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Abstract

Rap1 is a small GTPase that has been implicated in dendritic development and plasticity. In this 

study, we investigated the role of Rap1 in axonal growth and its activation in response to 

neurotrophins and myelin-associated inhibitors. We report that Rap1 is activated by brain-derived 

neurotrophic factor (BDNF), and that this activation can be blocked by myelin-associated 

glycoprotein (MAG) or CNS myelin, which also induced increases in Rap1GAP1 levels. In 

addition, we demonstrate that adenoviral overexpression of Rap1 enhances neurite outgrowth in 

the presence of MAG and myelin, while inhibition of Rap1 activity through overexpression of 

Rap1GAP1 blocks neurite outgrowth. These findings suggest that Rap1GAP1 negatively regulates 

neurite outgrowth, making it a potential therapeutic target to promote axonal regeneration.

Introduction

The seminal work of David and Aguayo (1) demonstrated that neurons in the adult 

mammalian central nervous system (CNS) do not irreversibly lose regenerative capacity 

upon differentiation and establishment of connectivity. When provided with a permissive 

environment, the severed axons of adult neurons were able to regenerate over long distances 

(1). However, in the milieu of the injured CNS, attempts at regeneration fail, largely because 
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of numerous inhibitory factors such as myelin-associated inhibitors and components of the 

astroglial scar (2, 3, 4).

While inhibitory molecules feature prominently in the injured CNS, potent promoters of 

axonal growth, such as neurotrophins (5) and the cell adhesion molecules L1 and laminin 

(6), are also upregulated. Regenerating axons therefore receive input from both growth-

inhibiting and growth-promoting signals, with the resulting output skewed towards 

inhibition. Consequently, it is crucial to identify convergence points in the signaling 

mechanisms for pro-regenerative and inhibitory factors – with the goal of manipulating these 

pathways so that the outcome can be shifted towards regeneration.

Small GTPases are logical candidates for this role, as they serve as natural integration points 

for the positive and negative cues that influence cytoskeletal dynamics within the growth 

cone. Proteins such as Rac1, Cdc42, and RhoA have direct effects on actin polymerization, 

and RhoA has been identified as a key factor in mediating inhibition by MAG (7, 8). Like all 

small GTPases, these proteins are activated by guanine nucleotide exchange factors (GEFs) 

and inactivated by GTPase activating proteins (GAPs). The equilibrium between GEF and 

GAP activity determines whether the protein will assume an active, GTP-bound or inactive, 

GDP-bound conformation. While members of the Rho subfamily have well-established roles 

in neural plasticity, less is known about Rap1, a member of the Ras subfamily, but it has 

been shown to be an important regulator of diverse neuronal functions such as migration, 

dendrite formation, and neurotrophin signaling (9, 10, 11, 12). To date, nine GEFs and five 

GAPs have been identified for Rap1, with Rap1GAP1 being the most widely studied of the 

GAPs (13). The majority of the GEFs are activated by receptor tyrosine kinases and second 

messengers such as Ca2+ and diacylglycerol (13, 14), but Rap1 is also regulated by a unique 

class of GEFs known as exchange proteins directly activated by cyclic AMP (EPACs; 14, 

15). In light of previous studies from our laboratory and others demonstrating that elevation 

of intracellular cyclic AMP (cAMP) levels allows neurons to overcome inhibition by MAG 

and myelin (16, 17, 18, 19), we hypothesized that Rap1 may regulate axonal growth by 

integrating signals from myelin-associated inhibitors and cAMP. We therefore investigated 

whether MAG and myelin block activation of Rap1, and if Rap1 activation has an impact on 

neurite outgrowth.

Materials and Methods

All animal experiments were approved by the Institutional Animal Care and Use Committee 

at Hunter College, City University of New York. Hunter College has AAALAC 

accreditation. The experiments were carried out in accordance with NIH guidelines for use 

and care for laboratory animals, and the United States Public Health Service’s Policy on 

Humane Care and Use of Laboratory Animals. These regulations are consistent with the EU 

Directive 2010/63/EU for animal experiments.

