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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 



Chapter 6 

	 296	

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 
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(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 
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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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