEM. Scale bars: c, 50 !m.
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Figure 7 

 

 

 

 

Figure 7. Knock-down of EPAC1 delays the polarization and decreases the length in hippocampal neurons. a, Neurons were transfected with ShRNA Scramble-GFP (top) and ShRNA EPAC1-GFP
(bottom). After 36 h of culture, neurons were immunostained for EPAC1 (red). Transfected neurons were visualized with GFP marker (arrowhead). (Figure legend continues.)
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Figure 8 
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Summary  

The universal second messenger cyclic AMP (cAMP) is generated upon 

stimulation of Gs protein-coupled receptors, such as the �2-adrenergic receptor (

�2-AR), and leads to the activation of protein kinase A (PKA), the major cAMP 

effector protein.  PKA oscillates between an on and off state and thereby 

regulates a plethora of distinct biological responses. The broad activation pattern 

of PKA and its contribution to several distinct cellular functions lead to the 

introduction of the concept of compartmentalization of cAMP. A-kinase anchoring 

proteins (AKAPs) are of central importance due to their unique ability to directly 

and/or indirectly interact with proteins that either determine the cellular content of 

cAMP, such as � 2-AR, adenylyl cyclases and phosphodiesterases, or are 

regulated by cAMP such as the exchange protein directly activated by cAMP 

(EPAC). We report on lessons learned from neurons indicating that maintenance 

of cAMP compartmentalization by AKAP5 is linked to neurotransmission, learning 

and memory. Disturbance of cAMP compartments seem to be linked to 

neurodegenerative disease including Alzheimer’s disease. We translate this 

knowledge to compartmentalized cAMP signalling in the lung. Next to AKAP5, we 

focus here on AKAP12 and Ezrin (AKAP78). These topics will be highlighted in 

the context of the development of novel pharmacological interventions to tackle 

AKAP-dependent compartmentalization. 

Keywords  

cAMP, compartmentalization, AKAP, EPAC 
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Abbreviations  

AC, adenylyl cyclase; AKAP, A-Kinase anchoring protein; AKIP, A-kinase 

interacting protein; AMPA, 2-amino-3-(3-hydroxy-5-methyl-isoxazol-4-

yl)propanoic acid; APP, amyloid precursor protein; � 2-AR, � 2-adrenergic 

receptor; cAMP, cyclic adenosine monophosphate; CREB, cAMP response 

element-binding protein; CSE, cigarette smoke extract; EPAC, exchange factor 

directly activated by cAMP; GSKIP, GSK3� interaction protein; IL-8, interleukin-

8; IP3, inositol 1,4,5-trisphosphate; LTD, long-term depression; LTP, long-term 

potentiation; MAG, myelin-associated glycoprotein; MAGUK, membrane-

associated guanylate kinase; MAP2, microtubule-associated protein 2; MLC, 

myosin light chain; NFT, neurofibrillary tangle; NMDA, N-Methyl-D-asPartic acid; 

PDE, phosphodiesterase; PKA, protein kinase A; PKC, protein kinase C; PKI, 

protein kinase inhibitor; PP2B/CaN, phosphatase 2B/calcineurin (also PPP3); 

PSD, post-synaptic density; RhoGDI, Rho guanine-nucleotide-dissociation 

inhibitor; RI, regulatory subunit I of PKA; RII, regulatory subunit II of PKA; SKIP, 

sphingosine kinase interacting protein. 
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Introduction 

G protein-coupled receptors, such as the Gs-coupled � 2-adrenergic 

receptor (�2-AR), currently represent one of the largest groups of drug targets 

(Rask-Andersen et al., 2011). After receptor binding of �2-agonists such as 

isoprenaline and fenoterol, elevation in the cellular content of cyclic adenosine 

monophosphate (cAMP) is catalysed by membrane-bound adenylyl cyclases 

(ACs) (Hanoune and Defer, 2001, Beavo and Brunton, 2002, Dessauer, 2009), a 

process known to be shaped by cAMP-degrading phosphodiesterases (PDEs) 

(McCahill et al., 2008, Conti and Beavo, 2007, Houslay, 2010, Keravis and 

Lugnier, 2012, Cheepala et al., 2013). Among the PDE superfamily members, 

PDE4, PDE7 and PDE8 exhibit substrate specificity towards cAMP (Houslay, 

2010, Keravis and Lugnier, 2012).  

The best-known effector of cAMP is protein kinase A (PKA). The PKA 

holoenzyme consists of two catalytic (C) subunits, which exists in three isoforms 

(Cα, Cβ, Cγ), and two regulatory (R) subunits. There are two major isoforms of 

PKA, designated as PKA(I) and PKA(II), which differ exclusively due to the RI 

and RII subunits, each again subdivided in an α and β isoform (RIα, RIβ, RIIα, 

RIIβ). Upon binding of two cAMP molecules to each R subunit, the dimer 

releases the C subunits and thereby initiates target protein phosphorylation. PKA 

is known to oscillate between an on and off state and thereby regulating a 

plethora of cellular responses (Taylor et al., 2013). With the discovery of the 

exchange factor directly activated by cAMP (EPAC)  (de Rooij et al., 1998, 

Kawasaki et al., 1998), the subset of biological functions driven by cAMP started 



Chapter 5 

	 230	

to become even more diverse (Cheng et al., 2008), and thereby further supported 

the concept of comPartmentalization of cAMP. Tough cyclic nucleotide gated ion 

channels represent another cAMP targeted group, a detailed description is 

beyond the scope of our current review and we would like to refer the reader to 

recent review (Biel, 2009).  

Concept of compartmentalization of cAMP 

The localisation of the different PKA isoforms and of the EPAC proteins as 

well as of cAMP generating and degrading enzymes is strictly regulated. Indeed, 

PKA was already some time ago found activated in either Particulate or soluble 

cellular fractions (Hayes et al., 1980, Corbin et al., 1977). Clustering of PKA to 

lipid rafts and caveolae further support the existence of subcellular regions 

specialised in cAMP signalling that are characterized by a rather dynamic 

composition of a specific subset of signalling molecules among them Gs-coupled 

receptors, ACs, PDEs and EPAC (Parton and del Pozo, 2013, Hanzal-Bayer and 

Hancock, 2007, Gosens et al., 2008, Insel and Ostrom, 2003, Patel et al., 2008).  

About 40 years ago, studies primarily performed in heart tissue reported 

that the two prototypical Gs-coupled receptor agonists isoprenaline and 

prostaglandin E1 elevated both the cellular content of cAMP, while only 

isoprenaline increased cardiac contractility (Hayes et al., 1980, Corbin et al., 

1977, Hayes et al., 1979, Buxton and Brunton, 1983). Based on these early 

studies, the concept of comPartmentalization of cAMP signalling has been 

introduced and thereby ignited a new surge of cAMP-related research. Since 

then, several studies provide further insights into the diversity of cellular 

strategies to compartmentalize intracellular signalling, a concept currently 
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believed to enable a tightly and fine-tuned control of biological functions. Of 

particular interest is a recent study from Feinstein and colleagues (Feinstein et 

al., 2012). Combining mathematical modelling and experimental measurements, 

the authors demonstrated that the microvascular endothelial barrier strictly rely 

on subtle local changes in cellular cAMP. Cytosolic produced cAMP disrupted the 

microvascular endothelial barrier integrity whereas cAMP produced at the plasma 

membrane increased pulmonary microvascular endothelial barrier integrity 

(Feinstein et al., 2012). Thus, studies on compartmentalization of cellular cAMP 

emerged as a theme of central importance to unravel the multiple facets of cAMP 

signalling and its impact in physiogical and pathophysiological settings.  Such 

cAMP gradients may display high spatial resolution as cAMP signalling often 

occurs within one protein complex orchestrated by a scaffold protein, the most 

studied family of scaffold proteins coordinating cAMP signalling is the A-Kinase 

anchoring protein (AKAP) family, outlined in the next paragraph. 

A-kinase anchoring proteins 

Microtubule-associated protein 2 (MAP2) was the AKAP that tether PKA 

together with microtubules (Theurkauf and Vallee, 1982). Members of the AKAP 

family represent important scaffolding proteins and thereby determine the 

specificity of cellular cAMP signalling. AKAPs control the spatio-temporal activity 

of the main cAMP effector PKA and some AKAPs have been shown to bind 

EPAC (Dodge-Kafka et al., 2005, Nijholt et al., 2008, Sehrawat et al., 2011).   

Through the association with cAMP-elevating receptors, ACs and/or 

cAMP-degrading PDEs, AKAPs are able to create and maintain local cAMP pools 

(Smith et al., 2006) (Smith et al., 2006). To date, over 50 members and splice 
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variants of the AKAP family have been identified (Skroblin et al., 2010, Welch et 

al., 2010, Pidoux and Tasken, 2010, Tasken and Aandahl, 2004).  

A-kinase anchoring proteins: PKA-RI and PKA-C 

Differentiation between AKAPs is based on their ability to bind exclusively 

PKA-RI, PKA-RII subunits or in the case of dual specific AKAP members both 

PKA-R subtype. Most of the AKAP superfamily members bind the PKA-RII 

subunit (Skroblin et al., 2010). In 2010, however, sphingosine kinase interacting 

protein (SKIP) has been identified as the first mammalian AKAP specific for the 

binding of PKA-RI (Kovanich et al., 2010, Means et al., 2011, Burgers et al., 

2012). In RI� −⁄− mouse embryonic fibroblasts, SKIP was unable to bind any 

PKA thereby strongly supporting the notion that SKIP specifically bind PKA-RI 

(Means et al., 2011). SKIP is also one of the few AKAPs shown to sequester two 

PKA holoenzymes thereby leading to their sequestration at the inner 

mitochondrial membrane (Means et al., 2011). Most AKAPs bind with the R 

subunits and thereby interact also indirectly with the catalytic (C) subunit of PKA. 

Distinctly different are scaffolding proteins A-kinase interacting protein (AKIP1) 

(Sastri et al., 2005) and caveolin-1 (Razani et al., 1999) which directly interact 

with the C subunit. Upon binding to both the C subunit of PKA and the p65 

subunit of NFkB,  AKIP1 seems to act as a molecular switch in PKA driven NFkB 

signalling (Gao et al., 2010, King et al., 2011). In cardiomyocytes AKIP1 

protected against ischemia/reperfusion damage by decreasing reactive oxygen 

species generation, a process requiring a mitochondrial localization of AKIP1 

(Sastri et al., 2013). As both SKIP and AKIP1 seem to exert their primary 

biological functions in close proximity to mitochondria, it is tempting to speculate 
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that AKAP scaffolding mechanisms via the PKA-RI subunit and/or PKA C subunit 

most likely represent novel molecular mechanisms to unravel yet undefined 

cellular roles of AKAP-dependent comPartmentalization of cAMP. 

A-kinase anchoring proteins: Functional diversity and oligomerization 

Utilization of distinct combinations of broad-spectrum signalling proteins, 

such as PKA, protein kinase C (PKC) and protein phosphatase 2B/calcineurin 

(PP2B/CaN), on the same AKAP, namely AKAP5, modulated the activity of the 

two distinct neuronal ion channels: 2-amino-3-(3-hydroxy-5-methyl-isoxazol-4-

yl)propanoic acid (AMPA)-type glutamate receptor and M-type potassium 

channels, thereby triggering precise localized cellular responses (Hoshi et al., 

2005). With this notion, it is meanwhile generally accepted that AKAPs act as a 

Swiss army knife that seem to execute differential cellular tasks upon subtle 

changes in its interacting proteins. Together with the huge number of different 

members of the AKAP family, the multitude of cellular tasks being performed in 

different cellular compartments is largely increased.  

Even further complexity is added with the finding that AKAPs form homo- 

(Gao et al., 2011) and hetero-dimers (Gao et al., 2011), a process initially being 

described for AKAP-Lbc (Baisamy et al., 2005).  For example, overexpression of 

AKAP12 in cells that endogenously express AKAP5, such as HEK293 or A431 

cells, potentiates AKAP5-mediated phosphorylation of extracellular signal-

regulated kinase 1/2 (ERK1/2) in response to the �2-agonist isoprenaline (Gao 

et al., 2011). Interestingly, however, AKAP12 mediated recycling of the �2-AR 

was unaffected upon AKAP5 overexpression (Gao et al., 2011) (Figure 1). Thus, 
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oligomerization of AKAP family members may regulate a distinct subset of 

signalling properties. However, mechanisms involved in AKAP oligomerization, 

and how such dimer formation is triggered by molecular cues still remain 

obscure.  

For the purpose of this review, we will summarize the most important 

features of AKAP5, AKAP12, and Ezrin (AKAP78) (Table 1). Neuronal key 

discoveries will be recapitulated to introduce paradigm shifts that illustrate the 

general spatio-temporal nature of the compartmentalized cAMP signalling. Our 

goal is to translate the lessons learned from neurons to the lung as our current 

knowledge about cAMP compartmentalization in the airways is rather limited. 

Prior to that, we will focus in the next section on cAMP compartmentalization via 

AKAPs acting alone with PKA or in concert with EPAC, starting in the following 

section with the different tools currently available or under development. 

Tools to study compartmentalization of cAMP 

In the following section, we will highlight novel tools to study the impact of 

AKAP-bearing multiprotein complexes on a diverse subset of biological functions. 

As some AKAPs bind next to PKA also EPAC, we will briefly discuss some tools 

to interfere on the level of PKA or EPAC. For further details about EPAC, we 

would like to refer the reader to recent reviews on this topic (Oldenburger et al., 

2012a, Schmidt et al., 2013, Dekkers et al., 2013). Our main focus are tools to 

interfer with AKAP-bearing multiprotein complexes. 
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EPAC and PKA 

To distinguish between PKA and EPAC, cell membrane-permeable cyclic 

nucleotide analogues have been developed, such as N6-benzyladenosine-3',5'-

cyclic monophosphate (6-Bnz-cAMP) for PKA or 8-(4-chlorophenylthio)-2'-O-

methyl-cAMP (8-pCPT-2'-O-Me-cAMP) for EPAC (Schmidt et al., 2013, Holz et 

al., 2008, Grandoch et al., 2010). In addition, inhibitors of PKA have also been 

synthesized, such as Rp-8-CPT-cAMPS, and have been shown to abolish the 

dissociation of PKA-C subunits from the PKA-R subunits (Grandoch et al., 2010). 

These compounds seem to provide more specificity compared to PKA inhibitors 

known to act on the ATP binding site, such as H-89 (Bain et al., 2007). Inhibition 

of PKA can be also achieved with the PKA inhibitor (PKI)  (Ibe et al., 2006). Very 

recently, pharmacological inhibitors of EPAC have been identified, which seem to 

act primarily on EPAC1 (CE3F4) or EPAC2 (ESI-05)  (Tsalkova et al., 2012). 

Even though researchers world-wide use the novel compounds to gain insight 

into the contribution of EPAC1 and/or EPAC2 to biological functions (Chen et al., 

2013), their mode of action and specificity warrants further studies (Rehmann, 

2013). Specific activators for EPAC1 and EPAC2 are still lacking.  

A-kinase anchoring proteins: Genetically modified mice 

To address the physiological importance of specific AKAPs in vivo, mice 

deficient for a specific AKAP gene e.g. AKAP5-/-, or for a specific AKAP-protein 

interaction, by introducing a truncation e.g. AKAP5� 36 for AKAP5-PKA 

interactions, have been developed. Ablation of AKAP members has led to several 

phenotypes such as decreased fertility, (e.g. AKAP1, AKAP4) cardiac 

arrhythmias (e.g. AKAP10 (D-AKAP2)), developmental (e.g. mAKAP (AKAP6), 
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WAVE-1) and neuronal defects (e.g. AKAP5, MAP2)  (Hundsrucker and 

Klussmann, 2008). Based on these findings, it has been suggested that drug 

targets interfering on the level of AKAPs might bear the ability to disturb 

signalling driven by cAMP and might therefore represent a novel layer of 

pharmacological interventions (Dodge-Kafka et al., 2008, Hundsrucker and 

Klussmann, 2008).  

A-kinase anchoring proteins: Dynamics of PKA and AKAP 

To assess the dynamics of the primary AKAP interaction partner PKA in 

vivo, several fluorescence resonance energy transfer (FRET) tools have been 

developed taking advantage of genetically encoded A-kinase activity reporters 

(Nagai et al., 2000, Zhang et al., 2001, Zhang et al., 2005, Allen and Zhang, 

2006, Depry et al., 2011, Komatsu et al., 2011). Addition of cellular localization 

signals permits the recruitment of these tools to subcellular compartments, 

including the cytosol, the nucleus, the sarcoplasmic reticulum, mitochondria 

(using an AKAP based localization), the plasma membrane (Allen and Zhang, 

2006, Liu et al., 2011) and even raft or non-raft domains of the cell membrane 

(Depry et al., 2011). Interestingly, the PKA based biosensors are transferred to 

the AKAP research upon their combination with AKAP12 (Tao et al., 2010) and 

AKAP5 (Kocer et al., 2012). Using this novel approach, distinct dynamics of PKA 

bound to either AKAP12 or AKAP5 at the membrane compared to 

cytosolic/perinuclear regions were identified (Tao et al., 2010, Kocer et al., 2012). 

Currently, several novel insights into the subcellular dynamics of AKAP bound 

PKA are based on cell transduction with PKA defined AKAP reporters and 

studies in genetically modified mice.  
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A-kinase anchoring proteins: Pharmacological Tools 

The development of a novel pharmacological tool intend to overcome 

technical limitations and to study the biological impact of AKAP based 

multiprotein complexes in vivo. A conserved amphipathic helix represents a well-

defined domain structure present in all AKAP superfamily members, which is 

required for the interaction with the primary AKAP binding Partner PKA (Skroblin 

et al., 2010, Malbon et al., 2004, Wang et al., 2006) (Skroblin et al., 2010, Malbon 

et al., 2004, Wang et al., 2006). The amphipatic helix is inserted into the 

hydrophobic pockets formed by the dimer of the PKA-R subunits (Kinderman et 

al., 2006, Gold et al., 2006). It is this amphipatic helix that provided the first basis 

for the design of dominant interfering peptides able to disrupt the interaction 

between PKA and AKAP, such as Ht31 (Figure 2A). The stearated form of Ht31, 

st-Ht31, exhibits an improved membrane-permeability (Skroblin et al., 2010). It is 

important to note that the generation of such PKA-AKAP interfering peptides 

enabled the research community to gain insights into the contribution of AKAP-

PKA interactions to a diverse subset of cellular functions in physiology and 

pathophysiology (Tasken and Aandahl, 2004).  

The original peptides, however, provided little, if any, distinction between 

PKA-RI and PKA-RII subtypes and members of the AKAP family. Through 

bioinformatics RI (AKB-RI, RIAD)  (Burns-Hamuro et al., 2003, Carlson et al., 

2006) and RII-specific (AKB-RII, (Super)-AKAP-IS)  (Burns-Hamuro et al., 2003, 

Alto et al., 2003) were designed to discriminate between different type of PKA-

AKAP interactions, PKA-RI or PKA-RII subunits. In attempts to overcome the 

central limitation in the current AKAP research field, a recent study from Scott 
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and colleagues reported on the design of Rselect peptides, based on the RII 

subunits of PKA, that seem to exhibit selective affinity for certain members of the 

AKAP family (Gold et al., 2013). Intriguingly, using phage selection procedure 

combined with high-resolution structural bioinformatics AKAP2 (AKAP-KL) and 

AKAP7 (AKAP18) selective Rselect peptides were validated by biochemical and 

cell-based experiments (Gold et al., 2013). The AKAP5 (AKAP79, AKAP150) 

Rselect peptide, however, did not only interfere with the binding of PKA to AKAP5, 

but also binding to AKAP7 and AKAP11 (Gold et al., 2013). Functional data for 

these new tools have yet to come, however, the relevance of this development is 

evident as for the first time it is possible to distinguish between the individual PKA 

compartmentalizers without genetic modifications.  