Isolation of primary neurons

Rat cerebellar granule neurons (CGN), hippocampal neurons, and cortical neurons were 

prepared as described previously (20). The cerebella from postnatal day 5-6 (P5-6) Long 

Evans rats were dissected, collected in Neurobasal-A media (Invitrogen), and treated with 
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papain (0.5 mg/ml, Sigma) and DNAse (100 μg/ml, Worthington) for 30 minutes. Enzymatic 

activity was stopped with soybean trypsin inhibitor (Sigma). After washing with 

Neurobasal-A media and trituration of the tissue, neurons were collected by centrifugation 

and resuspended in modified SATO media for plating (20). Cerebral cortices and 

hippocampi were isolated from P1-3 Long Evan rats and treated with papain, followed by 

purification of neurons using OptiPrep density gradients (Sigma). Neurons were plated in 

modified SATO media. Rat dorsal root ganglion (DRG) neurons were prepared as described 

previously (21). The ganglia were removed from P5-7 Long Evans rats and incubated for 30 

minutes at 37°C in L15 media with trypsin (0.025%, Gibco) and collagenase (0.3%, 

Worthington). DMEM with 10% fetal bovine serum (FBS) was added to inactivate the 

trypsin. Ganglia were triturated and DRG neurons were collected by centrifugation and 

resuspended in modified SATO media.

Treatments

Experiments with 8-(4-Chlorophenylthio)-2′-O-methyladenosine-3′,5′-cyclic 
monophosphate (8-CPT)—For priming experiments, CGN were treated with 1 mM 

dbcAMP (Calbiochem; positive control), or with 8-CPT (Tocris) at concentrations of 0.25, 

0.5, and 1 mM. Neurons were plated in poly-L-lysine (PLL)-coated 24-well culture dishes at 

a density of 1×106 neurons per well and incubated for 16 hours. Neurons were then 

trypsinized, and used in neurite outgrowth assays. Additional CGN were treated with 0.5 or 

1 mM 8-CPT, or 1 mM dbcAMP and used immediately in neurite outgrowth assays.

Recombinant adenoviruses—Plasmids expressing wild type Rap1 or Rap1F64A were 

kindly provided by Dr. O. Daumke (22). Rap1GAP1-expressing plasmids were kindly 

provided by Dr. P.J. Casey (23). cDNAs were subcloned into pTRACK CMV and then 

inserted by homologous recombination into pAdeasy-1 (Agilent Technologies). The viral 

preparation and purification was carried out as previously described (24). For the 

experiments, DRG or hippocampal neurons were plated overnight at 37°C in PLL-coated 

24-well plates. Neurons were then transduced with adenoviruses at a final concentration of 

1010 plaque-forming units (PFU)/ml. Infected neurons were incubated overnight at 37°C 

before being trypsinized and used in neurite outgrowth assays.

siRNA experiments—Rap1GAP-specific short interfering RNA (siRNA) and negative 

control siRNA were obtained from Qiagen (FlexiTube siRNA, catalogue number 

SI01737043, target sequence 5′-CACAGCCAGAATCTACCGGAA-3′ and AllStars 

negative control siRNA, SI03650318) and transfected into neurons using the Neon 

Transfection system (Life Technologies). All procedures were carried according to the 

manufacturer’s protocol using two pulses of 1150 V and 10 milliseconds. Freshly isolated 

hippocampal or cortical neurons were washed once in PBS, collected by centrifugation, and 

resuspended in transfection buffer. For each transfection, 0.3 nmol of siRNA was added to 

the neurons and they were immediately plated in 24-well tissue culture dishes at a density of 

0.5×106 neurons per well with Neurobasal-A media supplemented with B27 (Gibco). After 

an overnight incubation at 37°C, neurons were trypsinized and used in neurite outgrowth 

assays, or lysed for Western blotting to confirm Rap1GAP knockdown.
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Neurite outgrowth assays

Monolayers of control or MAG-expressing CHO cells were prepared as described previously 

(21). 8-well tissue culture slides (Lab-Tek) were treated for 30 minutes at room temperature 

with poly-L-lysine (20 μg/ml, Sigma), followed by incubation with fibronectin (10 μg/ml, 

Sigma) for 2 hours at 37°C. CHO cells were plated in the wells a concentration of 250,000 

cells/ml and grown overnight at 37°C to form near-confluent monolayers. As an alternative 

substrate, neurons were cultured on CNS myelin (25, 26). 8-well tissue culture glass slides 

(Lab-Tek) were coated with 20 μg/ml PLL at room temperature for 30 minutes. Rat CNS 

myelin was then added to the PLL-covered slides at 2 μg of total protein per well and 

desiccated overnight.

