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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 
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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 



EPAC-Rap1B regulates the polarity complex in neuronal polarization 
	

	 130	

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 



EPAC-Rap1B regulates the polarity complex in neuronal polarization 
	

	 140	

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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