In addition, recent studies intend to facilitate a distinction between different 

AKAPs based on their ability to interact with a discrete interaction partner and/or 

on mechanisms distinct from the AKAP-PKA interaction outlined above. The 

dominant interfering peptide GSKIPtide, structurally based on the glycogen 

synthase kinase 3�  (GSK3� ) binding site of GSK3�  interaction protein 

(GSKIP), competes with AKAP members known to bind to GSK3�, including 

GSKIP, AKAP11 and MAP2D (in rat) and thereby to disrupt the 

compartmentalization of GSK3� (Chou et al., 2006) (Figure 2B). Meanwhile, 

similar peptides were designed, such as a phospholamban peptide able to 

prevent the interaction with AKAP7� (Lygren et al., 2007) or EBP50 (also known 

as NHERF1, SLC9A3R1) peptide able to prevent the interaction with Ezrin 

(AKAP78) (Stokka et al., 2009) (Table 1). Of particular interest are also peptides 
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that specifically inhibit the interaction between mAKAP and the AC isoform 5 

(AC5), leaving the interaction between AKAP5-AC5 unaltered (Kapiloff et al., 

2009).  Recently, a disruptor for the Hsp20-PDE4 interaction has been described 

that relief PDE4 from the AKAP-Lbc based complex (Sin et al., 2011).  

Most tools being developed thus far, however, are still peptide based and 

might therefore exert some unknown interactions. For example, it has been 

reported that st-Ht31P, generated from st-Ht31 by two proline substitution 

believed to render the molecule in capable of disrupting the AKAP-PKA 

interaction (Skroblin et al., 2010), seems to inhibit PKA (Klussmann et al., 1999). 

Current research aims to design small molecule inhibitors for PKA-AKAP 

interactions (Christian et al., 2011, Schafer et al., 2013). Intriguingly, it has been 

reported that the small molecule 3,3’-diamino-4,4’-dihydroxydiphenylmethane 

(FMP-API-1) and its derivatives inhibit AKAP-PKA interactions in vitro and in 

cultured cardiomyocytes (Christian et al., 2011) (Figure 2C). As FMP-API-1, 

however, also activates PKA (Christian et al., 2011), synthesis of additional small 

molecules is still warranted. Indeed, new terpyridine scaffolds have been recently 

synthesized (Schafer et al., 2013), representing the non-peptidic compounds, 

which might exert less, unwanted biological side effects. 

Relation to disease 

Disturbance of AKAPs either on the level of their expression profile or 

biological functions has been associated with a variety of diseases (Tasken and 

Aandahl, 2004). For example, AKAP12, also known as AKAP250 or Gravin, was 

first identified as an auto-antigen in myasthenia gravis (Nauert et al., 1997). 
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Down regulation of AKAP12 is associated with prostate hyperplasia (Akakura et 

al., 2008) and several types of cancer (Gelman, 2010), including gastric cancer 

(Choi et al., 2004). It is tempting to speculate that down regulation of AKAP12 

might be mediated by promotor hypermethylation, a mechanism described before 

in the context of oesophageal and colon cancer (Jin et al., 2008, Mori et al., 

2006, Paintlia et al., 2009). Such a mechanism is important to promote cancer 

cell invasiveness by AKAP12 (Su et al., 2010). In line, AKAP12 inhibits cell 

proliferation (Gelman, 2010, Akakura and Gelman, 2012). Next to AKAP12, other 

members of the AKAP family such as AKAP4 and AKAP9 are discussed as 

cancer markers (Chiriva-Internati et al., 2008, Ferrari et al., 2008, Frank et al., 

2008, Ferrari et al., 2007, Sharma et al., 2005, Hasegawa et al., 2004). 

In the following sections we will first focus on the compartmentalization of 

cAMP maintained by AKAPs in the context of neuronal learning and memory 

processes related to neurodegenerative diseases, including Alzheimer’s disease, 

Parkinson’s disease, Huntington’s disease, multiple sclerosis and Wallerian 

degeneration. Then, we will highlight our current knowledge about 

compartmentalized cAMP signalling networks in the context of obstructive 

pulmonary diseases such as chronic obstructive pulmonary disease and asthma, 

and whenever appropriate we will emphasize the impact of AKAP-based 

multiprotein complexes.  

Lessons from neurons and neurodegenerative diseases  

In the following sections we will discuss the most recent findings on 

compartmentalized cAMP signalling to maintain proper neuron functions and to 
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alleviate symptoms of neurodegenerative disease. In particular, we will highlight 

studies with focus on members of the AKAP family.  

Concept of neuronal cAMP compartmentalization: PKA and EPAC 

Neurons represent highly polarized structures, displaying short, tapered 

dendrites and long, thin axons (Andersen and Bi, 2000, Shelly et al., 2010, 

Hutchins, 2010). In primary rat hippocampal neurons, Poo and colleagues 

demonstrated that LKB1 phosphorylation by PKA represents an early event in 

axonal differentiation, whereas Smurf1 phosphorylation by PKA directs selective 

neuronal degradation of Par6 or RhoA (Shelly et al., 2010, Cheng et al., 2011). In 

rat dorsal root ganglion neurons, local cAMP levels regulate axonal guidance 

through attraction and repulsion of axons, a process involving netrin-1 and 

myelin-associated glycoprotein (MAG) (Murray and Shewan, 2008, Murray et al., 

2009). High cAMP levels during the embryonic stage regulate axonal guidance 

by EPAC, whereas low cAMP levels during the postnatal stage result in growth 

cone repulsion by PKA (Murray et al., 2009). 

Local changes in cAMP determine hippocampus-dependent learning and 

memory stages such as acquisition, consolidation, retrieval, reconsolidation and 

extinction (Abel and Nguyen, 2008, Abel and Lattal, 2001). Since the pioneering 

work in Aplysia 30 years ago (Abrams et al., 1984, Castellucci et al., 1980), 

several studies link cAMP and PKA to locally defined synaptic plasticity, learning 

and different memory stages (Abel and Nguyen, 2008, Arnsten et al., 2005, 

Nijholt et al., 2008, Gelinas et al., 2008, Nijholt et al., 2007). In addition, several 

recent genetic and pharmacological studies report on the role of EPAC in a 

context-dependent fear-conditioning paradigm (Kelly et al., 2009, Ouyang et al., 
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2008, Ma et al., 2009, Morozov et al., 2003, Ostroveanu et al., 2010, Schutsky et 

al., 2011, Srivastava et al., 2012, Yang et al., 2012). 

Concept of compartmentalization of cAMP: AKAP5 

As outlined above, both PKA and EPAC seem to sense local changes in 

cAMP to control neuronal development and differentiation, learning and memory. 

Compartmentalization of cAMP in the brain seems to be maintained primarily by 

AKAP5 (Moita et al., 2002). AKAP5 is regulated during neuronal development 

(Robertson et al., 2009), and provides a platform to integrate neuronal cAMP 

signalling networks (Nijholt et al., 2008). Thus, AKAP5 most likely coordinates the 

fine tuning of cAMP by regulating the temporal and spatial events controlling 

cAMP levels. Indeed, a neuronal cAMP-sensing multiprotein complex maintained 

by AKAP5, PKA, EPAC2 and PKB/Akt, controlled the survival protein kinase 

B/Akt pathway (Nijholt et al., 2008).  

AKAP5: Neurotransmission, learning and memory 

Binding of PKA to AKAPs alters synaptic protein phosphorylation and 

thereby controls synaptic plasticity and memory consolidation (Moita et al., 2002). 

In hippocampal neurons, AKAP5 acts as a postsynaptic scaffold protein that 

binds next to PKA protein phosphatase 2B/calcineurin (PP2B/CaN; also PPP3) 

(Bauman et al., 2004) and PKC (Smith et al., 2006c, Tunquist et al., 2008) 

(Figure 3). The post-synaptic AKAP5 localization is dependent on its association 

with the actin cytoskeleton, acidic phospholipids, and cadherins (Gomez et al., 

2002, Gorski et al., 2005b). Binding of AKAP5 with membrane-associated 

guanylate kinase (MAGUK) is required for maturation of dendritic protrusions into 

large, dendritic spines with an increased density of synaptic AMPA receptors 
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(Robertson et al., 2009). The functional relation between AKAP5 and AMPA 

receptors may also be linked to the binding of AKAP5 to the MAGUK family 

member SAP-97 (Colledge et al., 2000). AKAP5 can also bind the post-synaptic 

density protein PSD-95 to regulate N-Methyl-D-aspartic acid (NMDA) receptors 

(Smith et al., 2006b, Bhattacharyya et al., 2009) (Figure 3). Next to the 

interaction of AKAP5 with several members of the scaffold protein PSD family, 

binding of AKAP5 to cadherins may also influence synaptic plasticity 

mechanisms, a process implicated in the regulation of NMDA receptors (Gorski 

et al., 2005a) (Figure 3). 

AKAP5 directly interacts with the neuronal L-type calcium channel subunit 

Cav1.2 (Oliveria et al., 2007), and thereby forms a complex with AC, PKA and 

PP2A, capable to modulate Ca2+  signalling downstream of the β2-AR (Davare et 

al., 2001). Anchoring of PP2B/CaN to AKAP5 regulates internalization and rapid 

de-phosphorylation of the AMPA receptor, and most likely reflects a form of 

molecular and cellular memory associated with long-term depression (LTD) 

(Figure 3B) (Smith et al., 2006b). Indeed, brain slices derived from adult AKAP5 

knock-out mice display normal basal hippocampal spine density and synaptic 

transmission, but exhibit deficiency in LTD, learning and memory (Robertson et 

al., 2009). Malenka and colleagues (Jurado et al., 2010) reported that AKAP5 

modulates LTD most likely through binding of AKAP5 to PSD-95, causing the 

release of PP2B/CaN, and subsequently enhances endocytosis of synaptic 

AMPA receptors. As a consequence, AKAP5 may leave the spine, and thereby 

contribute to the shrinkage of spines that accompanies LTD (Jurado et al., 2010). 

Currently, the best genetic models to study AKAP5 function are the Δ36 mice, 
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which lack the PKA binding site at the C-terminus of AKAP5 (Lu et al., 2007), and 

the AKAP5 deficient mice (Weisenhaus et al., 2010). Δ36 mice display both LTP 

and LTD defects. In contrast, the AKAP5 deficient mice exhibit only LTD defects. 

Such differences may suggest that the most critical function of AKAP5 is most 

likely related to its interaction with PKA, to control the formation and/or 

maintenance of dendritic spines (Lu et al., 2011). It is clear that regulation of PKA 

signalling by AKAP5 is necessary to facilitate neurotransmission, learning and 

defined stages of the memory.  

Throughout the mouse brain, AKAP5 is widely distributed in regions linked 

to learning and memory in rodents, such as the cortex, hippocampus and 

amygdala (Moita et al., 2002, Glantz et al., 1992, Ostroveanu et al., 2007, Ulfig 

and Setzer, 1999). Using contextual fear-conditioning in mice, the expression of 

AKAP5 protein was increased in the hippocampus in a late phase of memory 

consolidation of associative memory (Nijholt et al., 2007). Disruption of 

hippocampal AKAP-PKA interactions by st-Ht31 or st-superAKAP-IS facilitates 

the extinction and impairs consolidation of contextual fear memories, whereas 

acquisition and retrieval remain unchanged (Nijholt et al., 2008) (Figure 3). 

Disruption of AKAP-PKA interactions by st-Ht31 in the rat lateral amygdala 

impaired memory consolidation in auditory fear conditioning  (Moita et al., 2002). 

Using the Morris water maze to study learning and spatial memory, AKAP5 

deficient mice exhibit deficits in spatial memory retention most likely caused by 

delocalization of PKA and subsequent alterations in the local environment of 

cAMP signalling in the hippocampus (Tunquist et al., 2008). Taken together, 
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several recent studies illustrate the importance of AKAP5 to maintain neuronal 

compartmentalized cAMP signalling to coordinate learning and memory. 

AKAP5: Lessons from Alzheimer’s disease  

As discussed above, cAMP in neurons is crucial for learning, memory and 

physiologic events but questions remaining are: How can this system be 

modulated under pathological neurodegenerative circumstances? Answers most 

likely provide mechanistic insights that may give some clues for the development 

of novel pharmacological tools. Ample evidence suggests that perturbation of 

local cAMP signalling contributes to the development and progression of 

neurodegenerative diseases. Here we focus on the role of the players discussed 

previously in the context of Alzheimer's disease.  

  Alzheimer’s disease is a neurodegenerative disease characterized by the 

progressive decline of cognitive function and memory, and is the fourth largest 

cause of death for people over 65 years of age (Sonkusare et al., 2005). The 

disease is characterized by extracellular β-amyloid plaques, intracellular 

neurofibrillary tangles, cholinergic transmission defects and neuronal loss, 

preferentially in the entorhinal cortex and hippocampus (Sonkusare et al., 2005). 

As several inflammatory markers are upregulated in Alzheimer’s disease, it is 

generally assumed that inflammation is linked to the pathogenesis of Alzheimer’s 

disease. Indeed, amyloid plaques seem to trigger inflammatory processes 

(McGeer and McGeer, 1995, Martinez et al., 1999, Halliday et al., 2000, Rogers, 

2008).  

Chronic infusion of lipopolysaccharide has been used as experimental 

model to mimic certain aspects of Alzheimer’s disease (Jaeger et al., 2009). 
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Chronic lipopolysaccharide infusion into the 4th ventricle of young rats induces 

brain inflammation and subsequently activation of microglial, a process being 

accompanied by a reduction of adenosine A2B receptor expression and cAMP 

(Rosi et al., 2003). Mengod and colleagues (Perez-Torres et al., 2003) reported 

by in situ hybridization that at early stages of Alzheimer’s disease PDE4, in 

particular PDE4B, and PDE7 are upregulated, while at later stages of Alzheimer’s 

disease PDE8 is upregulated (Perez-Torres et al., 2003). Both studies imply that 

progression of Alzheimer’s disease is associated with a limitation in cellular 

cAMP. 

Accumulating evidence suggests that Aβ-induced neurotoxicity alters 

NMDA receptor signalling through the cAMP response element-binding protein 

(CREB), a transcription involved in learning and memory processes (Snyder et 

al., 2005). Moreover, CREB phosphorylation was reduced in the hippocampus of 

Alzheimer’s post-mortem brains (Yamamoto-Sasaki et al., 1999). Intriguingly, 

Shelanski and colleagues show that treatment of rat hippocampal neurons with 

Aβ peptides decreases dissociation of PKA catalytic and regulatory subunits and 

thereby phosphorylation of downstream targets such as CREB (Vitolo et al., 

2002). The PDE4 inhibitor rolipram promotes the dissociation of PKA’s catalytic 

and regulatory subunits and reverses inhibitory effects of Aβ peptides on CREB 

phosphorylation (Vitolo et al., 2002, Cheng et al., 2010, Wang et al., 2012). As 

PKA-dependent signalling studied by CREB phosphorylation in the hippocampus 

of Alzheimer’s post-mortem brains was reduced (Yamamoto-Sasaki et al., 1999), 

Arima and colleagues proposed that CREB phosphorylation may serve as a 
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molecular biomarker of ageing-related pathological processes (Satoh et al., 

2009), in particular of Alzheimer’s disease. 

Next to PKA, recent studies indicate that EPAC may also be linked to 

Alzheimer’s disease. Lezloualc’h and colleagues show that the EPAC effector 

Rap1 promotes the activation of Rac, and subsequently leads to the cleavage of 

the amyloid precursor protein (APP) and production of sAPPα (Maillet et al., 

2003). Rap1 can directly interact with STEF, a specific guanine-exchanging 

factor (GEF) for Rac1, and this association is involved in the secretion of the 

sAPPα (Zaldua et al., 2007). Moreover, activation of the serotonin receptor of the 

subtype 4 increases sAPPα through EPAC1/Rap1/Rac (Robert et al., 2005). It 

has been postulated that sAPPα acts as a memory-enhancer and neuroprotector 

(Maillet et al., 2003, Robert et al., 2005). Thus, production of sAPPα by EPAC 

may reduce symptoms of Alzheimer’s disease. Indeed, in human brain regions 

associated with Alzheimer’s disease, EPAC1 mRNA is upregulated being 

accompanied by a down regulation of EPAC2 mRNA (McPhee et al., 2005).  

Next to Alzheimer’s disease, cAMP and its players are associated with 

others neurodegenerative disease such as Parkinson’s disease, Huntington’s 

disease, multiple sclerosis and Wallerian degeneration (Table 2). Several lines of 

evidence indicate that alterations of local cAMP dynamics might be caused by 

inhibition of PKA, upregulation of a specific PDE subset, up/down regulation of 

EPAC’s, or a combination of these events. Persistent limitations in the cellular 

cAMP level, due to either defect in the cAMP-producing receptors and/or 

elevations of the cAMP-degrading PDEs, such as PDE4, seem to underpin the 

development and progression of neurodegenerative diseases (Table 2). Even 
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though not yet being studied in detail in the context of neurodegenerative 

diseases, a central role for the AKAP family member AKAP5 might be envisioned 

due to its ability to interact with the β2-AR and/or PDE4 (Lynch et al., 2005), and 

due to its ability to maintain neuronal cAMP compartmentalization.   

Airway smooth muscle and obstructive pulmonary diseases 

Chronic obstructive pulmonary disease (COPD) and asthma are both 

obstructive inflammatory airway diseases characterized by chronic inflammation, 

airway obstruction and airway remodelling, albeit with different aetiology and 

specific pathological features (Barnes, 2008, Hogg and Timens, 2009). COPD is 

predicted to be the third-leading cause of death by disease worldwide in 2020 

(Rycroft et al., 2012). Airflow limitation in asthma is reversible with 

bronchodilators and associated with airway hyperresponsiveness, whereas 

airway obstruction in COPD is largely irreversible and lung function decline is 

progressive (Hogg and Timens, 2009, Meurs et al., 2008, Guerra, 2009, Barnes, 

2011). Airway smooth muscle cells contribute to disease symptoms in both 

asthma and COPD due to their multifunctional behavior that supports airway 

remodeling and airway obstruction, causing the limitation of airflow (Damera and 

Panettieri, 2011, Halayko et al., 2008, Billington et al., 2013). 