Neurons were plated at a density of 1.5×104 cells per well in modified SATO media (300 μl 

of media per well, 2×104 neurons per cm2). Neurons plated on the CHO cell monolayers 

were incubated for 18-22 hours, while neurons plated on myelin substrates were allowed to 

grow for 22-24 hours. Neurons were then fixed with 4% paraformaldehyde, permeabilized 

with ice-cold methanol, and immunostained with anti-β-III-tubulin antibody (1:1000, 

BioLegend, #801213) followed by Alexa Fluor 568-conjugated anti-mouse IgG (1:2000, 

Invitrogen, #10037). Images were acquired and the length of longest neurite for each neuron 

was measured using MetaMorph software (Molecular Devices). A minimum of 200 neurons 

per condition were measured in each experiment. For neurons infected with adenoviruses, 

neurite length was measured only for neurons that were positive for both GFP and βIII 

tubulin, which ensured that only infected neurons were analyzed.

Western blotting experiments examining Rap1GAP1 levels

For experiments examining the effects of MAG and myelin on Rap1GAP levels, CGN or 

cortical neurons were plated in PLL-coated dishes (20 million cells per plate) for 24 hours 

and then treated with either 20 μg/ml MAG-Fc or 20 μg/ml CNS myelin for 20 minutes at 

37°C. In a subsequent series of experiments examining Rap1GAP expression, cortical 

neurons received one of the following treatments: 1 mM dbcAMP for 10 or 20 minutes, 0.5 

mM 8-CPT for 20 minutes, or 2 ng/ml PTX (Sigma) for 30 or 60 minutes. Untreated 

neurons were used as controls in all experiments.

Cells were lysed in 1X RIPA buffer and samples containing equal amounts of protein were 

combined with Laemmli sample buffer. SDS-PAGE was performed using 6% 

polyacrylamide gels and proteins were transferred to PVDF membranes at 70V for 1 hour. 

Membranes were probed overnight with anti-Rap1GAP monoclonal antibody (1:1000, 

Millipore Sigma, #04-413), followed by HRP-conjugated anti-rabbit IgG (1:2000; Cell 

Signaling Technology, #7074). Signals were detected with Pierce ECL Western Blotting 

Substrate or SuperSignal West Femto Maximum Sensitivity Substrate. Membranes were 

stripped and reprobed using anti-actin polyclonal antibody (1:1000; Sigma, #A2066), 

followed by HRP-conjugated anti-rabbit IgG (1:2000; Cell Signaling Technology, #7074). 

Densitometric measurements of the resulting bands were made using ImageJ software.
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Rap1 activation assays

CGN or cortical neurons were cultured on PLL-coated 10 cm plates (20 million neurons per 

plate) overnight in modified SATO media and 4 hours prior to treatment the media was 

changed to unsupplemented DMEM. Cells received one of the following treatments: 200 

ng/ml BDNF for 20 minutes, 20 μg/ml MAG-Fc or CNS myelin for 20 minutes followed by 

200 ng/ml BDNF for 20 minutes, 0.5 mM 8-CPT for 20 minutes, 20 μg/ml MAG-Fc for 20 

minutes followed by 0.5 mM 8-CPT for 20 minutes, 20 μg/ml MAG-Fc or CNS myelin for 

20 minutes, 1 mM dbcAMP for 20 minutes, or 20 μg/ml MAG-Fc for 30 minutes followed 

by 1 mM dbcAMP for 20 minutes. Rap1 activation assays were then performed using Rap1 

Activation Assay Kits (Millipore Sigma, 17-321). Cells were lysed in lysis buffer 

supplemented with PMSF (0.1M), protease and phosphatase inhibitor cocktails 

(Calbiochem). The lysates were cleared by centrifugation and incubated with Ral GDS-RBD 

agarose slurry for 45 minutes at 4°C to pull down activated Rap1. Beads were precipitated 

by centrifugation, washed, and GTP-bound Rap1 was eluted from the beads using Laemmli 

sample buffer. Proteins were resolved by SDS-PAGE using 15% polyacrylamide gels, and 

transferred to PVDF membranes at 60V for 1 hour. Membranes were incubated overnight 

with rabbit anti-Rap1 (1:500, Millipore Sigma, #07-916) antibody, followed by incubation 

with HRP-conjugated anti-rabbit IgG (1:2000; Cell Signaling Technology, #7074), and 

detected with Pierce ECL Western Blotting Substrate or SuperSignal West Femto Maximum 

Sensitivity Substrate. Total Rap1 levels were assessed using input samples obtained prior to 

the Rap1 pulldown. The conditions for SDS-PAGE, Western blotting, and visualization of 

total Rap1 were identical to those used for analysis of GTP-bound Rap1. Densitometric 

measurements of the resulting bands were made using ImageJ software.

Statistical analysis

Statistical analyses were done with GraphPad Prism software (GraphPad). Data are 

presented as mean ± SEM from at least 3 independent experiments. Paired one-tailed 

Student’s t test was used to compare two groups and one-way ANOVA followed by 

Bonferroni’s multiple comparisons test was used to assess significance between three or 

more groups.

Results

MAG and myelin block activation of Rap1 by BDNF and EPAC.

We first examined whether neurotrophins and myelin-associated inhibitors have opposing 

effects on Rap1 activation. There is substantial evidence that neurotrophins act through 

extracellular signal-regulated kinase 1/2 (Erk1/2) to activate Rap1 in a variety of neuronal 

populations, including cortical and dorsal root ganglion neurons (11, 27). In addition, our 

laboratory has previously demonstrated that pre-treatment (priming) with brain-derived 

neurotrophic factor (BDNF) renders cerebellar granule neurons (CGN) insensitive to the 

inhibitory effects of MAG and myelin (16). We subsequently reported that BDNF elicits this 

response through activation of Erk1/2 and suppression of phosphodiesterase-4 activity, 

which in turn leads to increased cAMP levels, activation of cAMP-responsive element 

binding protein (CREB), and reversal of myelin-mediated inhibition (16, 28).
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To determine if Rap1 is activated in response to BDNF, P5-7 CGN were treated with 200 

ng/ml BDNF for twenty minutes and pull-down assays for active Rap1 were performed. 

Levels of GTP-bound Rap1 were significantly increased after treatment with BDNF (Fig. 

1A–C); however, when neurons were treated with 20 μg/ml MAG-Fc or CNS myelin prior to 

the addition of BDNF, this increase in Rap1 activation was eliminated (Fig. 1A–C). In the 

case of the treatment with CNS myelin, a reduction in total Rap1 levels may have 

contributed to this effect (Fig. 1B). Since BDNF treatment leads to elevation of intracellular 

cAMP (16), it is probable that the activation of Rap1 was mediated through EPAC, and so, 

we next determined if MAG and myelin could inhibit the downstream effects of EPAC. CGN 

were treated with 0.5 mM 8-CPT-2Me-cAMP (8-CPT), a specific pharmacological activator 

of EPAC (29), and as expected, this induced a substantial increase in Rap1 activation (Fig. 

2A). However, when neurons were pre-treated with MAG-Fc, activation of Rap1 by 8-CPT 

was inhibited (Fig. 2A). Several studies have shown that 8-CPT can enhance neurite 

outgrowth and growth cone turning responses in a permissive environment (30, 31, 32), and 

so, we tested whether 8-CPT could also enhance neurite growth in the presence of MAG. We 

found that, similar to the effects of BDNF (16) and dbcAMP (Fig. 2B), priming with 8-CPT 

significantly increased neurite outgrowth on MAG-expressing Chinese hamster ovary (CHO) 

cells (Fig. 2B). However, when the neurons were treated with 8-CPT immediately prior to 

plating, neurite outgrowth was still strongly inhibited by MAG when compared to neurons 

treated with dbcAMP (Fig. 2C). Together, these results indicate that induction of EPAC and 

Rap1 activity contribute to overcoming inhibition by MAG, while acute exposure to myelin-

associated inhibitors blocks BDNF- and EPAC-mediated activation of Rap1. The latter effect 

also supports our previous findings showing that myelin-associated inhibitors interfere with 

neurotrophin signaling, thus preventing accumulation of cAMP (16) and activation of CREB 

(33), and leading to inhibition of neurite outgrowth.