Different classes of bronchodilators are used in practice: β2-AR agonists 

(β2-agonists), muscarinic receptor antagonists (anticholinergics), individually or in 

combinations, with or without the addition of anti-inflammatory 

glucocorticosteroids (Sethi et al., 2012, Kandeel et al., 2013, Peters et al., 2010, 

Vogelmeier et al., 2011, Meurs et al., 2013). The main targets for the therapeutic 

treatment of obstructive pulmonary diseases have a direct or indirect link to G 
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protein-coupled receptor signalling, mainly to the β2-AR and the M3 muscarinic 

receptor. In obstructive airway diseases, increase in smooth muscle mass and 

hypercontractility cause severe limitations in the airflow. Airway smooth muscle 

cell growth is inhibited by several β2-agonists such as fenoterol and salbutamol 

(Ibe et al., 2006). Increased smooth muscle mass is believed to reduce the lumen 

size of the airways, a process being associated with aberrant β2-AR signalling 

(Deshpande and Penn, 2006). Despite the fact that β2-agonists are generally well 

tolerated (Donohue et al., 2008, Hanania et al., 2010), long term use of β2-

agonists caused variations in the treatment outcome in asthma and COPD 

patients, being either less efficacious in COPD patients or even leading to an 

increased incidence of asthma exacerbations and other markers of morbidity and 

mortality (Giembycz and Newton, 2006),  (Aguilaniu, 2010, Liesker et al., 2002, 

Kliber et al., 2010). 

Another treatment option in obstructive airway diseases is represented by 

PDE inhibition, for instance the selective PDE4 inhibitors rolipram and roflumilast 

(Calverley et al., 2009, Rabe, 2011, Global Initiative for Chronic Obstructive Lung 

Disease, 2010). PDE inhibitors increase the cellular level of cAMP by preventing 

its degradation. Although both β2-agonists and PDE inhibitors show anti-

inflammatory properties in vitro (Spina, 2008, Kaur et al., 2008, Hallsworth et al., 

2001), a notable difference is seen in vivo. PDE4 inhibitors show anti-

inflammatory properties in vivo, but largely lack airway smooth muscle relaxing 

properties. In contrast, β2-agonists show bronchorelaxing properties in vivo, but 

lack anti-inflammatory properties (Calverley et al., 2009, Hurst et al., 2010). 

Possible explanations for this discrepancy are most likely β2-AR desensitization 
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and/or biased signalling of the β2-AR towards ERK signalling (Dickey et al., 2010, 

Walker et al., 2011), features largely absent by PDE4 inhibitors due to their post-

receptor mode of action. Both the process of β2-AR desensitization and biased 

signalling seem to be facilitated by scaffolding proteins such as AKAP5 and 

AKAP12 (Lefkowitz et al., 2006, Tao and Malbon, 2008) (Figure 1). Subcellular 

localized cAMP pools seem to cause differential biological effects upon 

scaffolding protein mediated targeting of either the β2-AR or PDEs.  

An innovative alternative is, therefore, urgently required to safeguard long 

term treatment of obstructive lung disorders. Compartmentalized cAMP signalling 

may provide a novel opportunity for pharmacological interventions. For example, 

targeting downstream of the β2-AR will most likely circumvent receptor 

desensitization. One might also expect that such strategies will increase 

treatment specificity, and thereby minimize unwanted side effects, by targeting 

only the desired cAMP pool. In the following section, the potential impact of 

compartmentalized cAMP signalling in the lung for further improvement of 

obstructive airway diseases will be discussed. 

A-kinase anchoring proteins: Signalling in the airway smooth muscle 

In the airway smooth muscle, the main signalling pathways that determine 

its functionality are receptors coupling to Gq or Gs proteins. The Gq protein-

coupled receptor family is the M3 muscarinic receptor known to be activated by 

acetylcholine, and to be inhibited by anticholinergics such as tiotropium (Meurs et 

al., 2013). After agonist binding, the Gαq subunit activates phospholipase C 

(PLC), thereby leading to the elevation in cellular calcium and activation of 

calcium/calmodulin-dependent myosin light chain (MLC), a process known to 
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result in airway smooth muscle contraction (Billington and Penn, 2003, Mizuno 

and Itoh, 2009). Activation of PKC by diacylglycerol alters also the de-

phosphorylation of the MLC through several pathways and thereby contributes to 

the airway smooth muscle tone (Billington and Penn, 2003). Activation of the Gs 

protein-coupled receptors by drugs targeting the β2-AR, causes elevation of 

cAMP production via Gs and subsequent activation of ACs (Figure 4).  

Two members of the AKAP superfamily are known to interact with the β2-

AR, AKAP5 and AKAP12. Whereas the association of AKAP5 with the β2-AR is 

constitutively (Lynch et al., 2005), agonist binding to the β2-AR increases the 

interaction of the receptor with AKAP12 (Tao et al., 2003). Despite the fact that 

AKAP5 and AKAP12 share many common features, no redundancy is seen 

between them with regard to this cellular response (Tao and Malbon, 2008). 

AKAP5 has been reported to switch the coupling of the β2-AR from Gs to Gi, a 

process most likely facilitated by a PKA-mediated phosphorylation of the receptor 

(Hill and Baker, 2003, Daaka et al., 1997) (Figure 1). It has been reported that 

coupling of the β2-AR to Gi leads to activation of ERK signalling (Chen and 

Malbon, 2009). The ERK pathway is known to be link to both proliferative and 

cytokine production pathways in airway smooth muscle (Roscioni et al., 2011, 

Roscioni et al., 2011). In the context of obstructive pulmonary diseases, it is 

worthwhile to emphasize reports indicating that AKAP5 seems to determine the 

cell surface expression of the β2-AR by increasing the affinity of G-protein 

coupled receptor kinase 2 (GRK2) for βγ subunits of the G-proteins, causing their 

translocation to the membrane, leading to the desensitization and internalization 

of the β2-AR (Cong et al., 2001) (Figure 1). In contrast, after desensitization, 
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AKAP12 is essential for the dephosphorylation, resensitization and recycling of 

the β2-AR back to the cell membrane (Tao and Malbon, 2008, Tao et al., 2003, 

Chen and Malbon, 2009). In addition, interaction of GRK2 with Ezrin (AKAP78) 

determines the β2-AR internalization (Cant and Pitcher, 2005) (Figure 1).  

Based on these findings, it is reasonable to assume that β2-AR functions 

are determined by the balance between AKAP5, AKAP12, and Ezrin (AKAP78) 

(Figure 1). Indeed, a recent study from Penn and colleagues reported on the 

expression of AKAP5, AKAP12 and Ezrin (AKAP78) in human airway smooth 

muscle cells (Horvat et al., 2012). Penn and colleagues did not observe effects of 

Ht31 or AKAP-IS studying whole cell cAMP after stimulation with isoprenaline or 

the direct AC activator forskolin. However, using a cyclic nucleotide gated ion 

channel reporter the authors showed that local cAMP concentrations close to the 

near-membrane compartment were significantly and transiently increased 

(Horvat et al., 2012). Using a combination of st-Ht31 and a PDE inhibitor cocktail, 

the authors demonstrated that disruption of PKA-AKAP interactions resulted in 

sustained AC activity  (Horvat et al., 2012). Mathematical models predicted that 

tethering of PKA to AKAP should cause a three-fold increase of PKA at the β2-AR 

compartment, thereby decreasing input of the β2-AR acting as a negative 

feedback for AC and PDE activity (Horvat et al., 2012). Indeed, direct inhibition of 

PKA with the protein kinase inhibitor (PKI) completely blunted the rapid decay of 

the cAMP signal over time (Horvat et al., 2012). With multiple AKAPs possibly 

involved to create such PKA pool, utilization of tools recently described by Gold 

et al. (Gold et al., 2013) would be necessary to assess the individual contribution 

of each AKAP.  
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In the following sections we will discuss the role of cAMP 

compartmentalization in some of the important features of chronic obstructive 

pulmonary diseases; contraction, inflammation and remodelling. Herein we will 

keep the focus on studies performed in airway smooth muscle.  

A-kinase anchoring proteins: Airway smooth muscle contraction 

Elevation of cAMP leads to the activation of both PKA and EPAC and 

thereby modulates airway smooth muscle responses (Schmidt et al., 2013, 

Dekkers et al., 2013). It is well established that PKA on its own deactivates MLC 

kinase and desensitizes the IP3 receptor, thereby functionally counteracting the 

PLC-PKC pathway. In our research group and by others, EPAC has been 

identified as a novel factor being involved in the regulation of airway smooth 

muscle relaxation. EPAC, acting most likely via its main effector Rap1, 

deactivates RhoA and upregulates Rac1 activation, causing the balance to shift 

from phosphorylated MLC to non-phosphorylated MLC and thus to airway 

smooth muscle relaxation (Roscioni et al., 2011, Zieba et al., 2011) (Figure 4). 

Interestingly, Ezrin (AKAP78) is phosphorylated by Rho-regulated Rho-kinase 

and binds via its ezrin-radixin-moesin domain the Rho inhibitor Rho guanine-

nucleotide-dissociation inhibitor (RhoGDI) (Bretscher et al., 2002). Airway smooth 

muscle cells express both EPAC and Ezrin (AKAP78) (Horvat et al., 2012, 

Roscioni et al., 2009). Thus deactivation of Rho by EPAC might involve 

mechanisms driven by Ezrin (AKAP78) and RhoGDI.  

In a Madin-Darby canine kidney cell line, activated Ezrin (AKAP78) binds 

in a calcium dependent manner to Rac and thereby delayed membrane 

localization of E-cadherin (Pujuguet et al., 2003). Calcium underlies also cellular 
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compartmentalization and crosstalk with cAMP, a process being facilitated by 

members of the AKAP family. For example, AKAP5, known to be involved in β2-

AR desensitization as outlined above (Figure 1), interacts with calcineurin 

(Coghlan et al., 1995, Oliveria et al., 2003) and calmodulin (Sarkar et al., 1984). 

Calmodulin competes with PKC in a Ca2+-dependent manner for binding to 

AKAP5 (Faux and Scott, 1997). More recently, AKAP12, known to be involved in 

β2-AR sensitivity (Figure 1), rapidly redistributes from the plasma membrane to 

the cytosol upon stimulation with calcium-elevating agents such ionomycin or 

thapsigargin (Schott and Grove, 2013). Moreover, it has been reported that 

AKAP12 displace PKA-RII from the membrane (Schott and Grove, 2013).  

A striking example of cooperativity between cAMP and calcium facilitated 

by AKAPs is shown for AKAP11 upon assembly of a complex that includes 

IQGAP1, GSK3β, and PKA. It has been shown that binding of AKAP11 and 

IQGAP2 requires high intracellular calcium levels (Logue et al., 2011c, Logue et 

al., 2011a). At lower intracellular calcium, AKAP11-anchored PKA 

phosphorylates IQGAP2 and thereby leads to an increase in Rac binding. In the 

presence of inactive GSK3β, however, AKAP11 serves as a platform for the 

assembly of a complex between IQGAP and CLASP2 a plus-end microtubule 

tracking protein involved in microtubule polymerization. PKA phosphorylation of 

GSK3β and elevations in calcium cooperatively drive the formation of an 

IQGAP1-CLASP2. Both the IQGAP1-Rac and IQGAP1-CLASP2 complexes have 

been suggested to be involved in microtubule dynamics and cell motility (Logue 

et al., 2011c, Logue et al., 2011a). AKAP11 was found to be expressed in airway 

smooth muscle (Horvat et al., 2012). In addition, EPAC not only interacts with 
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AKAP5, but also with the microtubule network and with the calcium-elevating 

phospholipase C-epsilon (Schmidt et al., 2013). Future studies should point out if 

similar mechanisms contribute to airway smooth muscle contraction.  

A-kinase anchoring proteins: Airway smooth muscle inflammation 

Recently, we reported in human airway smooth muscle cells that direct 

pharmacological activation of PKA and EPAC synergistically enhances Gq 

protein-coupled receptor-induced release of the neutrophil chemoattractant 

interleukin-8 (IL-8)  (Roscioni et al., 2009). Silencing of EPAC expression 

decreased not only IL-8 release in response to EPAC activation but also in 

response to PKA activation, and vice versa PKA inhibition by Rp-8-CPT-cAMPS 

reduced IL-8 release induced by both PKA and EPAC (Roscioni et al., 2009). 

Using st-Ht31 to disrupt PKA-AKAP interactions (Figure 2A), preliminary results 

of our group suggest that PKA and EPAC regulate the IL-8 release in an AKAP 

dependent manner.  

Results from our research groups and others implicate that such close 

interconnectivity requires the presence of spatial regulation. AKAP5 was shown 

to be present in the same AKAP-PKA-EPAC complex described before in 

neuronal cells (Nijholt et al., 2008). In a related study, we showed that induction 

of IL-8 release by cigarette smoke extract (CSE) was attenuated by the β2-

agonist fenoterol, seemingly via EPAC and PKA (Oldenburger et al., 2012b). 

Disturbance of AKAP-based multiprotein complexes might be expected due to 

the down regulation of EPAC1 and members of the AKAP family by CSE 

(Oldenburger et al., 2012b, Oldenburger et al., 2014). Indeed, AKAP12 is down 

regulated in lung cancer (Wikman et al., 2002).  With AKAP5 and AKAP12 known 
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to determine β2-AR functions (Figure 1), an important role for PKA and EPAC 

localization close to G protein-coupled receptors in asthma and COPD could be 

imagined. This could explain the varying treatment outcomes seen for these 

bronchodilators in COPD (Aguilaniu, 2010, Kliber et al., 2010, Liesker et al., 

2002).  

The underlying molecular mechanisms of the attenuation of IL-8 release 

by cAMP seem to be coordinated via parallel routes. EPAC was shown to inhibit 

the NFκB translocation to the nucleus caused by CSE, and PKA counteracts 

CSE-induced ERK phosphorylation, both known to underlie IL-8 production 

(Oldenburger et al., 2012b, Saito et al., 2012). Although limited knowledge is 

currently available on EPAC compartmentalization, both NFκB and ERK are 

known to interact with proteins that anchor catalytic and/or regulatory PKA 

subunits, respectively (Smith et al., 2011, Gao et al., 2008, Gao et al., 2010, King 

et al., 2011). Thus, it is tempting to speculate that a distinct subset of AKAP 

members mediate the anti-inflammatory properties of both PKA and EPAC, a 

research topic open for future investigation. 

Our current knowledge implicates that AKAPs are important factors of both 

inflammation and contraction. The question that remains: what role AKAPs play 

in airway remodelling? 

A-kinase anchoring proteins: Airway smooth muscle remodelling 

Another important functional feature of airway smooth muscle cells 

encompasses the existence of multiple phenotypes, a process reported to involve 

both PKA and EPAC. Upon chronic exposure to stimuli such as growth factors, 

ASM cells switch between a contractile and proliferative (synthetic) phenotype 
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(Halayko et al., 2008). Some researchers have suggested that ASM proliferation 

is primarily inhibited by EPAC, but not by PKA (Kassel et al., 2008), while others 

state a more prominent role for PKA (Ibe et al., 2006). Recently, our research 

group demonstrated that pharmacological activation of either EPAC or PKA 

prevented platelet-derived growth factor-induced hypocontractility of airway 

smooth muscle strips and airway smooth muscle proliferation, a process being 

accompanied by the inhibition of ERK1/2 (Roscioni et al., 2011, Roscioni et al., 

2011), suggesting a possible synergism between PKA and EPAC. Our findings 

were strengthened by other studies in vascular smooth muscle cells (Hewer et 

al., 2011). Here a concerted action of PKA and EPAC inhibited serum-induced 

BrdU incorporation, Rb phosphorylation and the expression of cell cycle 

progression proteins, in a Rap1a-independent fashion (Hewer et al., 2011).  

Several signalling pathways have been shown to be involved airway 

smooth muscle cell proliferation, including ERK1/2 (Lee et al., 2001) and 

phosphoinositide 3-kinase/Akt (Ibe et al., 2006, Ma et al., 2011). Until now, 

molecular interactions between the cAMP effectors PKA and EPAC have been 

studied in great detail in non-pulmonary systems pointing to 

compartmentalization of both cAMP effectors via muscle specific mAKAP 

(Dodge-Kafka et al., 2005), via β2-AR associated AKAP5 (Nijholt et al., 2008) and 

via the cytoskeletal scaffolding-AKAP11 complex (Logue et al., 2011). 

Interestingly, AKAP11 is expressed in ASM using real-time PCR (Horvat et al., 

2012).  AKAP11 is not only able to bind PKA, but also GSK3, a kinase shown to 

be involved in expression of contractile proteins in airway smooth muscle 

(Oenema et al., 2012), their proliferation (Nunes et al., 2008, Gosens et al., 2007) 
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and pro-fibrotic signalling (Baarsma et al., 2011). Thus, AKAP11 driven cAMP 

compartmentalization may regulate airway smooth muscle remodelling.  

In summary, several lines of evidence point towards the logical conclusion 

that AKAP family members are most likely of key importance for cAMP 

compartmentalization and thereby signalling to maintain a fine-tuned control over 

structural lung cell responses. Future studies will surely add additional insights 

into our current knowledge of signal compartmentalization and perhaps crosstalk 

between calcium and cAMP in the lung.  
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Outlook and Future perspectives 

Compartmentalization of cAMP by AKAP family members represents a 

highly specialized and dynamic process to fine-tune intracellular signalling. 

Disturbance of cAMP compartmentalization, either due to alterations in AKAP 

expression or complex composition with a variety of tools outlined herein, seems 

to profoundly regulate biological functions and thereby to contribute to 

neurodegenerative and obstructive lung diseases.  

Aging of the world-wide population will require further improvement of the 

management of chronic diseases. Notably, cAMP and its effectors seem to be 

critical in regulating several processes both in chronic brain and lung diseases. 

Next to PKA, EPAC seems to act as a novel pharmacological target in both 

groups of diseases; however, the impact of EPAC compared to PKA might be 

diverse and sometimes even conflicting. Members of the AKAP superfamily 

maintain cellular compartmentalization of cAMP primarily via direct interaction 

with PKA, a process now also linked to EPAC. As AKAP bearing multiprotein 

complexes regulate receptor desensitization and are able to target 

simultaneously cAMP and calcium, the AKAP superfamily most likely represent 

an interesting novel pharmacological concept. In chronic obstructive pulmonary 

disease, targeting calcium-mediated bronchoconstriction and cAMP-mediated 

bronchorelaxation by one AKAP related drug might give an additional benefit 

above the current combination therapy with anticholinergics and β2-agonists 

(Karner and Cates, 2012). 

As outlined herein, the design of small molecule inhibitors seems to 

represent one of the most recent key findings in the field of AKAP research 
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(Christian et al., 2011, Schafer et al., 2013). The AKAP-PKA interaction has been 

also used as a template for drug design based on the “Dock-and-Lock Method” 

(Rossi et al., 2012b, Rossi et al., 2012a). Here, a trivalent drug is created upon 

conjugation of two identical (pro-)drugs (e.g. interferon-alpha 2b (Rossi et al., 

2013)) to the PKA-RII dimer and another drug-(targeting) antibody to an AKAP 

peptide derived from the amphipathic helix (such as AKAP-IS) (Rossi et al., 

2012b, Rossi et al., 2012a, Rossi et al., 2013), a process being stabilized by 

cysteine residues allowing covalent “locking” of the subunits via disulphide 

bridges. In theory it should be possible to combine any RII-module with any 

AKAP-module (Rossi et al., 2012b, Rossi et al., 2012a), the benefit of this 

method most likely should be envisioned in the creation of a diverse set of 

potential pharmacological drugs. 

Within the AKAP research field, pharmacological tools focus on PKA-

AKAP interactions and disruption of other interaction partners from the AKAP 

complexes. Until now, however, no reports focus on the disruption of AKAP-

EPAC complexes. Even though an increasing amount of evidence indicate that 

EPAC interacts with AKAPs, but also other scaffolds independent of PKA 

(Schmidt et al., 2013). These Rap-GEF interacting proteins might add another 

dimension to the concept of subcellular compartmentalization of cAMP, in 

particular in the context of the physiology and pathophysiology of biological 

functions.  
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Figure legends 

Figure 1. Members of the AKAP family and β2-AR functioning. Left: AKAP5 

has been shown to constitutively associate with the β2-AR receptor (Fraser et al., 

2000, Lynch et al., 2005, Chen and Malbon, 2009). Upon β2-AR activation, 

AKAP5 bound PKA phosphorylates the receptor, facilitates the switch of Gs to Gi 

and thereby permits signaling to ERK (Fraser et al., 2000, Lynch et al., 2005). In 

addition, AKAP5 bound PKA phosphorylates G-protein coupled receptor kinase 2 

(GRK2), enhances the affinity of GRK2 for Gβγ subunits and subsequent 

interaction with the β2-AR (Cong et al., 2001). Middle: Receptor bound GRK2 

bears the ability to interact with Ezrin (AKAP78), the latter known to be required 

for the internalization of the β2-AR (Cant and Pitcher, 2005). Right: β2-AR 

activation leads also to phosphorylation of AKAP12 via bound PKA and increases 

the association of AKAP12 with the β2-AR receptor, a process known to be 

essential for the recycling of the β2-AR  (Tao et al., 2003, Shih et al., 1999).  

Figure 2. Strategies to disrupt AKAP complexes. Schematic illustration of the 

different ways to disrupt AKAP complexes. A, using PKA-AKAP dominant 

interfering peptides,  such as Ht31, to displace PKA as the archetypical AKAP 

interaction Partner. B, using dominant interfering peptides to disrupt interactions 

between proteins and AKAPs, such as GSKIPtide to remove GSK3 from AKAP 

complexes. C, Similar strategies are now applied by using small molecules such 

as FMP-API-1. Further details, see text. 
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Figure 3. Compartmentalization of cAMP in neurons in relation to 

neurodegenerative diseases. A, Illustration of cAMP comPartmentalization with 

emphasize on AKAP5 and selected adaptor proteins in neurons and their 

alterations under pathological conditions including Alzheimer’s disease, 

Parkinson’s disease, Huntington’s disease, multiple sclerosis and Wallerian 

degeneration. B, An example of disrupted cAMP comPartmentalization as it was 

shown that AKAP5 coordinated calcineurin (CaN) was required for AMPA 

receptor internalization and LTD, removal of the AKAP5 caused an impairment of 

this LTD. For further details, see text. 

Figure 4. Compartmentalization of cAMP in relation to airway smooth 

muscle functioning. Schematic illustration of central biological ASM functions, 

namely contraction, cytokine secretion and proliferation. Endogenous expression 

of AKAP5, AKAP12 and Ezrin (AKAP78) in ASM seems to maintain defined 

subcellular signalling compartments. Abbreviations not mentioned in the text; 

CaM, calmodulin; ROCK, Rho-kinase.   
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Figure 2 
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Figure 3 
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Figure 4 
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Table 1: Subset of AKAP family members known to regulate biological 

functions in the lung and brain. The most important AKAP interactions are 

highlighted, except of their primary binding Partner PKA. Text between 

Parentheses, AKAP synonym using the HUGO gene nomenclature or name of a 

certain orthologue. For further details and references, see text. 

 

 

 

 

 

 

 

 

 

In addition, inhibitors of PKA have also been synthesized,
such as Rp-8-CPT-cAMPS, and have been shown to abolish
the dissociation of PKA-C subunits from the PKA-R subunits
(Grandoch et al., 2010). These compounds seem to provide
more specificity compared with PKA inhibitors known to act
on the ATP binding site, such as H-89 (Bain et al., 2007).
Inhibition of PKA can also be achieved with the PKA inhibitor
(PKI) (Yan et al., 2011). Very recently, pharmacological inhibi-
tors of Epac have been identified, which seem to act primarily
on Epac1 (CE3F4) or Epac2 (ESI-05) (Courilleau et al., 2012;
Tsalkova et al., 2012a,b). Even though researchers worldwide
use the novel compounds to gain insight into the contribu-
tion of Epac1 and/or Epac2 to biological functions (Chen
et al., 2013), their mode of action and specificity warrants
further studies (Rehmann, 2013). Specific activators for Epac1
and Epac2 are still lacking.

AKAPs: genetically modified mice
To address the physiological importance of specific AKAPs in
vivo, mice deficient for a specific AKAP gene (e.g. AKAP5−/−) or
for a specific AKAP-protein interaction, for example by intro-
ducing a truncation for AKAP5-PKA interactions have been
developed (AKAP5∆36). Ablation of AKAP members has led to
several phenotypes such as decreased fertility (e.g. AKAP1,
AKAP4), cardiac arrhythmias [e.g. AKAP10 (D-AKAP2)], devel-
opmental [e.g. mAKAP (AKAP6), WAVE-1] and neuronal
defects (e.g. AKAP5, MAP2) (Hundsrucker and Klussmann,

2008; Skroblin et al., 2010). Based on these findings, it has
been suggested that drug targets interfering at the level of
AKAPs might have the ability to disturb signalling driven
by cAMP and might, therefore, represent a novel layer
of pharmacological interventions (Dodge-Kafka et al., 2008;
Hundsrucker and Klussmann, 2008; Troger et al., 2012).

AKAPs: dynamics of PKA and AKAP
To assess the dynamics of the primary AKAP interaction
partner PKA in vivo, several FRET tools have been developed,
taking advantage of the genetically encoded A-kinase activity
reporters (Nagai et al., 2000; Zhang et al., 2001; 2005; Allen
and Zhang, 2006; Depry et al., 2011; Komatsu et al., 2011).
The addition of cellular localization signals permits the
recruitment of these tools to subcellular compartments,
including the cytosol, the nucleus, the sarcoplasmic reticu-
lum, the mitochondria (using an AKAP-based localization),
the plasma membrane (Allen and Zhang, 2006; Liu et al.,
2011) and even the raft or non-raft domains of the cell mem-
brane (Depry et al., 2011). Interestingly, the PKA-based bio-
sensors have been transferred to AKAP research by combining
them with AKAP12 (Tao et al., 2010) and AKAP5 (Kocer et al.,
2012). Using this novel approach, distinct dynamics of PKA
bound to either AKAP12 or AKAP5 at the membrane com-
pared with cytosolic/perinuclear regions were identified (Tao
et al., 2010; Kocer et al., 2012). Currently, several novel
insights into the subcellular dynamics of AKAP-bound PKA

Table 1
Subset of AKAP family members known to regulate biological functions in the lung and brain

AKAP Interactions Processes involved

AKAP5 (HUGO)
AKAP79 (Human)
AKAP150 (Murine)
AKAP75 (Bovine)
H21

AKAP12, AKAP5
β1/β2-adrenoceptor
AC5, Epac2
PKB/Akt, PKC
PP2A/B, Calcineurin, Calmodulin
PSD-95, MAGUK, SAP97
PIP2, F-actin
E-/N-Cadherin
AMPA/NMDA receptor
Cav1.2

β2-AR switching to ERK
β2-AR desensitization
Cell cycle progression
Synaptic plasticity

AKAP12 (HUGO)
AKAP250
Gravin (Human)
SSeCKS (Murine)
Tsga12
Srcs5
AI317366

AKAP5, AKAP12
β2-adrenoceptor
PKC

β2-AR resensitization
Cell cycle progression
Synaptic plasticity

Ezrin
AKAP78
Cytovillin
p81
Villin-2

EBP50 (NHERF1)
GRK2
RhoGDI
Rho
Rac
Epac

β2-AR internalization
Actin-binding linker protein

The most important AKAP interactions are highlighted, except of their primary binding partner PKA. Text between parentheses, AKAP
synonym using the HUGO gene nomenclature or name of a certain orthologue. For further details and references, see text. β2-AR,
β2-adrenoceptor.

BJPA-kinase anchoring proteins in chronic diseases
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Table 2: cAMP comPartmentalization in neurodegenerative diseases. For 

further details, see text. 

 

 

  glucocorticosteroids (Peters et al., 2010; Vogelmeier et al.,
2011; Sethi et al., 2012; Kandeel et al., 2013; Meurs et al.,
2013). The main targets for the therapeutic treatment of
obstructive pulmonary diseases have a direct or indirect link
to GPCR signalling, mainly to the β2-adrenoceptor and the M3

muscarinic receptor. In obstructive airway diseases, increase
in smooth muscle mass and hypercontractility cause severe
limitations in the airflow. Airway smooth muscle cell growth
is inhibited by several β2-agonists such as fenoterol and sal-
butamol (Ibe et al., 2006; Yan et al., 2011). Increased smooth
muscle mass is believed to reduce the lumen size of the
airways, a process associated with aberrant β2-adrenoceptor
signalling (Deshpande and Penn, 2006). Despite the fact that
β2-agonists are generally well tolerated (Donohue et al., 2008;
Hanania et al., 2010), long-term use of β2-agonists caused
variations in the treatment outcome in asthma and COPD
patients, being either less efficacious in COPD patients or
even leading to an increased incidence of asthma exacerba-
tions and other markers of morbidity and mortality (Liesker
et al., 2002; Giembycz and Newton, 2006; Aguilaniu, 2010;
Kliber et al., 2010).

Another treatment option in obstructive airway diseases is
represented by PDE inhibition, for instance the selective
PDE4 inhibitors rolipram and roflumilast (Calverley et al.,
2009; Global Initiative for Chronic Obstructive Lung Disease,
2010; Rabe, 2011). PDE inhibitors increase the cellular level of
cAMP by preventing its degradation. Although both

β2-agonists and PDE inhibitors show anti-inflammatory prop-
erties in vitro (Hallsworth et al., 2001; Kaur et al., 2008; Spina,
2008), a notable difference is seen in vivo. PDE4 inhibitors
show anti-inflammatory properties in vivo, but largely lack
airway smooth muscle relaxing properties. In contrast,
β2-agonists show bronchorelaxing properties in vivo, but lack
anti-inflammatory properties (Calverley et al., 2009; Hurst
et al., 2010). Possible explanations for this discrepancy are
most likely β2-adrenoceptor desensitization and/or biased sig-
nalling of the β2-adrenoceptor towards ERK signalling (Dickey
et al., 2010; Walker et al., 2011), features largely absent with
PDE4 inhibitors due to their post-receptor mode of action.
Both the process of β2-adrenoceptor desensitization and
biased signalling seem to be facilitated by scaffolding proteins
such as AKAP5 and AKAP12 (Lefkowitz et al., 2006; Tao and
Malbon, 2008) (Figure 1). Subcellular localized cAMP pools
seem to cause differential biological effects upon scaffolding
protein-mediated targeting of either the β2-adrenoceptor or
PDEs.

An innovative alternative is, therefore, urgently required
to safeguard long-term treatment of obstructive lung disor-
ders. Compartmentalized cAMP signalling may provide a
novel opportunity for pharmacological interventions. For
example, targeting downstream of the β2-adrenoceptor will
most likely circumvent receptor desensitization. One might
also expect that such strategies will increase treatment speci-
ficity, and thereby minimize unwanted side effects, by target-

Table 2
cAMP compartmentalization in neurodegenerative diseases

Pathology
Modulator
involved cAMP-dependent effects References

Alzheimer’s
disease

PKA Reduced phosphorylation of CREB Cheng et al., 2010

Inactivation of PKA Vitolo et al., 2002

τ phosphorylation at Ser214 and Ser409 Jicha et al., 1999

Down-regulation of A2B receptor/PKA signalling Rosi et al., 2003

Epac sAPPα production via Epac1/Rap1/Rac Zaldua et al., 2007

AKAPs AKAP79, associated with neurofibrillary pathology Jicha et al., 1999

PDEs PDE4, PDE4B and PDE7 up-regulation at early stage of Alzheimer’s disease Perez-Torres et al., 2003

PDE8 up-regulation at later stage of Alzheimer’s disease

Parkinson’s
disease

PKA Down-regulation of A2A receptor/PKA signalling Hara et al., 2010

α-synuclein stimulates τ phosphorylation by PKA Qureshi et al., 2011

PDEs PDE7 and PDE4 inhibition enhances neuroprotection Morales-Garcia et al., 2011

Yang et al., 2008

Huntington’s
disease

PKA Decreased levels and CREB activation Gines et al., 2003

Sugars et al., 2004

PDEs Inhibition of PDE4 or PDE10A promotes neuroprotective effects DeMarch et al., 2007;
Giampa et al., 2009; 2010

Multiple
sclerosis

PKA β2-AR deficient astrocytes produce less cAMP Chesik et al., 2008

Lipoic acid treatment increased PKA activity Salinthone et al., 2010

PDEs Lovastatin treatment and inhibition of PDE4 promote neuroprotection
and neurorepair

Paintlia et al., 2009

For further details, see text.

BJP W J Poppinga et al.
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Abstract 

Neurons are highly differentiated cells responsible for the conduction and 

transmission of information in the nervous system. The proper function of a 

neuron relies on the compartmentalization of their intracellular domains. 

Differentiated neuroblastoma cells are thoroughly used to study and understand 

the physiology and cell biology of neuronal cells. We showed that differentiation 

of N1E115 neuroblastoma cells is higher in the presence of a chemical analog of 

the cyclic AMP, (db-cAMP). We next analysed the expression of key microtubule 

regulating proteins in differentiated cells and the expression and activation of 

cAMP key players such as EPAC, PKA and AKAP79/150. Most of the 

microtubule-promoting factors were up regulated during differentiation of N1E-

115 cells, while microtubule-destabilizing proteins were down-regulated. 

Moreover, we observed an increase in tubulin post-translational modifications 

related to microtubule stability. As expected, db-cAMP increased PKA and 

EPAC-dependent signalling. Consistently, pharmacological gain and loss function 

for EPAC-instructed cell differentiation, number of neurites, and neurite length in 

N1E-115 cells. Moreover, disruption of the PKA-AKAP interaction led reduced 

such morphometric parameters. Interestingly, PKA and EPAC act synergistically 

to induce neuronal differentiation in N1E-115. Altogether, these results show that 

the changes observed on the differentiation of N1E115 cells proceed by 

regulating some microtubule-stabilizing factors and the acquisition of a neuronal 

phenotype is a process involving concerted although independent functions of 

EPAC and PKA. 
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Introduction 

Neurons are highly polarized cells; they form two different functional 

domains, a single axon and multiple dendrites, which allows for the flow of 

information in the nervous system; Each domain is characterized by unique 

features that determine its molecular composition, maturation and functional 

properties (Banker and Cowan, 1977; Dotti et al., 1988). Studies conducted over 

the past 40 years regarding neuronal polarization have focused on understanding 

the sequential events that occur in primary neurons. 

However, there is a complementary approach to understanding the 

phenomenon of neurite outgrowth based on the use of immortalized cell models. 

A major advantage that enables working with cell lines is that they are in constant 

division. This allows a large stock of cells to grow in short periods of time with the 

result of high levels of protein for experiments such as Western blots, 

immunoprecipitations, pull down assays, or gel electrophoresis 2-D. The 

possibility to perform transfection of genetic material, such as DNA or siRNA, 

with high transfection efficiencies, unlike neurons, which makes these cells useful 

for biochemical studies using genetic tools. 

 Several clonal cell lines have been used as models for neuronal 

differentiation under different treatments; the most studies use for instance, 

PC12, a rat adrenal pheochromocytoma cell line, that stops cell division and 

extend neurites in response to nerve growth factor (NGF) over a period of a week 

(Greene and Tischler, 1976). SH-SY5Y, a human neuroblastoma cell line, that 

under retinoic acid and brain-derived neurotrophic factor treatment produces 

cells with a cholinergic neuronal phenotype (Encinas et al., 2000). Neuro 2A 
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(N2A), a mouse neural crest-derived cell line that differentiates into a dopamine 

neuronal phenotype (Tremblay et al., 2010) and N1E-115, an adrenergic cell line 

derived from a mouse neuroblastoma, can both be differentiated into neuronal 

phenotype with cAMP analog such a dibutyryl-cAMP (Amano et al., 1972; Kato et 

al., 1982)  

In the present study, we want to gain insight of N1E-115 neuronal 

differentiation induced by cAMP, since it has been shown that cAMP is essential 

in triggering the polarization of hippocampal neurons (Shelly et al., 2010). cAMP 

binds with similar affinity and directly activates protein kinase A (PKA) as well as 

the cAMP binding guanine nucleotide exchange factors; EPAC1 and EPAC2, and  

exchange factors for the small GTPases, Rap1 and Rap2, thereby activating both 

cAMP effectors (de Rooij et al., 1998; Dao et al., 2006). Previous studies 

characterized morphological and biochemical differences in N1E-115 cells, in 

response to serum deprivation and/or dimethylsulfoxide (DMSO) treatments 

(Reagan et al., 1990; Oh et al., 2006). However, the contribution of the cAMP-

derived signalling pathways to N1E-115 is not fully addressed (de Rooij et al., 

1998). Interestingly, previous work in neuroendocrine PC12 cells has suggested 

a role for EPAC and PKA in the transition from a proliferative into a non-

proliferative neurite outgrowth-promoting signal (Kiermayer et al., 2005). 

Similarly, transient PKA activation triggers SH-SY5Y differentiation involving ERK 

and PI3K signalling (Sanchez et al., 2004).  

 In vivo, neural progenitor cells can differentiate into three different 

lineages: neurons, astrocytes, and oligodendrocytes (Luskin et al., 1993). 

Therefore, in order to distinguish amongst these cell populations, the 
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identification of specific subsets of molecular markers are required to evaluate 

neuronal differentiation (Kiermayer et al., 2005; Nakamuta et al., 2011b). 