MAG and myelin increase Rap1GAP1 levels, leading to inactivation of Rap1.

We next addressed the question of whether MAG and myelin can influence Rap1 activation 

through inhibition of Rap1 GEFs, or stimulation of Rap1 GAP activity. Rap1 possesses low 

levels of intrinsic GTPase activity (34), and consequently, it has been proposed that 

inactivation of Rap1 is regulated primarily by Rap GAPs (35). Furthermore, Rap1GAP1 is 

widely expressed in CNS structures such as the striatum, hippocampus, mesencephalon, and 

cerebellum (10, 36), which places it in the proper spatial context to influence Rap1 activity 

in neurons. This prompted us to examine the effects that MAG and myelin exert on 

Rap1GAP1. We determined that levels of Rap1GAP1 were significantly higher following 

treatment with 20 μg/ml MAG-Fc or CNS myelin (Fig. 3A, B). Moreover, these MAG- and 

myelin-mediated increases in Rap1GAP1 levels resulted in a corresponding decrease in 

levels of GTP-bound Rap1 (Fig. 3C, D), which indicates that there is a direct correlation 

between levels of Rap1GAP1 and Rap1 activity. There are two possible explanations for the 

effects of myelin-associated inhibitors on Rap1GAP1 levels. The first is that MAG and 

myelin increase Rap1GAP1 expression, and the second is that proteosomal degradation of 

Rap1GAP1 is reduced in the presence of these inhibitors, leading to elevated levels of 

protein within the neuron. Our observations also place Rap1 among the other small 

GTPases, such as RhoA (8) and Rac (37), that are modulated by myelin-associated 

inhibitors.
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Neurite outgrowth is influenced by Rap1 activity.

To test whether Rap1 activity has effects on axonal growth, we assessed neurite outgrowth 

on permissive and inhibitory substrates following either overexpression or suppression of 

Rap1. To examine the impact of Rap1 overexpression, we constructed GFP-tagged 

adenoviruses expressing either wild-type Rap1, or a constitutively active mutant form of 

Rap1 (F64A) that is insensitive to regulation by Rap1GAPs (22). Hippocampal and DRG 

neurons were infected with virus and after 1 day in culture, the neurons were transferred to 

monolayers of control or MAG-expressing CHO cells or CNS myelin substrates, where they 

were incubated for an additional 24 hours. For the measurements of neurite length, only 

cells that were positive for both the neuronal marker βIII-tubulin and GFP were included in 

the analysis. For neurons infected with a control adenovirus expressing GFP, neurite 

outgrowth on both MAG and CNS myelin was strongly inhibited (Fig. 4A, B), but neurons 

overexpressing wild-type Rap1 displayed significant increases in neurite length on both 

MAG and myelin (Fig 4A, B). Similarly, overexpression of Rap1F64A also significantly 

increased neurite outgrowth on inhibitory substrates compared to GFP controls (Fig. 4A, B). 

These results indicate that sustained induction of Rap1 activity can overcome inhibition by 

CNS myelin and thereby directly influence the rate of neurite extension.

To demonstrate that neurite outgrowth can be adversely affected by reductions in Rap1 

activity, neurons were infected with adenoviruses expressing Rap1GAP1. We observed that 

overexpression of RapGAP1 severely limited the ability of neurons to extend neurites on 

both control and MAG-expressing CHO cells, as neurite length was significantly reduced on 

both substrates (Fig. 5A). To confirm that this effect is mediated through Rap1GAP1, we 

then conducted additional experiments in which Rap1GAP1 expression was knocked down 

with siRNA (Fig. 5B). Neurons were transfected with non-targeting or Rap1GAP1 siRNA 

for 24 hours and then transferred to CHO cell monolayers or CNS myelin. Neurite 

outgrowth was strongly inhibited by MAG and myelin for neurons transfected with non-

targeting siRNA (Fig. 5C), but siRNA knockdown of Rap1GAP1 reversed the inhibitory 

effects of MAG and myelin and enabled neurons to extend significantly longer neurites on 

both substrates (Fig. 5C). These observations reinforce our prior conclusion that Rap1 

activity promotes axonal growth and in addition, they demonstrate that Rap1GAP1 plays a 

prominent role in facilitating myelin-mediated inhibition.