Molecules that control microtubules and the actin dynamic are good markers for 

this phenomenon, since the cytoskeleton allows correct membrane trafficking and 

the delivery of specific proteins to their proper subcellular location such as axons 

and dendrites (Mandell and Banker, 1996; Gonzalez-Billault et al., 2001). Here, 

we evaluate changes in the microtubule cytoskeleton components of N1E-115 

cells induced by cAMP-dependent differentiation, and assess the contribution of 

PKA and EPAC signalling during the acquisition of neuronal-like phenotypes.  
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Methods 

Antibodies and chemicals 

The following antibodies were used in this study: EPAC1 (immunofluorescence, 

1:150, rabbit, Santa Cruz: H-70 sc-25632; Western blot, 1:300, mouse, Cell 

Signalling: 5B1 #4155), EPAC2 (immunofluorescence, 1:150, rabbit, Santa Cruz: 

H-220 sc-25633; Western blot, 1:300, mouse, Cell Signalling: 5D3  #4156), �-

tubulin (1:10000, mouse, Sigma-Aldrich: #T6199), �-III-tubulin (Tuj1; 1:1000, 

mouse, Promega: #G1712A), Rap1 (1:300, rabbit, #sc-28197), Akap79 (1:300, 

Rabbit, Santa Cruz, sc-10764), PKA II� reg (1:300, rabbit, Santa Cruz, sc-

137220), PKA II� reg (1:300, rabbit, Santa Cruz, sc-25424), Phospho-CREB 

(Ser133) (1:300, Rabbit, Cell Signalling #S9191), MAP2 (1:500, rabbit, Millipore: 

AB5622), Tau1 (1:500, mouse, Millipore: MAB3420), Anti-Tyrosine tubulin 

(1:10000, Sigma), Anti-Acetylated tubulin (1:10000, Sigma), Anti-Detyrosinated 

tubulin (1:10000, Sigma)  Anti SCG10-BR (1:1000, kindly provided by Dr 

Gabriela Grenningloh), Anti CRMP2 (1:1000, kindly provided by Dr. Kozo 

Kaibuchi; (Arimura et al., 2004)), Anti MAP1B (1:1000, N-19, Santa cruz), Anti 

MAP1A (1:1000, N-18, Santa cruz), Anti LIS1 (1:1000, H-300, Santa Cruz),  

phospho-PKA Substrate (1:1000, rabbit, Cell Signalling: 9624S), horseradish 

peroxidase (HRP)-conjugated anti–mouse IgG (1:5000, donkey, Jackson 

ImmunoResearch: #15-035-150), HRP-conjugated anti–rabbit [IgG (1:5000, 

donkey, Jackson ImmunoResearch: #711-035-152), Alexa Fluor® 488 Phalloidin, 

1:500, Invitrogen, #A12379) 
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For immunofluorescence experiments, we used the following secondary 

antibodies: Alexa Fluor 488–conjugated anti–mouse IgG (1:600, donkey, 

Molecular Probes: #A21202), Alexa Fluor 546–conjugated anti–rabbit IgG (1:600, 

donkey, Molecular Probes: #A10040), Alexa Fluor 633-conjugated anti-rabbit IgG 

(1:500, Goat, Invitrogen, #A-21070) 

Other reagents used include the following: DMSO (Sigma Aldrich, 

#472301), dibutyryl cAMP. (Db-cAMP; Sigma, #16980-89-5), retinoic acid (RA) 

(Sigma, #302-79-4), 8-pCPT-2’-O-Me-cAMP (8-pCPT; Biolog, #C041-05), 

InCELLect™ AKAP St-Ht31 Inhibitor Peptide (St-Ht31, Promega, #V8211), ESI-

09 (Biolog, #B 133), ESI-05 (Biolog, #M092), CE3F4 (Frank Lezoualc’h, 

Université de Toulouse III, France), Lipofectamine 2000 (Invitrogen, #11668019), 

N6- Benzoyladenosine- 3', 5'- cyclic monophosphate (6-Bnz-cAMP; Biolog, # 

B009-50 ), Protease Inhibitor Cocktail Tablets (Roche, #04693159001), 

Glutathione Sepharose 4B Media (Amersham, #17-0756-01), Western lightning 

plus-ECL (PerkinElmer, #NEL105001EA), Hoechst 33342 (1:10000, Invitrogen, 

#H3570), ROTI®-BLOCK (Carl Roth, #A151.2). 

Animals 

 Adult C57Bl/6 wildtype mice were euthanized by with a lethal injection of 

Ketamine/Xylazine mix. The bioethical Committee of the Faculty of Sciences, 

University of Chile, approved all experiments according to the ethical rules of the 

Biosafety Policy Manual of the National Council for Scientific and technological 

Development (FONDECYT).  
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Cell culture  

 The neuroblastoma N1E115 cell line (Amano et al, 1971) was obtained 

from the American Type Culture Collection (ATCC, CRL-2263™). Cells were 

grown in complete DMEM medium (Gibco) containing 10% heat-inactive foetal 

bovine serum (FBS). Cell cultures were maintained at 37º C in a 95% humidified 

incubator with 5% CO2.  To assay an effective method for N1E115 differentiation, 

the cells were grown in in normal DMEM medium with 10% FBS for 24 hours 

before stimulation with 10 mM retinoic acid (RA), 1,5% DMSO or 3 mM of 

dibutyryl cAMP.(Db-cAMP). The morphological changes of N1E115 were 

assessed after 3-5 days of differentiation induction.  

Treatments 

 EPAC1 inhibition with CE3F4 (10 µM), EPAC2 inhibition with ESI-05 (15 

µM), EPAC1/EPAC2 inhibition with ESI-09 (15 µM), AKAP-PKA interaction 

disruption with St-Ht31 (20 µM), EPAC activation with 8-pCPT (10 µM), and PKA 

activation with 6-BNZ-cAMP were performed on N1E-115 cultures at 24 h after 

plating. Briefly, all the compounds were dissolved in DMEM 0.5% medium in the 

presence or absence of 1mM of Db-cAMP, and incubated with the cultures for 3 

days before inmmunostaining assays were carried out. The final DMSO 

concentration in all experiments was maintained below 0.1%.  

RalGDS-GFP was kindly provided by Johannes Bos (University of Utrecht, 

Utrecht, The Netherlands). The transfection of N1E-115 cells using 4 �g of 

DNA/60-mm dish were performed with OptiMEM (Gibco) and Lipofectamine 2000 

as directed by the manufacturer. The medium was changed after 6 h to fresh 0.5 

% DMEM in presence of DMSO, Db-cAMP, and 8-pCPT. The cultures were 
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incubated for 3 days. All cultures were grown in a humidified culture incubator at 

37°C, 5% CO2. 

Sample preparation and Western blot 

 N1E115 cells treated with DMSO or Db-cAMP, grown on dishes were 

washed once with PBS and then incubated with RIPA (65 mM Tris, 155 mM 

NaCl, 1% Triton X-100, 0.25% sodium deoxycholate, 1 mM EDTA, pH 7.4, and a 

mixture of protease inhibitors: 5 µg/ml Na3VO4, 20 µM PMSF, 5 mM NaF). Then, 

cells were scraped from the plate and kept on ice for 15 min and finally 

centrifuged for 20 min at 14,000 rpm. Supernatant fractions were denatured and 

subjected to SDS-PAGE, using 6% running gels for MAP1A, MAP1B, MAP2, 

AKAP79, 10% for EPAC, tyrosinated tubulin (Tyr Tub), detyrosinated tubulin 

(deTyr Tub), acetylated tubulin (Ac Tub), 15% for Rap1 and 12% for the PKA 

substrates, Tau, Phospho CREB, CRMP2, SCG10, and LIS. SeParated proteins 

were transferred to PVDF membrane, which were then blocked with 5% Roti 

Block for 1 h at room temperature. The membranes were incubated with primary 

antibodies overnight at 4°C. Membranes were then washed using TBST (50 mM 

Tris-HCl, 150 mM NaCl, 0.05% (w/v) Tween 20, pH 7.4) four times for 10 min 

each and incubated with HRP-conjugated secondary antibody for 1 h at room 

temperature. Finally, the membrane blots were developed using Western 

lightning plus-ECL. Digital images of Western blots were quantified using the 

ImageJ (NIH) software and the values are expressed as arbitrary units (a.u.). 

GST fusion protein preparation and Rap1 activation pull-down assay. 

 Expression and purification of GST-conjugated proteins were performed 

as described (Henriquez et al., 2012). Briefly, BL21 (DE3) E. coli strains carrying 
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GST-RalGDS-RBD plasmid were grown overnight in LB medium containing 

ampicillin at 37°C. The next day, cultures were diluted 1:100 and grown in fresh 

medium until they reached an OD600 of 0.6. Then, 0.1 mM of isopropyl-�-D-

thiogalactopyranoside (IPTG, final concentration) was added. Cells were 

collected and lysed 2 h after induction by sonication in lysis buffer A (50 mM Tris-

HCl, pH 8.0; 1% Triton X-100; 1 mM EDTA; 0.15 M NaCl; 25 mM NaF; 0.5 mM 

PMSF; 1× protease inhibitor complex [Roche]). Cleared lysate was then 

incubated with glutathione-Sepharose beads (Amersham). Loaded beads were 

washed 10 times with lysis buffer B (lysis buffer A plus 300 mM NaCl) at 4°C. 

The GST fusion proteins were quantified and visualized in SDS-PAGE gels 

stained with Coomassie brilliant blue.  

 For the Rap1 activation assay, beads loaded with RalGDS-RBD (Rap-

binding domain of the Ral guanine nucleotide dissociation stimulator, which binds 

specifically to Rap1-GTP but not to the inactive Rap1-GDP form) were incubated 

for 1 h at 4°C with 1 mg of freshly made lysate from 3-DIV N1E-115 cultures. Cell 

lysates were produced using fishing buffer (50 mM Tris-HCl, pH 7.5; 10% 

glycerol; 1% Triton X-100; 200 mM NaCl; 10 mM MgCl2; 25 mM NaF; 1× 

protease inhibitor complex). The beads were washed three times with washing 

buffer (50 mM Tris-HCl, pH 7.5; 30 mM MgCl2; 40 mM NaCl) and resuspended in 

SDS-PAGE sampling buffer. The levels of Rap1B-GTP (presented as arbitrary 

units) were evaluated from Western blot analysis and normalized against total 

Rap1B with ImageJ (values are presented as arbitrary units). 
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Immunofluorescence and image analysis  

 N1E-115 cells that were grown on coverslips were fixed at 72 h after 

transfection or pharmacological treatment with 4% (w/v) Paraformaldehyde/ 4% 

(w/v) sucrose for 30 min at 37°C and washed with phosphate-buffered saline 

(PBS) three times for 5 min each. The cells were incubated with PBS containing 

0.1% Triton X-100 for 5 min and then blocked with 5% (w/v) bovine serum 

albumin (BSA) in PBS for 1 h. After blocking, cells were incubated with primary 

antibodies diluted with 1% BSA in PBS overnight at 4°C, washed with PBS three 

times for 5 min each, and incubated with fluorescent secondary antibody for 1 h 

and washed with PBS three times for 5 min each. Cells were incubated with 

antibodies against MAP2 (1:500), Tau (1:500), � -III Tubulin (Tuj1, 1:750), 

EPAC1 or EPAC2 (1:300) overnight at 4°C. Later, secondary antibodies were 

added and incubated for 1 h at room temperature. Cells were then washed 3 

times with PBS 1X. Finally, coverslips were mounted on slides using FluorSave™ 

Reagent (Milipore, #345789) and examined using using a HC PL APO CS2 

40x/1,3 (oil) objective on a Leica SP8 Confocal Microscope (DMI 600). ImageJ 

(NIH) software was used for the measure of neurite length, cell counting, and 

fluorescence intensity (The values are expressed as arbitrary units of the relative 

fluorescent of EPAC1 and EPAC2 to �–III tubulin). Phenotypes were determined 

by measuring neurite length and the number of neurites per cell. For the 

purposes of this study, we defined a differentiated cell as a cell with an neurite of 

>50 µm or more than twice the length of its soma. These experiments were 
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performed at the UMCG Microscopy and Imaging Center (UMIC), University of 

Groningen. 

Statistical analysis  

 All data represent the mean ± s.e.m., of at least three independent 

experiments. Comparisons between two groups were made using the unpaired 

Student’s t-test. Comparisons between three or more groups were performed 

using a one-way ANOVA followed by Dunnett’s or Tukey’s post hoc test. A value 

of p < 0.05 was considered significant. Analyses were performed with 

GraphPad Prism (GraphPad Software). 
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Results 

Neuronal differentiation in N1E-115 cells is related to changes in the levels 

of microtubule associating and regulating proteins.  

 In the first set of experiments, we decided to analyse several inducers of 

neuronal differentiation. We analysed a range of concentration for each inducer 

and we established a working concentration based in the lowest amount to 

produce the differentiation of the N1E115 cells. The chosen amount for each 

inducer should also fulfil the condition of having been used in other cell lines 

system as a differentiation molecule. Based on these assumptions, we analysed 

the following compounds: DMSO, Retinoic Acid (RA) and dibutyryl-cyclic AMP 

(db-cAMP).  

 N1E115 cells were cultured for 24 hours and were then incubated in the 

differentiation-inducing agents for 5 days before fixation or protein extraction. 

Figure 1A shows representative images for each culture using different inducers. 

Undifferentiated N1E115 cells display a morphology characterized by rounded or 

polygonal cells without any cytoplasmic protrusion longer than one-cell body 

Figure 1A, (control panel). We next tested 10 mM retinoic acid and no changes 

were observed in the N1E115 cells, as indicated by the absence of prominent cell 

protrusions emerging from the cell body (Figure 1A, retinoic acid panel). DMSO 

was able to induce neuronal differentiation as shown in Figure 1A (DMSO panel). 

In this case, around 40% of cells displayed a differentiated morphology after 5 

days in culture, characterized by the presence of neurites being at least two-cell 

bodies in length (Figure 1A, DMSO panel). In the case of 2 mM db-cAMP, most 
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of the cells were differentiated and displayed more than one protrusion longer 

than two-cell bodies emerging from the cell body (Figure 1A, Db-cAMP panel)  

 We analysed the percentage of differentiation for each treatment (Figure 

1B). Db-cAMP was the most effective compound in inducing differentiation after 5 

days, as indicated by the percentage of differentiated cells (80% against <40% in 

DMSO, < 10% in RA and <5% in control cells). These results confirm that 

increasing the levels of cAMP is the best method to induce differentiation in the 

N1E-115 cells (Liu et al., 1987). For the rest of the study, we set the Db-cAMP 

concentration at 1 mM, while DMSO was used as control condition.  

 Next, we evaluated the phenotype characteristics of differentiated N1E-

115 cells by using the neuronal marker, �-III-Tubulin (Tuj1) that has been 

previously shown to increase its expression in differentiated N1E-115 cells (Oh et 

al., 2006). Figure 1C and Figure 1D show that 1mM of Db-cAMP is sufficient to 

induce a 77 ± 5% differentiation. Additionally, we analysed some morphometric 

parameters. Figure 1E shows that Db-cAMP increases the number of neurite-

bearing cells (mean: Db-cAMP 3.4±0.31 vs DMSO 1.6±0.2 neurites). Moreover, 

we quantified the longest neurite length in the cells under the treatments. Figure 

1F shows that DMSO treated cells present neurites with a length of 34.3±3 µm. 

In contrast, the longest neurite in cells treated with Db-cAMP was 137,3 ± 13,1 

µm.  

Neuronal differentiation is supported by dramatic changes affecting its 

cytoskeleton, both in primary neurons and neuroblastoma cell lines. Therefore, 

we decided to analyse several cytoskeleton components in detail, such as actin 
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microfilaments and post-translational modifications of tubulin. We used protein 

extracts derived from mouse brain as a positive control. Figure 1G shows the 

staining for both microtubules and actin microfilaments in undifferentiated and 

differentiated cells. Undifferentiated cells, as expected, displayed a rounded 

morphology, characterized by the presence of actin rich zones in the periphery of 

the cells, corresponding to filopodia and lamellipodia. In contrast, most of the 

microtubules were restricted to the cell body (Figure 1G, DMSO). In differentiated 

Db-cAMP cells, microtubules were distributed along the protrusive extension 

emerging from the cell bodies, while actin filaments were prominent in the distal 

tips of neurites forming growth cone-like structures and lamellipodia around cell 

body (Figure 1G, Db-cAMP). Interestingly, differentiated cells displayed an 

increased tyrosinated tubulin (Tyr Tub) at the distal part of the neurites, a feature 

that is related to highly dynamic microtubules and recapitulates what occurs 

during axon development in primary neuronal cells (Witte et al., 2008), (Figure 

1G, insert).  Such accumulation of tyrosinated microtubules was not 

accompanied by an overall change in the total amount of such tubulin post-

translational modification (Figure 1H). In contrast, we found that the overall levels 

of detyrosinated  (Figure 1I) and acetylated tubulin (Figure 1J) are higher in 

differentiated cells. Interestingly, these two posttranslational modifications have 

been linked to a pool of stable microtubules (Janke and Kneussel, 2010), which 

contribute to the  axonal elongation (Witte et al., 2008). 

 The morphological changes described above should rely on the differential 

expression of cytoskeleton-regulating proteins. To test this hypothesis, we 

prepared cell extracts from non-differentiated and differentiated N1E115 cells. 
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We analysed a repertoire of microtubule-associated proteins that have been 

previously implicated in primary neuronal differentiation (Gonzalez-Billault et al., 

2002; Conde and Caceres, 2009). Figure 2A shows the immunostaining of the 

microtubule-associated proteins (MAPs) MAP2 and Tau in differentiated cells 

along the longest neurite and cell body, showing no preferential subcellular 

localization. We quantified the fluorescence intensity for these proteins and found 

that both MAP2 and Tau are increased in differentiated cells (Figure 2B). We 

then evaluated changes in the overall amount of proteins through Western 

blotting. Figures 2C and 2D show that differentiated N1E115 cells displayed 

increased levels of MAP2 and Tau, that correlated with the observation in Figure 

2A. 

 We next performed Western blot analysis of MAP1A and MAP1B, two 

MAPs that play a role in regulating the neuronal cytoskeleton; MAP1B during 

axon formation and MAP1A in maintenance of mature neurons morphology 

(Cravchik et al., 1994; Gonzalez-Billault et al., 2001). Our results in Figures 2E 

and 2F show statically significant differences between undifferentiated and 

differentiated cells for MAP1A and MAP1B.  Overall, these results indicate that 

increased amounts of microtubule-associated proteins are needed to develop 

neurites in differentiated cells. 

 We also analysed other proteins that directly regulate microtubule 

stabilization, and therefore could also be implicated in N1E-115 differentiation. 

We focused our attention on the proteins LIS1 and CRMP2, which are two 

interesting microtubule stabilization and/or promoting factors (Conde and 

Caceres, 2009). LIS1 is a non-canonical microtubule associated protein that 
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plays a prominent role in microtubule advance during growth cone remodelling, a 

process in axonogenesis (Grabham et al., 2007) Figure 2G shows that no 

significant differences were found between the DMSO and Db-cAMP group. On 

the other hand, CRMP2 a protein that promotes the assembly of tubulin 

heterodimers enhancing microtubule-polymerization during axon formation 

(Fukata et al., 2002), was significantly increased in differentiated cells. (Figure 

2H). 

 Finally, in this set of experiments, we wanted to determine whether the 

changes described in microtubule promoting proteins were accompanied by 

changes in microtubule destabilizing factors. We analysed the changes in the 

expression of SCG10, a protein that promotes disassembly of microtubules and 

is enriched in the growth cones of the developing neurons (Morii et al., 2006). 

Interestingly, the expression of SCG10 was decreased in N1E115 differentiated 

cells (Figure 2I). These results show that upon differentiation of N1E115 cells 

with Db-cAMP, a selective increase of posttranslational modification on tubulin, 

microtubule promoting factors, and decreases of proteins inducing microtubule 

disassembly was displayed. 

Changes in the activity of the cAMP effector, EPAC and PKA, in N1E-115 

differentiated cells. 

 Based on the changes in morphology and cytoskeleton composition 

described above, the next set of experiments were conducted to determine 

whether changes in cytoskeleton proteins described in the previous section were 

accompanied by changes in the cAMP effectors such as PKA and EPAC, since 

these proteins mediate the majority of effects of cAMP in mammalian cells 



Microtubule-regulating proteins and cAMP dependent signalling in neuroblastoma 
differentiation 

	
	

309	

(Cheng et al., 2008). It has been previously suggested that EPAC proteins would 

be necessary to promote neuritogenesis in SH-SY5Y cells in a mechanism 

involving ERK activation (Birkeland et al., 2009). To determine which EPAC 

isoforms are expressed in N1E-115 cells, we first studied them by WWestern 

blotting the expression of EPAC1 and EPAC2. Figure 3A shows that both EPAC1 

and EPAC2 are expressed in N1E-115 cells but their expression is not modified 

after Db-cAMP treatments. 

 Next, we evaluated the expression of the PKA type II regulatory subunit 

(i.e. RII � and RII �), because RIIs are the predominant PKA isoforms in the 

brain and RII is concentrated in the dendrites of cortical neurons (Cadd et al., 

1990; Zhong et al., 2009). SH-SY5Y cells exposed to forskolin, a direct activator 

of adenylyl cyclase, resulted in a decrease of the levels of catalytic (C) and 

regulatory (RI and RII) PKA subunits. In contrast, a neuroblastoma-glioma-hybrid 

cell exposed to Db-cAMP does not change RI subunits (Lohmann et al., 1983). 

Moreover, our results in the previous section showed that Db-cAMP induces an 

increase in MAP2 protein, which is an anchoring protein for PKA in neurons by 

binding to RII PKA (Harada et al., 2002; Zhong et al., 2009). Figure 3B shows a 

significant increase in the levels of both PKA RIIs in differentiated cells, which 

suggests that in N1E-115 cells the regulatory mechanisms for PKA subunits due 

to increased cAMP may be different from other cell lines previously reported.  

 Since we found increased levels of RII � subunits (Figure 3B), we wanted 

to determine whether there could be a change in the expression of AKAP 79/150, 

because this AKAP contains a high-affinity binding site to the RII � and both 
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proteins are expressed in the brain in similar patterns of accumulation and 

localization (Glantz et al., 1992). In addition, EPAC2 interaction with AKAP79/150 

regulates signalling cascades required for neuronal differentiation, such as 

PKB/Akt phosphorylation (Nijholt et al., 2008). Our results in Figure 3C show that 

AKAP79/150 is indeed expressed in N1E-115 cells, but with significantly 

decreased relative levels after Db-cAMP treatment. 

We then decided to study signalling downstream from EPAC and PKA in order to 

further verify their activation during N1E-115 differentiation. In first term, we 

evaluated the activation of Rap1, a small GTPase activated by EPAC proteins. 

Figure 3D shows pull-down assays that specifically bind active Rap1 in N1E-115 

cells treated with vehicle and Db-cAMP. Upon Db-cAMP treatment, Rap1 was 

significantly activated, confirming that EPAC increased expression, activating its 

canonical signalling pathway (Figure 3D). We also evaluated whether PKA was 

activated during Db-cAMP-dependent N1E-115 differentiation. We used two 

complementary strategies with phosphor-specific antibodies. We first evaluated 

changes in the immunodetection of whole protein extracts, using an antibody that 

specifically recognized phosphorylated-motifs by PKA. As indicated in Figure 3E, 

Db-cAMP treatment increased the amount of phosphorylated proteins by PKA 

(arrowheads). Similarly, CREB phosphorylation was also increased after Db-

cAMP treatment, confirming that changes in the content of cAMP lead to 

increased PKA activity in N1E-15 cells (Figure 3F). All together, these results 

show for first time that EPAC1 and EPAC2 are expressed and active during N1E-

115 differentiation. Furthermore, an increase of RII subunits might be related to 

higher activity of PKA under Db-cAMP treatment. Finally, the reduction of 
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AKAP79/150 levels does not seem to affect the catalytic activity of PKA. 

Involvement of EPAC-Rap1 signalling in N1E-115 differentiation.  

 Having shown that Db-cAMP induced differentiation of N1E-115 cells, and 

that such a differentiation should be, in Part, linked to changes in EPAC and PKA 

signalling, we decided to further validate the role for EPACs in N1E-115 

differentiation, as it has not been previously reported. First of all, we examined 

the subcellular distribution of EPAC1 (Figure 4A) and EPAC2 (Figure 4B) in 

differentiated N1E-115 cells. Our results show that both EPACs are concentrated 

in the cell soma in dB-cAMP group; but also that both EPACs are found in 

neurites, displaying a trend to accumulate toward the distal end of the neurites in 

the N1E-115 cells (Figure 4A and 4B, arrowheads).  

 To confirm that Db-cAMP was indeed activating the Rap1 protein, we 

transfected N1E-115 cells with a GFP-fused Ral-GDS-RBD construct, which is a 

reporter that has previously been used to assess subcellular localization of active 

Rap1 in several cell types (Bivona et al., 2004; Kortholt et al., 2010). Cells were 

transfected upon plating and further incubated with 1mM of Db-cAMP and the 

selective agonist of EPAC, 8-pCPT (10 �M) as a positive control. This was done 

until 3 DIV, when they were stained with Tuj1 to identify neurites (Figure 4D). We 

quantified the fluorescence intensity of Ral-GDS-GFP in the last third of each 

Tuj1-positive neurites for each treatment. Figure 4E shows that cells treated with 

Db-cAMP displayed increased Rap1 activity in their neurites. We then quantified 

immunofluorescence along the last 50 �m of each neurites and observed a 

preferential accumulation of active Rap1 at the distal end of neurites after Db-
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cAMP treatment. Since 8-pCPT induced a similar response, our results suggest 

that increased EPAC levels activate Rap1 during neurite elongation of N1E-115 

cells. These results are in line with previous results, showing the Participation of 

Rap1 during axon development in primary neurons (Schwamborn and Puschel, 

2004).  

EPAC and PKA independently regulate N1E-115 cell differentiation. 

 To further study the roles of EPAC and PKA in cAMP-induced neurite 

outgrowth, we used pharmacological tools to either increase or decrease EPAC 

and PKA signalling. We used the following reagents: an EPAC agonist termed 8-

pCPT (10 �M) (Enserink et al., 2002), the PKA agonist, 6-Bnz-cAMP (6-Bnz) (10 

�M) (Christensen et al., 2003), an EPAC1 selective inhibitor, CE3F4 (15 �M) 

(Courilleau et al., 2013), an EPAC2 selective inhibitor, ESI-05 (15 �M) (Tsalkova 

et al., 2012b; Almahariq et al., 2013), an EPAC1 and EPAC2 inhibitor, ESI-09 (10 

�M)(Almahariq et al., 2013), and a membrane-permeable peptide that inhibits 

the interaction between RII PKA subunit and AKAPs, termed St-Ht31 (20 �M), 

(Schmidt et al., 2013; Poppinga et al., 2015). All working concentrations were 

determined based on previous works and in our laboratory determinations. 

 Figure 5A shows the phenotypic changes in the N1E-115 cells, under 8-

pCPT and 6-Bnz treatments. In both cases, N1E-115 cells showed long 

cytoplasmic prolongations corresponding to neurites. We also combined both 

activators to examine a potential synergistic effect between EPAC and PKA 

during N1E-115 cell differentiation. We next evaluated morphometric Parameters 

such as percentage of cell differentiation (Figure 5B), number of neurites per cell 
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(Figure 5C), and average length of the longest neurite (Figure 5D). Both 8-pCPT 

and 6-Bnz significantly increased cell differentiation (8-pCPT: 65.4±1.5%, 6-Bnz: 

68±6 %), whereas combined stimulation with 8-pCPT and 6-Bnz elicited an even 

higher effect (8-pCPT+6-Bnz: 85.2±4%). Analysis of the number of neurites 

showed that EPAC agonist, 8-pCPT increases the number of neurites comPared 

to the control (DMSO: 1.7±0.2 vs 8-pCPT: 2.6±0.2 neurites). Similarly, we found 

a significant increase on the number of neurites with 6-Bnz (2.3±0.2 neurites). 

Finally, 8-pCPT and 6-Bnz separately induced a significant increment of the 

longest neurite length (DMSO: 31.5±3.6 �m, 8-pCPT: 100.2±8.8 �m, 6-Bnz: 

130±13 �m), although this effect was slightly higher with 6-Bnz. All in all, these 

results suggest that EPAC and PKA are acting in a synergistic manner to induce 

cell differentiation. It seems that EPAC most likely command the formation of new 

neurites, while EPAC and PKA would be responsible for neurite elongation.  

 In the last set of experiments, we sought to determine the role of specific 

EPAC isoforms on morphometrical changes induced by cAMP in N1E-115 cells. 

We performed pharmacological loss-of-function for EPAC1 and EPAC2 in the 

presence of Db-cAMP in order to rule out that PKA alone induces the changes 

observed during cell differentiation. We also evaluated AKAP function during 

N1E-114 differentiation. Figure 5D shows representative images of cells 

incubated with EPAC and AKAP inhibitors. All compounds used in this study 

were not deleterious at the concentrations selected, since no obvious 

morphological changes or compromised cell viability could be detected. We used 

cytoskeleton staining as well as Hoechst to evaluate cell integrity (not shown). 
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We then combined each inhibitor with Db-cAMP to evaluate potential reversion in 

the N1E-115 cell differentiation. Visual inspection suggests that every compound 

partially antagonized cell differentiation induced by Db-cAMP (Figure 5E). We 

then quantified the antagonists’ effects. Amongst the antagonists tested, ESI-05 

was the more efficient at reducing Db-cAMP-dependent differentiation of N1E-

115 cells (DMSO: 17.4±2.3 %, CE3F4 + Db-cAMP: 66±2.4 %, ESI-05 + Db-

cAMP: 20±3.5 %, ESI-09 + Db-cAMP: 58±3.7 %, St-Ht31 + Db-cAMP: 40±10.5 

%, Db-cAMP: 84±3.0 %). Interestingly, ESI-09 treatment to inhibit both EPAC1 

and EPAC2 did not cause an additive response, as we expected. Moreover, 

AKAP inhibition by St-Ht31 also reduced Db-cAMP-dependent differentiation. 

These results suggest that individual inhibition of EPAC isoforms affected cell 

differentiation and provide evidence that EPAC2 would be the main isoform to 

achieve differentiation in N1E-115 cells. Furthermore, the disruption of the 

association of RII-PKA with AKAPs suggests that such interaction is required to 

enhance N1E-115 differentiation.  

 We then analysed the number of neurites per cell (Figure 5G). We found 

that all compounds decreased the number of neurites per cell. (DMSO: 1.5±0.2, 

CE3F4 + Db-cAMP: 1.8±0.1, ESI-05 + Db-cAMP: 1.6±0.1, ESI-09 + Db-cAMP: 

1.6±0.1, St-Ht31 + Db-cAMP: 1.9±0.2, neurites). Our results suggest that the 

outgrowth of new neurites during N1E-115 cell differentiation most likely relies on 

EPACs. Moreover, a proper subcellular localization of PKA is essential to 

generate new neurites and this localization should depend on AKAPs. Finally, we 

examined neurite elongation under these pharmacological conditions. As shown 
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in Figure 5H, EPAC1 and EPAC2 inhibition caused a significant reduction in the 

average length of the longest neurite. Similarly, AKAPS-PKA disruptors also 

induced a reduction in neurites length. (DMSO: 56±6.4 �m, CE3F4 + Db-

cAMP:,100±8.2 �m, ESI-05 + Db-cAMP: 46±4.5 �m, ESI-09 + Db-cAMP: 

92±10.3 �m, St-Ht31 + Db-cAMP: 55±4.8 �m, Db-cAMP: 163±12.4 �m ). 

These data suggest that EPACs are necessary for both neurite outgrowth and 

elongation. Finally, it is suggested that appropriate subcellular localization of PKA 

–mediated by AKAP- contribute N1E-115 differentiation. The results presented 

here provide a molecular context that in part explains the effect of Db-cAMP upon 

neuroblastoma differentiation.  
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Discussion 

 Our current findings show that elevation of intracellular of cAMP induced 

the differentiation of N1E-115 cells, a process being accompanied by a series of 

changes on the levels of MAPs and cytoskeleton proteins. Furthermore, we show 

here for the first time, that differentiation of theN1E-115 cells by cAMP requires 

activation of EPACs and proper subcellular localization of PKA by AKAPs.  

 Previous studies showed that DMSO (Oh et al., 2005), RA (Oh et al., 

2007) and serum withdrawal (Cosgrove and Cobbett, 1991) treatments elicited 

the neuronal differentiation of N1E-115 cells. Furthermore, N1E-115 cells 

differentiated with DMSO express several signalling proteins which include GTP-

binding/Ras-related proteins, kinases, growth factors, calcium binding proteins, 

and phosphatase-related proteins). Such study suggested that a likely 

mechanism for DMSO effects could be related with the high abundance of 

retinoic acid binding proteins I and II (Busch et al., 1992; Oh et al., 2005). 

Interestingly; Clejan, et al.1996, showed that the differentiation of N1E-115 cells 

induced by DMSO was caused by inactivation of phospholipase D (PLD), along 

with activation of phospholipases C and of the sphingomyelin pathway (Clejan et 

al., 1996). It has also been shown that DMSO differentiation decreases cyclin-

dependent kinase (cdk) activities and phosphorylation of the retinoblastoma gene 

product (pRb) leading to neuronal differentiation (Kranenburg et al., 1995). All of 

these studies suggest that the mechanism undergo DMSO differentiation is 

independent of cAMP signalling and induced changes in cytoskeleton proteins. It 

has been shown that tubulin alpha-1 was highly expressed in differentiated cells. 

Unexpectedly, this study failed to report an increase of the neuronal tubulin 
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isotype beta III ( Oh, et al., 2006). Serum deprivation and RA treatments in N1E-

115 cells induced expression β-III-Tubulin, similar to this study (Oh et al., 2007). 

Changes in the amount of the enzyme tubulin tyrosine ligase (TTL), which is 

known to catalyse ligation of tyrosine residues to the COOH terminus of the 

detyrosinated form of alpha-tubulin, was observed in differentiated cells (Erck et 

al., 2005). Although our results did not show an increase in the overall 

tyrosination of microtubules, we detected accumulation of Tyr tubulin in the tips of 

the neurites, similar to what is observed in primary neurons (Utreras et al., 2008). 

Moreover, acetylated tubulin is increased during N1E-115 differentiation, (which 

may stimulate intracellular dynamics and cargo distribution as described in 

neurons (Janke and Kneussel, 2010). Finally, increased levels of detyrosinated 

tubulin, enriched in neurites from neuroblastoma cells, reproduce what is 

observed in axons (Shea et al., 1990; Janke and Kneussel, 2010). It may 

therefore be possible that different inductors activate redundant and differential 

molecular programs involved in tubulin expression during neuronal differentiation.  

MAPs are key factors involved in microtubule stabilization (Witte et al., 2008). In 

line with this, our findings indicate that, N1E-115 requires the expression of both 

dendritic and axonal MAPs. It has been described that in neurons MAPs display 

redundant functions (DiTella et al., 1996), while other studies suggest that MAPs 

can act synergistically (Gonzalez-Billault et al., 2002). One interesting feature 

derived from this work is the fact that MAP expression in differentiated N1E-115 

cannot reproduce differential temporal and spatial patterns observed for the 

same subset of MAPs in primary neurons. MAP1A and MAP1B are similarly 

expressed in neuroblastoma cells, while the MAP2 and tau segregation observed 
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in primary neurons is not reproduced in N1E-115 differentiated cells. Increased 

MAP expression was not a general mechanism, since LIS1 levels were 

unchanged during differentiation. LIS1 promotes microtubule polymerization and 

is involved in growth cone remodelling (Grabham et al., 2007); however, it has 

not been directly involved in neuritogenesis (Bielas et al., 2004). Consistently 

with our findings, differentiation of SH-SY5Y cells by RA decreases LIS1 

expression, reinforcing the idea that LIS1 functions seem to be dispensable for 

neurite outgrowth (Messi et al., 2008). CRMP2 is a protein that binds tubulin 

heterodimers, and is a molecular determinant of axon identity (Inagaki et al., 

2001). Our results suggest that Db-cAMP induced such dramatic morphological 

changes, in part, by favouring the incorporation of soluble tubulin heterodimers 

into growing microtubule in neurites. Finally, SCG10, a neuronal member of the 

stathmin family, enhances microtubule dynamics during neuronal differentiation 

(Morii et al., 2006). Our results, suggest that Db-cAMP induced differentiation 

decreases the expression of proteins that does not favour microtubule 

elongation. 

 cAMP had been proposed as a key cytoplasmic factor involved in axonal 

outgrowth. For this reason, we studied the cross talk between cAMP/PKA- and 

cAMP/EPAC-dependent pathways. First, PKA regulates neuronal polarity by two 

mechanisms. PKA phosphorylates Smurf1 in response to brain-derived 

neurotrophic factor (BDNF), reducing the degradation of Par6—a member of the 

polarity complex-and enhancing the degradation of the small GTPase RhoA, 

which is an axonal growth-inhibitor protein and phosphorylating the protein LKB1 

(Cheng et al., 2011a). The inhibition of RhoA has also been involved in N1E-115 
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cell differentiation (Marler et al., 2005), suggesting conserved molecular 

mechanisms. The role of PKA in neuroblastoma differentiation has been well 

studied in different cell lines. particularly, the RI subunit is increased in N1E-115 

during treatment by Db-cAMP. However, such increase is not linked to neurite 

outgrowth (Liu et al., 1987). In this study, we found that both RII subunits 

increased during N1E-115 neuronal cell differentiation, suggesting a role of RII in 

neuritogenesis. PKA activity is required to promote differentiation of SH-SY5Y 

(Sanchez et al., 2004). Our data suggest that PKA may be involved in both 

neurite outgrowth and elongation. Since MAP2 expression is increased in N1E-

115, it is likely that MAP2 can enhance PKA activation by interacting with the RII 

subunit of PKA promoting neurite elongation (Huang et al., 2013). Such 

regulation may, in turn, promote differential phosphorylation of MAPs such as tau 

and MAP2, leading to microtubule stabilization (Harada et al., 2002).  

  EPAC1 and EPAC2 bind cAMP with similar affinity as the PKA 

holoenzyme, suggesting that both factors may respond to similar cAMP 

physiological concentrations (Dao et al., 2006). The concerted functions of EPAC 

and PKA signalling are dependent on cellular context and processes (Grandoch 

et al., 2010a). Activation of the EPAC-dependent pathway may target several 

molecules that regulate axon formation and elongation such as Rap1 

(Schwamborn and Puschel, 2004), c-Jun N-terminal kinase (JNK) (Hochbaum et 

al., 2003), the small GTPase, Rit, (Shi et al., 2006) and the small GTPases, Ras 

(Li et al., 2006) and Rho (Moon et al., 2013). Our data show that both isoforms of 

EPAC are expressed in N1E-115 cells; and to our understanding, this is the first 

evidence that shows the expression and subcellular distribution of these 
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signalling molecules in N1E-115 differentiating cells. Such EPAC induction was 

paralleled by increased Rap1 activity, suggesting that a spatial and temporal 

regulation of EPAC-Rap1 signalling is required to promote neurite outgrowth and 

extension. Noteworthy, such spatio-temporal regulation for EPAC-Rap1 axis is 

observed in primary neurons and determines the development of neuronal 

polarity (Schwamborn and Puschel, 2004; Muñoz-Llancao P, 2015). Using 

selective pharmacological inhibitors, we assessed the contribution of EPAC1 and 

EPAC2. Our results show that EPAC2, and to a lesser extent, EPAC1 are 

important in promoting neurite elongation. Similar results have been reported in 

rat dorsal root ganglion (DRG) neurons, through gain-of-function experiments 

using 8-pCPT and loss-of-function experiments using siRNA knockdown 

strategies to target both EPAC. Both experimental paradigms significantly 

affected neurite outgrowth in vitro (Murray and Shewan, 2008). Moreover, 

EPAC2 knockdown in cortical neurons in vivo and in vitro reduced basal dendritic 

architecture (Srivastava et al., 2012).  