Dibutyryl cAMP decreases Rap1GAP1 protein levels.

In our preceding experiments, we demonstrated that the EPAC-specific cAMP analogue 8-

CPT induces Rap1 activity, and that priming with 8-CPT overcomes inhibition by MAG. 

This is notably different from the effects of another cyclic AMP analogue, dibutyryl cAMP 

(dbcAMP), which stimulates downstream activation of both PKA and EPAC (28, 38) and 

blocks inhibition when added directly to neurons growing on MAG or myelin, with no need 

for priming (16). To investigate the reasons for this dichotomy, we examined whether these 

two cAMP analogues have differing effects on Rap1 activation and Rap1GAP1 expression. 

When neurons were treated with 1 mM dbcAMP for 20 minutes, we observed a significant 

increase in GTP-bound Rap1 (Fig. 6A), and this was reminiscent of the increased Rap1 

activation that was observed following 8-CPT treatment (Fig. 2A). Interestingly, when the 

neurons were treated with MAG-Fc prior to the addition of dbcAMP, the activation of Rap1 
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was unaffected (Fig. 6A). This stands in sharp contrast to the results obtained with 8-CPT, 

which showed that activation of Rap1 by 8-CPT was blocked by MAG (Fig. 2A). Given the 

importance of Rap1GAP1 levels regulating Rap1 activity, we then tested if dbcAMP reduces 

Rap1GAP1 levels, which would counteract the increase in Rap1GAP1 induced by MAG 

(Fig. 3) and prevent inactivation of Rap1. Treatment with dbcAMP for 20 minutes 

significantly decreased levels of Rap1GAP1 (Fig. 6B), while 8-CPT had no effect on 

Rap1GAP1 levels (Fig. 6C). This suggests that direct reversal of myelin-mediated inhibition 

requires suppression of RapGAP1, and that this suppression does not occur with agents that 

require priming to enhance neurite outgrowth. To test this, we revisited our previous findings 

showing that priming with BDNF overcomes inhibition by MAG and myelin, and that 

treatment with pertussis toxin (PTX) eliminated the need for priming, allowing BDNF to 

directly increase neurite outgrowth in the presence of myelin-associated inhibitors (16). 

When neurons were treated with PTX, we observed a significant, time-dependent decrease 

in Rap1GAP1 levels (Fig. 6D), and this likely accounts for the ability of PTX to enhance 

neurite outgrowth on inhibitory substrates. It also provides further support for our hypothesis 

that reducing Rap1GAP1 levels is essential for directly overcoming inhibition by MAG and 

myelin.

Discussion

Based on our observations, we have concluded that Rap1 serves as an important regulatory 

node for neurite outgrowth, integrating growth-promoting signals from neurotrophins and 

cAMP, as well as growth-inhibiting signals from CNS myelin. In addition, our data suggest 

that these factors influence Rap1 activity primarily through modulation of Rap1GAP1 levels. 

We therefore propose the following mechanism for Rap1’s ability to reverse inhibition by 

myelin-associated inhibitors (Fig. 7). Upon exposure to CNS myelin, Rap1GAP1 protein 

levels are increased and this facilitates the hydrolysis of GTP-bound Rap1 to its GDP-bound 

form, reducing its activity and contributing to the inhibition of neurite outgrowth. 

Conversely, elevation of intracellular cAMP, as can occur through administration of 

dbcAMP, reduces Rap1GAP1 levels and thereby maintains Rap1 activity at higher levels, 

which enables neurites to grow in the presence of myelin.

This putative mechanism allows us to view the data obtained in earlier studies of myelin-

mediated inhibition in a new and intriguing context. For example, we have previously 

reported that the ability of cAMP to overcome inhibition by MAG and myelin is dependent 

on the downstream activation of protein kinase A (PKA), as pharmacological inhibition of 

PKA with KT5720 or H89 blocked cAMP-induced increases in neurite outgrowth in vitro 
and in vivo (16, 17, 19). In a study of synaptic plasticity in striatal neurons, it was shown 

that PKA phosphorylates Rap1GAP1, leading to a decrease in its activity and a 

corresponding increase in Rap1 activation (10). PKA-mediated inhibition of Rap1GAP1 also 

significantly increased the head size of dendritic spines of cultured hippocampal neurons, 

which indicates that altering Rap1GAP1 function can elicit morphological changes as well 

(10). It is therefore plausible that the reductions in Rap1GAP1 levels and the increased 

neurite outgrowth observed in response to dbcAMP were mediated through PKA. This 

assertion is somewhat tempered by the fact that PKA also directly phosphorylates Rap1 and 

causes it to translocate from the cell membrane to the cytoplasm, where it encounters the 
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cytoplasmic pool of Rap1GAP1 and is rendered inactive (39), but the concomitant reduction 

in Rap1GAP1 protein levels likely offsets this effect and allows Rap1 activity to be 

maintained at a level that promotes axonal growth.

The exact mechanism by which cAMP reduces Rap1GAP1 levels is not known, but one 

possibility is increased proteosomal degradation of the protein. In the human Neuro2A cell 

line, neurite outgrowth can be mediated through the CB1 cannabinoid receptor, which is 

coupled to the G protein Gαo/i (40). Treatment with the CB1 receptor agonist HU-210 

activated the Gαo/i pathway, which in turn led to increased ubiquitination of Rap1GAP2 and 

its degradation by the proteasome (40). This resulted in increased Rap1 activity and neurite 

outgrowth, and importantly, the induction of Rap1 activity was dependent on the levels of 

Rap1GAP2 protein within the cell, as treatment with lactacystin, a proteasome inhibitor, 

blocked both the degradation of Rap1GAP2 and Rap1 activation (40). The findings of this 

study strongly parallel our current observations and therefore suggest that agents such as 

dbcAMP may enhance neurite outgrowth and Rap1 activation by promoting ubiquitination 

and degradation of Rap1GAP1.

Similarly, we must consider how myelin-associated inhibitors increase Rap1GAP1 levels 

and reduce activation of Rap1. MAG mediates inhibition by binding to a variety of 

receptors. The most well-defined of these is a receptor complex consisting of Nogo receptor 

1 (NgR1), p75 neurotrophin receptor or TAJ/TROY, and LINGO-1 (41, 42, 43, 44, 45), but it 

can also act through paired immunoglobulin receptor B (PirB; 46) and low density 

lipoprotein receptor-related protein (LRP1; 47). Binding of MAG to these receptors leads to 

activation of RhoA (8), but there is no evidence that they enhance the expression of 

Rap1GAP1. As noted previously, Rap1GAP is found predominantly in the cytoplasm (39), 

but it has also been shown that activation of muscarinic receptors can induce translocation of 

Rap1GAP2 to the cell membrane, where it inactivates Rap1 (48). We conducted cellular 

fractionation experiments to examine the subcellular localization of Rap1GAP1 following 

MAG treatment, and our preliminary results indicated that Rap1GAP1 was predominantly 

localized to the membrane under these conditions (data not shown). This would place 

Rap1GAP1 in the appropriate position to hydrolyze GTP-bound Rap1 and we believe that 

this accounts for the reductions in Rap1 activity that we observed in response to MAG and 

myelin.

One of the more surprising findings of this study was our observation that while both 

dbcAMP and 8-CPT activate Rap1, 8-CPT’s effects on Rap1 can be blocked by MAG and it 

also did not reduce Rap1GAP1 levels. Unlike dbcAMP, it also did not directly overcome 

inhibition by MAG in neurite outgrowth assays, but did have an effect when used for 

priming. Given EPAC’s ability to activate Rap1 and the fact that it is activated by cAMP (14, 

15), this raises questions about how dbcAMP and EPAC differentially promote axonal 

growth within an inhibitory environment. As we have noted above, it is likely that dbcAMP 

reduces Rap1GAP1 levels and enhances neurite outgrowth through downstream activation of 