 Finally, we investigated the role of AKAP79/150 in N1E-115 cell 

differentiation by cAMP. Noteworthy, it has been shown that in primary cortical 

neurons and HT-4 neuroblastoma cell lines, the A-kinase anchoring protein150 

(AKAP150) may acts as a key regulator between the two cAMP signalling 

pathways (Nijholt et al., 2008). Our data show that the expression of 

AKAP79/150 is reduced during differentiation. Previous studies reported 

AKAP150 in primary branches of dendrites, where it is associated with 

microtubules (Glantz et al., 1992), and suggest that AKAP 79/150 loss causes an 

exclusion of the PKA holoenzyme from hippocampal dendritic spines, affecting 
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synaptic transmission (Tunquist et al., 2008). Our data showed that a relative 

reduction of AKAP150/79 did not impact neurite development induced by Db-

cAMP. However, AKAP-PKA anchorage inhibitory peptide St-Ht31 led to a 

reduction in differentiation, number of neurites, and neurite length. These results 

suggest that PKA subcellular anchoring to other redundant AKAP could be 

necessary to induce neurite outgrowth. The importance of a proper PKA 

anchoring site may be relevant for the inhibition of RhoA by PKA. Previous 

studies revealed that PKA anchorage was necessary for the kinase to exert its 

inhibitory effect on RhoA activation and RhoA-dependent biological activities 

(Wang et al., 2006) and the phosphorylation of RhoA by PKA led this protein to 

degradation in hippocampal neurons inducing axon formation (Cheng et al., 

2011a). 

 In conclusion, our results presented here indicate that Db-cAMP activates 

a molecular program in N1E-115 cells, leading to neurite outgrowth and 

elongation. This program involves changes of cytoskeleton proteins, including 

tubulin isotypes, tubulin post-translational modifications and MAPs. The cAMP 

signal was conveyed by EPAC and PKA effectors acting through independent but 

synergistic mechanisms, targeting the small GTPase, Rap1; and requiring a 

proper subcellular localization of PKA by AKAPs. 
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Figures legends 

Figure 1. Db-cAMP induces efficient N1E-115 differentiation involving 

changes in microtubule properties  

(A) N1E-115 differentiated cells stained with � -tubulin antibody for the 

identification of the neuronal cell phenotype. Cultured N1E115 cells grown for 5 

days. Control medium (DMEM with 0.5% FBS), 10 mM retinoic acid (RA), vehicle 

(1.5% DMSO), and 2 mM db-cAMP. (B) Quantitation of differentiated cells was 

defined as cells that extended neurites of length equal to or greater than two 

times the diameter of the cell body (about 20 �m), 100 cells per conditions were 

quantified (C) Immunofluorescence of undifferentiated cells (DMSO, upper panel) 

and differentiated cells (1mM, Db-cAMP, lower panel) after 3 days in culture, 

stained with the neuronal marker, β-III-tubulin (Red) and Alexa488-phalloidin 

(Green). During differentiation, the cells develop primary and secondary neurite 

branches, and increased neurite outgrowth. (D) Quantification of the percentage 

of differentiated and undifferentiated cells in each treatment (n=126-151 cells, 

student’s t-test, p<0.05; DMSO and Db-cAMP: differentiated vs undifferentiated, 

four independent experiments). (E) Number of neurites per cell in control and Db-

cAMP treated cells (n=126 cells, student’s t-test, p<0.05, four independent 

experiments). (F) Length of the longest neurite in control and Db-cAMP treated 

cells (n=126 cells, student’s t-test, p<0.05, four independent experiments). (G) 

Differentiated cells displayed �-tubulin tyrosination (red) at the distal end of 

neurites (insert, arrowhead). (H) Western blot and quantification for Tyrosinated 

tubulin (Tyr Tub. Student’s t-test, p<0.05, three independent experiments). (I) 
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Western blot and quantification for Detyrosinated tubulin (deTyr Tub. Student’s t-

test, p<0.05, three independent experiments). (J) Western blot and quantification 

for Acetylated tubulin (Ac Tub. Student’s t-test, p<0.05, three independent 

experiments) Data represent the mean ± s.e.m.; n.s., not significant; *p < 0.05; 

***p < 0.001. Scale bars: 20 µm in A, 50 �m in C, 20 µm in G. Brain lysate was 

used as positive control in Western blot assays. 

Figure 2: Db-cAMP regulates the expression of proteins involved in 

microtubule dynamics regulation. 

(A) Immunofluorescence of undifferentiated cells (DMSO, upper panel) and 

differentiated cells (Db-cAMP, lower panel) after 3 days in culture, stained with 

MAP2 (Red) and Tau-1 (Green) antibodies. Differentiated cells were positive for 

both neuronal MAPs. (B) Quantitative immunofluorescence analysis for MAP2 

and Tau expression in undifferentiated and differentiated cells (n= 50 cells, 

student’s t-test, p<0.05, three independent experiments). 

Western blot assays show changes in the expression levels of MAPs proteins; 

MAP2 (C), Tau (D) MAP1A (E), MA1B (F), during N1E-115 differentiation 

(student’s t-test, p<0.05, three independent experiments). Neuronal MAPs 

expression is increased during N1E-115 differentiation. Western blot assays 

showed no changes in the expression levels of LIS1 (G) and an increase in the 

expression of CRMP-2 levels (H). In contrast, Db-cAMP decreases the 

expression of the microtubule-depolymerizing factor SCG10 Data represent the 

mean ± s.e.m. ; n.s., not significant; *p < 0.05; **p < 0.01. Scale bars: 50 µm in A. 

Brain lysate was used as positive control in Western blot assays. 
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Figure 3. Changes in cAMP-dependent effectors during N1E-115 

differentiation. 

 N1E-115 protein extracts derived from control and Db-cAMP treated cells were 

analysed. n=3 samples/treatment. (A) Western blot analysis reveals no 

significant changes in the expression of EPAC1 and EPAC2 after stimulation with 

Db-cAMP, (B) whereas the expression PKA RII� and PKA RII� subunit was 

increase during differentiation. (C) AKAP79/150 expression was decreased 

during N1E-115 differentiation. (D) Rap1 activity is increased during N1E-115 

differentiation. Active Rap1B was normalized against total Rap1B protein. (E-F) 

Changes in the activity of PKA were assessed by analysing immunopositive 

reaction against an antibody that recognizes PKA-specific phosphorylation 

epitopes (E) and CREB phosphorylation (F) after 3 days of stimulation of the 

N1E115 cells with Db-cAMP. PKA and EPAC signalling are increased in N1E-

115 cells. Data are presented as means ± SEM (EPAC1: n = 12; EPAC2: n = 9; 

PKA RII�: n = 3; PKA RII� n = 6; AKAP79: n = 7; Rap1-GTP: n = 6; phospho-

PKA substrate: n = 9; phosphor-CREB: n = 4, student	s t-test, n.s., not 

significant; *p < 0.05)  

Figure 4. Activation of EPAC-Rap1 signalling during N1E115 neuronal 

differentiation.  

Cells were immunostained with Tuj1 (red) and EPAC1 (A) and EPAC2 (B) 

(green) antibodies. Subcellular distribution for EPACs is indicated toward the 

distal end of neurites in differentiated N1E-115 (arrowheads). (C) Quantitative 

fluorescence for EPAC1 and EPAC2 normalized against tubulin, along neurites in 



Microtubule-regulating proteins and cAMP dependent signalling in neuroblastoma 
differentiation 

	
	

325	

differentiated and undifferentiated cells (n=40 cells, student’s t-tests, p<0.05, 

three independent experiments). (D) EPAC pharmacological activation by Db-

cAMP and 8-pCPT induced Rap1 activation and accumulation toward the distal 

end of neurites. N1E-115 cells were transfected with the RalGDS-GFP construct, 

that specifically bind Rap1-GTP, and treated with DMSO, Db-cAMP or 8-pCPT 

and stained for Tuj1. RalGDS-GFP fluorescence intensity was colour-coded. 

Insert and arrowheads indicates region of high Rap1 activity in neurites from 

N1E-115 differentiated cells. (E) Quantitative analysis of GFP fluorescence in 

Tuj1-positives neurites (n = 11-23 cells, student’s t-tests, three independent 

experiments). (F) Intensity plot profile for RalGDS-GFP distribution of cells shown 

in (D) along 50 µm of neurites. The profile shows activation of Rap1 in the distal 

end of the neurites treated with Db-cAMP (red trace) and 8-pCPT (green trace) 

as compared to control condition (black trace) (n=5 cells per treatment). Data 

represent the mean ± s.e.m.; n.s., not significant; *p < 0.05; **p < 0.01. Scale 

bars: 50 µm in A, B and D. 

Figure 5. Pharmacological modulation of cAMP dependent pathways during 

N1E-115 differentiation. 

(A) N1E-115 cells were treated with control vehicle, EPAC agonist (8-pCPT), 

PKA agonist (6-Bnz), and the combination of both (8-pCPT + 6-Bnz), and then 

were immunostained for Tuj1 (red) and Hoechst for nucleus. (B-D) Quantitative 

analysis of N1E-115 cells treated as in (A) shows the percentage of differentiated 

cells per condition (B), number of neurites (C), and length of the longest neurite 

(D) shows that the combination of both agonist enhanced cell differentiation (n = 

20-40 cells, *p < 0.05; ****p < 0.0001 compare to DMSO,  ### p < 0.001; 8-pCPT 
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vs 8-pCPT + 6-Bnz, &&p < 0.001; 6-Bnz vs 8-pCPT + 6-Bnz, one-way ANOVA 

with Tukey’s post hoc test; three independent experiments). (D) N1E-115 cells 

were treated with control vehicle and the antagonist for EPAC1 (CE3F4), EPAC2 

(ESI-05), both EPACs (ESI-09) and AKAP-PKA disruptor (St-Ht31), then 

immunostained for Tuj1 (red) and Hoechst for nucleus. Treatments did not induce 

any evident morphological changes amongst cells. (E) N1E-115 cells were 

differentiated with Db-cAMP in the presence of antagonist described in (D). (F-H) 

Quantitative analysis for N1E-115 differentiation induced by Db-cAMP in the 

presence of EPACs and AKAP inhibitors. Differentiated cells were evaluated for 

percentage of differentiated cells (F), number of neurites per cell (G), and the 

length of the longest neurite (H). (n = 20 cells, *p<0.05; ****p<0.0001 compare to 

DMSO,  ##p<0.01; ####p< 0.0001 compare Db-cAMP, one-way ANOVA with 

Tukey’s post hoc test; three independent experiments). Data represent the mean 

± s.e.m.; n.s., not significant;  Scale bars: 50 µm in A, D and E. 
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Figure 2 
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Figure 3 
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Figure 4 
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Figure 5 
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General discussion and summary  

 In this thesis, we propose EPAC is the GEF involved in Rap1B-dependent 

axon formation during neuronal polarization. Previously it was demostrated that 

embryonic rat neurons display higher levels of cAMP than postnatal neurons (Cai 

et al., 2001). Similarly, cAMP levels decline with age in developing frog retinal 

axons. These axons are initially attracted to netrin-1, but in later stages of 

development are repelled (Shewan et al., 2002). Therefore, our first goal was to 

evaluate potential changes in the overall intracellular cAMP levels in culture 

neurons (chapter 3). Our results showed no significant variations amongst 

neurons on different stages of neuronal polarization. Our finding is most likely 

related to the fact that local cAMP changes may not be monitored using whole 

crude protein extracts as biochemical approach. Local quantification of cAMP 

based on FRET probes present advantages related to spatio-temporal 

measurements in discrete domains in neurons, and could be useful in 

overcoming the apparent lack of sensitivity of our biochemical approach. In any 

case, the slight increase of cAMP observed at Stage 2 could activate 

downstream signalling involved in breaking of neuronal symmetry. Further 

experiments using a novel EPAC-based cAMP FRET sensor are needed to 

elucidate this point (Klarenbeek and Jalink, 2014). 

 Rap1B activation is an essential step in determining neuronal polarity 

(Schwamborn and Puschel, 2004). Its function is related to a specific 

accumulation into a single neurite. However, the mechanisms that need to act 

concertedly to lead to Rap1B activation at the tip of the axon are not yet clear.  

Since Rap1B is a small GTPase, this mechanism relies on a cyclic transition 
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between active-GTP and inactive-GDP forms. It follows that accumulation of 

Rap1B-GTP will be dependent on the activity of specific Rap1B-GEF and/or 

Rap1GAPs (Bos et al., 2001).  

 Our data suggest that EPAC1 is well positioned to be the GEF involved in 

Rap1B activation during neuronal polarization due to the following findings: (1) 

Similar to other proteins involved in neuronal polarization, EPAC1 is present at 

the growth cones of every neurite at stage II, but becomes restricted to the axon 

in Stage 3 (chapter 3, 4); (2) The use of a specific agonist for EPAC resulted in 

the formation of neurons displaying multiple axons, showing increased spatio-

temporal activation of endogenous Rap1B-GTP (Bivona et al., 2004) (chapter  

4); (3) Constituvely, active forms of EPAC1 also induce the formation of 

supernumerary axons in cultured neurons (chapter 4); and (4) Selective 

inhibition, knockdown and knockout of EPAC1 inhibits axon formation in cultured 

neurons (chapter 4). Noteworthy, the same phenomenon was observed in the 

N1E-115 neuroblastoma cell line (chapter 6), when we activated EPAC with 

pharmacological tools, the N1E-115 acquired a neuronal phenotype, when we 

inhibited EPAC, the process of neuronal differenciation induced by cAMP was 

reversed.  

  In this study, we used an improved form of an EPAC activator (8-pCPT) 

that efficiently drives Rap1B activation in vitro and in vivo, without any detectable 

effect on PKA (Enserink et al., 2002; Rehmann et al., 2003a). The presence of 

multiple neurites longer than their siblings showing positive Tau-1 and MAP1B 

staining and negative MAP2 staining highly suggests these neurites are axons 

(chapter 4). Under our experimental conditions, we observed neurons displaying 
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more than one axon initial segment, characterized by AnkG staining. AnkG 

clustering is required to maintain neuronal polarity and recruit other proteins to 

the AIS and form a diffusion barrier (Rasband, 2010; Galiano et al., 2012), which 

is involved in the generation of action potentials. Secondly, neurons displaying 

multiple axons show other mature axonal markers, such as VGLUT1 and 

synaptophysin, which are involved in synapse formation. VGLUT1 expression is 

observed in postnatal and hippocampal neurons at 7-14 DIV with a characteristic 

puncta distribution along the axon (Melo et al., 2013), which is similar to the 

VGLUT1-GFP construct presented here (Wilson et al., 2005). Synaptophysin is a 

synaptic vesicle protein that distributes along the axon, forming larges puncta 

structures that correspond to dense accumulation of vesicles within presynaptic 

specializations (Fletcher et al., 1991b). Synaptophysin clusters were present in 

supernumerary axons, suggesting that neurons with exacerbated polarity could 

be functional. Our results are consistent with previous evidence, which assesses 

the molecular identity of multiples axons, also by means of synaptophysin 

staining and raising the possibility that the supernumerary axons can form 

synaptic contact (Inagaki et al., 2001). We also examined the effects of loss of 

EPAC function during neuronal polarization (chapter 4). Previous studies 

showed the effect of loss of Rap1A or Rap1B functions. For instance, knockdown 

of Rap1B by siRNA abrogates axon formation (Schwamborn and Puschel, 2004). 

Pharmacological and genetic EPAC1 inactivation blocked the presence of 

neurons displaying multiple axons and reduced average axonal length. 

Interestingly, axon formation was not impaired when we used dominant negative 

EPAC1 or Rap1GAP overexpression. Furthermore, the neurons did not show an 
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increment of EPAC2 in response to a genetic knockout of EPAC1. However, our 

finding that a dominant negative form of EPAC did not show the same effect 

could be linked to residual Rap activity, supporting normal polarization due to 

other Rap1B GEFs that can show functional redundancy to activate Rap1. For 

instance, C3G (Hisata et al., 2007) has been shown have a role in neuronal 

migration, since Reelin, a secreted extracellular matrix glycoprotein involved in 

neuronal migration, stimulates tyrosine phosphorylation of C3G and activates 

Rap1 (Ballif et al., 2004). Therefore, mutant mouse embryos lacking C3G present 

with neurons that have a multipolar morphology, affecting a proper migration 

during cortex development. This is likely a result of a lack of integrin and cadherin 

signalling in the absence of C3G (Voss et al., 2008; Franco et al., 2011). PDZ-

GEF induced sustained activation of Rap1 at late endosomes and was involved 

in the NGF-induced neurite outgrowth in PC12 cells and the BDNF- induced axon 

outgrowth in rat hippocampal neurons, prolonging the activation time of the 

MAPK cascade which results in the up-regulation of gene expression (Hisata et 

al., 2007). CalDAG- GEFI, which has substrate specificity for Rap1A and dual 

binding domains for calcium and diacylglycerol (DAG), is required for striatal 

output neurons to respond to cholinergic cell activaton in adult brain (Crittenden 

et al., 2010). This RapGEF is expressed in adult human brain hippocampi and 

has an enriched expression in rat brain basal ganglia pathways and their axon-

terminal regions (Kawasaki et al., 1998c); although, there is currently no data 

about its role in hippocampal neurons.  However, CalDAG-GEFI plays a role in 

neutrophil chemotaxis by a mechanism that involves F-actin distribution and cell 

polarization, a phenomenon shared with neuronal polarity (Carbo et al., 2010). 
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 Additionaly, the role of EPAC2 in regulating dendritic spine 

morphogenesis, spine dynamics, glutamate receptor trafficking and motility in 

adult cortical neurons is of particular interest. These mechanisms involve a 

complex between the postsynaptic adhesion protein neuroligin-3 (NL3), PSD-95 

that increases EPAC2 activation and Rap1B activity. Furthermore, our results 

suggest that EPAC2 is part of the cAMP effect in neuronal differentiation, since 

its inhibition reverses the differentiation caused by Db-cAMP (chapter 6). 

Therefore, a deep observation of EPAC2 and its interactor in neuronal 

polarization should be addressed.  

Finally, another Ras family member, the small GTPase Rheb, and its target 

mTOR (mammalian target of rapamycin) may compensate EPAC inactivation 

since Rheb operates downstream of PI3K increasing translation of Rap1B in the 

axon (Li et al., 2008). Our data suggest that EPAC-Rap1B may be upstream of 

PI3K and PKC signalling (chapter 3).  Future experiments should address the 

mechanism of these pathways in more detail. 

 Interestingly, in vivo experiments demonstrated that using the dominant 

negative form of Rap1A, Rap1A17N, or Rap1A with Rap1B knockdown does not 

prevent axonogenesis in cortical neurons (Jossin and Cooper, 2011). In contrast 

to the in vitro work performed by Schwamborn and colleagues (Schwamborn and 

Puschel, 2004) on hippocampal neurons; although other studies demonstrated 

the questionable use of Rap1AS17N as a dominant negative mutant in vivo (van 

den Berghe et al., 1997). Nevertheless, these differences could be related with 

differences in the  experimenal approaches on those studies.  

 Noteworthy, the activity of Cdc42 was not increased or reduced under 8-
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pCPT or ESI-09 treatments that previously were shown to modified Rap1B 

activity (chapter 4), suggesting that the sequential activation of Rap1B and 

Cdc42 could be independent events (Schwamborn and Puschel, 2004). If, Rap1B 

and Cdc42 functions are not molecularly linked, what other mechanisms could be 

targeted by Rap1B activation and be involved in neuronal polarization? A 

possible answer to this question positions Rap1B activity upstream of a signalling 

pathway related to the Ras-like GTPase RalA signalling, which regulates 

neuronal polarity through the exocyst complex. This is involved in several 

polarization events in many cell types, such as bud growing in yeast, basolateral 

membrane delivery in epithelial cells and directed cell migration (He and Guo, 

2009).  

 The exocyst complex is an evolutionarily conserved octameric protein 

complex (comprised of Sec3p, Sec5p, Sec6p, Sec8p, Sec10p, Sec15p, Exo70p, 

and Exo84p) and is required for vesicle targeting and tethering exocytic carriers 

to the plasma membrane in eukaryotic cells (Munson and Novick, 2006; Wang 

and Hsu, 2006) a critical process in cell polarization (Grindstaff et al., 1998b; 

Yeaman et al., 2001). In this context, the role of the exocyst during neuronal 

polarity is interestingly highlighted. Hence, it has been shown that exocyst 

subunits (the sec6/8 complex) are enriched in the growth cone and Participate in 

membrane addition and synaptogenesis in growing axons (Hazuka et al., 1999) . 

Moreover, the exocyst complex has been involved with the IGF-1 receptor (IGF-

1R), which binds IGF-1, a trophic factor required for axon formation in 

hippocampal neurons (Sosa et al., 2006). IGF-1 signalling activates the GTP-

binding protein TC10, which triggers translocation to the plasma membrane of 
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the exocyst component exo70 in the distal axon and growth cone (Dupraz et al., 

2009), controlling membrane expansion at the axonal growth via a cascade 

involving PI3K.  

 Besides the role of the exocyst in membrane addition, it has been shown 

that Rap1B may regulate this complex through RalA, a well-known small GTPase 

involved in membrane trafficking. Active RalA interact with the exocyst via Sec5 

and is enriched in brain associated to synaptic vesicle. The Rap1 effector, 

RalGDS, activates RalA, which docks secretory vesicles to the exocyst complex 

and recycles E-Cadherin to epithelial cell-cell junctions (Grindstaff et al., 1998a). 

Moreover, in Drosophila neuroblasts, Rap1–Rgl–Ral signalling has been shown 

to regulate cortical polarity (Carmena et al., 2011) and Rap1B activation in the tip 

of developing axons leads to local activation of RalA in the same region, thereby 

accelerating membrane insertion and enhancing axon specification (Nakamura et 

al., 2013). Additionaly, RalA and the exocyst are involved in neuronal migration in 

cortical development though a mechanish that seems involved Rap1 (Jossin and 

Cooper, 2011). 

 The RalA-exocyst pathway was reported to regulate exocyst function in 

neurite branching (Lalli and Hall, 2005), and the exocyst accumulates at the tip of 

the future axon in Stage 3. Biochemical evidence shows a progressive interaction 

between the exocyst and the polarity complex during polarization, in Particular, 

with Par3 and aPKC (Lalli, 2009), depending on RalA activation (Das et al., 

2014a). 

 Noteworthy, the Sec15 exocyst subunit colocalized selectively with the 

recycling endosome marker Rab11 and exhibited a GTP-dependent interaction 
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with Rab11 GTPase (Zhang et al., 2004). Rab11 regulates endosomal/plasma 

membrane interactions by controlling membrane traffic through recycling (Chen 

et al., 1998). Interestingly, BDNF regulates the dynamics of recycling endosomes 

by increasing the activity of Rab11 and recruiting Rab11-positive vesicles to 

dendrites. This higher activity of Rab11 led to increased dendritic branching and 

accumulation of TrkB in dendrites, enhancing sensitization to endogenous BDNF 

(Lazo et al., 2013). Interestingly, Rap1 has been shown to co-localize with E-

cadherin at the Rab11-positive recycling endosome compartment (Balzac et al., 

2005). Thus, the interaction of the Rap1-exocyst and BDNF-Rab11 pathway 

might open an alternative view to the local amplification mechanisms for axon 

formation proposed by Cheng et al. (Cheng et al., 2011b), thus representing 

another positive-feedback loop in promoting TrkB anterograde transport. A 

possible role of EPAC-Rap1B in the context of this process remains unknown. 

However, in our work, we showed an accumulation of RalGDS-GFP along the 

axon upon EPAC activation by 8-pCPT, which may give insight to the hypothesis 

of a regulation of the exorcyst in neuronal polarity probably through EPAC-Rap1B 

signalling.  

 In our work we used recently developed EPAC pharmacological inhibitors 

(chapter 4), which support the idea that EPAC1 is the GEF responsible for 

Rap1B activation. Our results are consistent with studies showing that ESI-09 is 

a potent EPAC inhibitor 100-fold selective on EPAC over PKA (Almahariq et al., 

2013). Although it has been shown some in vitro artifacts with ESI-09, raising 

concerns about the selectivities for EPAC 1 and EPAC2, the concentration used 

in this work (15�M) is far below those used in previous studies (Rehmann, 
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2013). A close analysis of working conditions used by Rhemann, revealed 

important differences from the work by Almahariq et al., who characterized ESI-

09 in vitro and physiologically using Rap1 activity as a readout (Almahariq et al., 

2013). It was shown that Rap1 activity is reduced in the presence of ESI-09, 

during pancreatic cancer cell migration, an effect that reproduced genetic 

inactivation using siRNA against EPAC. However, in the work of Rehman 2013, 

ESI-09 induces loss of exchange activity on EPAC over time, but not as a 

selective inhibitor of EPAC; ESI-09 competes with cAMP, having an affect on the 

catalytic CDC25-homology domain of EPAC directly, which likely explains its 

apparent inhibitory effects and impact on Rap1B activity. Nevertheless, recent 

studies show no physiological side effects of ESI-09. ESI-09 antagonizes myelin 

sheath formation and Schwann cell differentiation, which is linked to EPAC 

functions (Bacallao and Monje, 2013) and in vivo inhibition of EPAC with ESI-09 

recapitulates the rickettsial infection effects found in EPAC1 knockout mice 

(Gong et al., 2013). Moreover, we used the EPAC1 inhibitor, CE3F4 (Courilleau 

et al., 2013) in N1E-115 cell lines during neuronal differentiation (chapter 6). We 

observed that the cells showed defects in differentiation when EPAC1 is 

inhibited, a future characterization of these tools will help to the study of EPAC. 

Nevertheless, all these evidence leads us to the conclusion that ESI-09 indeed 

reduced EPAC1 activity in neurons, although more details on the physiological 

effects of this compound are still to be discovered. 

 We cannot rule out the possibility that EPAC2 may also be involved in 

axonogenesis, since both EPAC1 and EPAC2 proteins are expressed throughout 

the brain, including in the hippocampus and cortex. However, our subcellular 
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distribution experiments and the differential effect of ESI-09 suggest that EPAC1 

is most likely responsible for Rap1B activation during neuronal polarity, since its 

distribution and high level of expression in the transition between stage II and III 

is similar to other regulators and determinant of polarity that accumulate in a 

single neurite (chapter 3, 4). The accumulation of a molecule or a protein 

complex in a single neurite during the transition from a highly symmetric cell to a 

polarized neuron is a common molecular mechanism which is fulfilled by Rap1B 

(Schwamborn and Puschel, 2004), Cdc42 (Schwamborn and Puschel, 2004), Par 

complex (Shi et al., 2003), pAkt (Yan et al., 2006) and LkB1/pLKB1 (Shelly et al., 

2007). It is accepted that the accumulation of proteins depends on their local 

turnover, positioning proteasome activity as a fundamental player to specifically 

enrich molecular determinants in neurons (Arimura and Kaibuchi, 2007). 

Throughout our study, we focused our attention on EPAC functions. However, we 

also studied the cross talk between cAMP/PKA and cAMP/EPAC dependent 

pathways. PKA has been shown to regulate neuronal polarity by two 

complementaty mechanisms (chapter 3, 4). On the one hand, PKA 

phosphorylates Smurf1 in response to the neurotrophyn brain-derived 

neurotrophic factor (BDNF), reducing the degradation of a member of the polarity 

complex, Par6. Par6 is an axonal growth-promoter protein that increases the 

degradation of the smallGTPase RhoA, which is an axonal growth-inhibitor 

protein. On the other hand, PKA activates the liver kinase B1 (LKB1) that 

phosphorylates and activates the synapses of the amphid defective kynesin 

(SADK) and promotes axonogenesis. Our results show that EPAC activation with 

8-pCPT did not affect PKA dependent signalling in treatments on the 



Chapter 7 

	 348	

neuroblastoma cell line, following the same criteria of Cheng’s work (2013). We 

found that levels of Par6 and Rhoa were not significantly different from the 

control cells, suggesting that the changes seen in gains and losses of function of 

the EPAC pathway correlated more with a pathway exclusively through Rap1B. 

Another point supporting the existence of an alternative cAMP pathway, 

dependent on EPAC, derives from the observation that the inhibition of PKI by 

synthetic peptide does not impair axon formation in rat neurons, and that the 

specific antagonist Rp-8-CPT-cAMPs does not impair axon formation in mouse 

neurons either (chapter 3, 4). We determine that 20 �M of PKI and Rp-8-CPT-

cAMPs are enough to produce significant reductions on phosphorylation of total 

PKA-specific substrates alone or in the presence of 8-pCPT in neurons. In fact, 

we found neurons with multiple axons when we combined EPAC activation with 

PKA inhibition. Although concentrations of inhibitor and agonist for PKA were not 

sufficient to induce complete inhibition of PKA phosphorylation, we avoided using 

higher concentrations of PKA inhibitor. Higher concentrations may induce 

artifacts similar to those observed when using higher doses of other PKA 

inhibitors, such as H89 and KT5220 and cause unwanted side effect affecting 

PKC and ERK functions (Murray, 2008). Nevertheless, PKI induced 

morphological changes in neurons, impairing axonal elongation in rat 

hippocampal neurons. Interestingly, we found that neuronal differentiation in 

N1E-115 it can be drive by EPAC or PKA independently. Considering the 

evidence accumulated in this work, it seems reasonable to propose that cAMP 

signalling related to axonal determination and elongation is influenced by both 

EPAC and PKA, through two apparently independent mechanisms. 
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EPAC1 and EPAC2 bind cAMP with similar affinity as PKA holoenzyme, 

suggesting that both factors may respond to similar physiological concentrations 

of this second messenger (Dao et al., 2006). The concerted functions of EPAC 

and PKA signalling has been shown to be dependent on cellular context and 

processes (Grandoch et al., 2010a). Activation of EPAC-dependent pathways 

may target several molecules widely accepted to regulate axon formation and 

elongation such as, c-Jun N-terminal kinase (JNK) (Hochbaum et al., 2003; Oliva 

et al., 2006), the small GTPase Rit (Shi and Andres, 2005; Shi et al., 2006), the 

small GTPase Ras (Li et al., 2006; Lopez De Jesus et al., 2006; Yoshimura et al., 

2006b) and Rho/Cdc42/Rac1 (Schwamborn and Puschel, 2004; Moon et al., 

2013). An additional regulation point for such complementary mechanisms would 

be related to extracellular cues that trigger neuronal polarization, such as BNDF 

elevating cytoplasmic cAMP, leading to increased axonal elongation (Cheng et 

al., 2011b; Nakamuta et al., 2011a). In contrast, NGF is not able to trigger axon 

elongation in cultured neurons, despite the induction of the activation of C3G, 

another Rap1B-GEF (Nakamuta et al., 2011a). This reinforces present findings 

that position EPAC as the GEF involved in Rap1B activation during neuronal 

polarization. Finally, extrinsic or intrinsic mechanisms triggering neuronal polarity 

ultimately modify cytoskeleton dynamics. Further evidence should be addressed 

to study the impact of EPAC functions over Rho (Schwamborn and Puschel, 

2004; Moon et al., 2013), Rac (Lin et al., 2000; Nishimura et al., 2005; Zaldua et 

al., 2007) and the polarity complex Par3/Par6/aPKC in hippocampal neurons.  

In summary, we found a possible role of EPAC in axon determination, suggesting 

that their activity might be required during polarization in neuronal polarity 
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thorugh Rap1B presenting EPAC1 as the GEF of Rap1B. This could protect from 

Smurf2 degradation during polarization, activating Rap1B in the tip of the axon. 

However, the sequential activation of Rap1B and Cdc42 in neuronal polarity is 

likely local and not global, since we could not observe any changes in the activity 

of Cdc42. We think that an alternative pathway downstream of EPAC-Rap1B 

might be the exocyst complex involving the smallGTPase RalA, thereby providing 

another link to membrane addition and cAMP signalling during axon elongation. 

Furthermore, better tools are needed to elucidate the role of PKA inhibition in 

neuronal polarity. Figure 1 in this section shows the tentative model of EPAC in 

neuronal polarity.  

To our knowledge, this is the first evidence of a molecular mechanism explaining 

Rap1B activation during neuronal polarity, which, in addition, links two 

complementary signalling cascades activated by cAMP.  
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Figure legend 

Figure 1: cAMP-EPAC signalling pathway in axon formation: 

In response to the activation of cell surface receptors by neutrophins or 

extracellular ligands, the levels of cAMP becomes increased, activating EPAC1 

and PKA. EPAC activated Rap1B locally, which regulates axon formation via the 

exocyst complex by RalA or the polarity complex trough Cdc42.  Complementary 

PKA regulates axon formation trough Smurf1 and LKB1. Both pathways work 

together in cytoskeleton dynamics and membrane delivery to form the axon. 

Black question marks indicate that the mechanism by which these receptors 

increase cAMP levels is unclear. The red question mark indicates that the 

mechanism that induced polarization after PKA inhibition is unclear. 
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Figure 1 
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Summary 

 The present evidence in this work highlights the role of EPAC in neuronal 

polarity through its effector Rap1B. These results re-open an old discussion that 

was never resolved; how can Rap1B, localized in the tip of the axon, lead to 

recruitment of the polarity complex and induction of axon formation? Using 

various tools, we show that EPAC1, but not EPAC2, is the main isoform of EPAC 

involved in this process. EPAC2 on the other hand is only lowly expressed and 

shows a much more diffuse distribution profile. 

 We were able to show that either genetic activation or pharmacological 

inhibition of EPAC could induce morphological changes in the neuron, resulting in 

multiple axons and a reduced axon length as well as total number of polarized 

neurons respectively. This phenomenon is shared by several other regulators of 

neuronal polarity. Noteworthy, the multiple axons induced by EPAC present 

mature neuronal markers such as VGLUT1, synapthophisin and AnkG in the 

axonal initial segment. Furthermore, upon pharmacological modulation we found 

that EPAC acts upstream of aPKC, a protein that interacts with the Par3/Par6 

polarity complex. In addition, EPAC was found to be upstream of PI3K, a protein 

that is involved in polarization and is connected to the signalling of Rap1B. The 

robustness of this pathway translates to other models as well. We determined 

that pharmacological activation and inhibition of EPAC affects neuronal 

differentiation in a neuroblastoma cell line in a way that is reminiscent of PKA 

signalling, another cyclic AMP driven pathway that regulates polarity. 
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 Additionally, we showed that morphological changes of the neuron are not 

affected by PKA inhibition and that this inhibition does not induce loss of 

polarization in the neurons. In addition, inhibition of PKA and EPAC combined 

does not induce a different phenotype comPared to EPAC inhibition alone. These 

findings suggest that in embryonic neurons the EPAC signalling pathway 

probably acts complementary to PKA signalling in the cyclic AMP cascade. 

Future work should be aimed at elucidating the role of PKA inhibition in the 

neuron. 

 Finally, it remains unclear how the changes in EPAC-Rap1B can be linked 

to activation of Cdc42, a connection that was established years ago. We were not 

able to corroborate these findings; activation of EPAC leads to global activation 

of (GTP-bound) Rap1B, but not of Cdc42. We propose that future work may 

involve the use of FRET probes that might help to elucidate locally whether 

Cdc42 is activated in the axon. Another potential explanation may be that EPAC-

Rap1B does not signal via Cdc42, but via RalA and the ‘exocyst complex’, 

another signalling pathway that regulates neuronal polarity and is possibly 

associated with Rap1B. 



 

	 374	

Nederlandse samenvatting 

 In dit proefschrift wordt ingegaan op de rol van EPAC en Rap1B bij 

neuronale polariteit. De resultaten besproken in dit proefschrift heropenen een 

oude discussie binnen het veld; hoe kan Rap1B gelokaliseerd in de tip van het 

axon het polariteits complex recruiteren en axon formatie stimuleren? Op basis 

van eiwit expressie en subcellulaire lokalisatie laten we zien dat EPAC1, itt 

EPAC2, de belangrijkste EPAC isoform in dit proces is. 

 Morfologische veranderingen op het niveau van het axon kunnen worden 

geinduceerd door zowel farmacologisch als genetisch EPAC activiteit te remmen 

danwel te activeren. EPAC activatie resulteert in meerdere axonen per neuron, 

terwijl inhibitie leidt tot verkorte axonen en verminderd gepolariseerde neuronen. 

Deze resultaten zijn overeenstemmend met andere eiwitten die betrokken zijn bij 

polariteit. Interessant is dat de meerdere axonen die ontstaan na EPAC activatie 

allemaal markers voor volledig ontwikkelde neuronen laten zien, waaronder 

VGLUT1, Synapthophisin en AnkG. EPAC signaleert hierbij via aPKC, een eiwit 

dat interactie aangaat met het Par3/Par6 polariteitscomplex. Ook PI3K blijkt 

betrokken in dit proces en wordt aangestuurd door EPAC. PI3K heeft ook een rol 

in polariteit en is verbonden met Rap1B signalering. De robuustheid van dit 

proces vertaalt zich ook naar andere modellen. Farmacologische activatie of 

inhibitie van EPAC beïnvloed tevens de neuronale differentiatie in neuroblastoma 

cellijnen, op een manier die doet denken aan PKA signalering, een andere 

cyclisch AMP gedreven signaalroute die betrokken is bij polariteit. 
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Inzicht in de onderliggende mechanismen leert ons dat PKA inhibitie geen 

invloed heeft op de morfologie van het axon, zoals eerder werd beschreven. 

Tevens is de morfologie van het axon na EPAC activatie in combinatie met PKA 

inhibitie niet anders dan na EPAC activatie alleen. De EPAC signaal route 

functioneert daarom waarschijnlijk complementair aan die van PKA en cyclisch 

AMP signalering in embryonale neuronen en toekomstig werk zal de rol van PKA 

in het neuron moeten bevestigen. 

 Tot slot is het nog onduidelijk hoe EPAC-Rab1B gepaard gaat met Cdc42 

activatie, zoals eerder werd beschreven. Deze bevindingen hebben wij niet aan 

kunnen tonen; activatie van EPAC leidt tot activatie (GTP-gebonden) van Rap1B, 

maar niet van Cdc42. Een toekomstig experiment in het verlengde hiervan is het 

gebruik van FRET probes, waardoor het wellicht mogelijk wordt om lokaal vast te 

kunnen stellen of Cdc42 geactiveerd wordt in het axon. Een andere verklaring is 

dat EPAC-Rap1B neuronale polariteit niet aanstuurt via Cdc42, maar via RalA en 

de ‘exocyst’, een andere signaalroute die betrokken is bij neuronale polariteit en 

mogelijk een connectie heeft met Rap1B. 
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