PKA. Activation of EPAC occurs independently of PKA, which means that an alternative 

mechanism must be responsible for its effects on neurite outgrowth. Since EPAC is a GEF 

for Rap1, a direct effect on Rap1 activity is the most logical explanation. A previous study 

reported that 8-CPT significantly increased neurite outgrowth when adult DRG neurons 
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were grown on explants of adult rat spinal cord, but the duration of these assays was not 

noted (49). They also proposed that EPAC acts during the initiation phase of neurite 

outgrowth (49). Acute activation of Rap1 by 8-CPT may therefore be sufficient to initiate a 

growth response, but as our data show, 8-CPT has no effect on Rap1GAP1 and this may 

limit the extent of growth over a longer period of time. Prolonged exposure to MAG (as 

occurs in our neurite outgrowth assays) may further dampen the effects of 8-CPT by 

promoting localization of Rap1GAP1 to the cell membrane and Rap1 inactivation. With 

priming, however, the extended treatment with 8-CPT prior to exposure to MAG may allow 

Rap1 activity and Rap1GAP1 suppression to reach levels that allow the neurons to extend 

neurites in an inhibitory environment.

Like 8-CPT, neurotrophins are only able to overcome inhibition by MAG with priming. In a 

prior study we have shown that priming with BDNF results in prolonged activation of Erk, 

which leads to elevation of cAMP and the activation of PKA and CREB (28). In neurons, 

Rap1 is a positive regulator of Erk (50, 51), and it has been shown to be critical for 

neurotrophin-mediated activation of Erk and cAMP pathways in a PC12 cell differentiation 

model (11). It is therefore possible that BDNF-mediated activation of Rap1 is responsible 

for the downstream activation of Erk and elevation of cAMP that we have observed. Cyclic 

AMP would then activate Rap1 through two parallel mechanisms: EPAC and PKA-

dependent inactivation of Rap1GAP1. Conversely, the negative regulation of Rap1 by MAG 

may uncouple Erk and cAMP signaling from Rap1, thus preventing Erk and PKA-dependent 

activation of CREB by BDNF. Thus, it appears that Rap1 is a critical component of the Erk 

and cAMP signaling that occurs in response to BDNF, resulting in sustained activation of 

both pathways and the morphological effects that are seen with priming.

When we consider how Rap1 affects axonal growth, there is ample evidence to suggest that 

active Rap1 might exert a direct effect on the molecular machinery governing the extension 

of neurites. It was shown in non-neuronal cells that Rap1 promotes cell spreading by 

activating and recruiting Tiam1 and VAV2, which are GEFs for the small GTPase Rac1 (52). 

Interestingly, Tiam1 is known to regulate axonal growth in hippocampal and cortical neurons 

(53, 54), which suggests that activation of Rac1 by Rap1 may contribute to neurite 

outgrowth. It is well-established that signaling by myelin-associated inhibitors converges on 

RhoA activation and that this facilitates inhibition of axonal regeneration by inducing stress 

fiber formation (7, 8). In our model, Rap1 may counter MAG-mediated activation of RhoA 

through its ability to activate two distinct RhoGAPs: ArfGAP with RhoGAP domain, 

ankyrin repeat and PH domain 3 (ARAP3) and RA-RhoGAP, which have both been shown 

to promote neurite outgrowth by inhibiting RhoA (55, 56). This positions Rap1 as an 

important factor in the integration and regulation of small GTPase activity and cytoskeletal 

dynamics within growing axons. Based on our data and the studies cited here, the net effect 

of Rap1 activation would be to shift the cytoskeleton towards growth-promoting events such 

as actin nucleation and filopodial extension, and away from inhibitory events such as actin 

polymerization and myosin II contraction.

Effective treatments for spinal cord injuries and other forms of CNS trauma remain elusive, 

due in large part to the highly complex nature of these injuries at both the 

pathophysiological and molecular levels. Promoting effective regeneration of axons is one 
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facet that must be addressed to achieve functional recovery, and Rap1 could serve as a 

promising target to develop regenerative therapies. Agents that promote activation of Rap1 

or stimulate Rap1GAP1 activity could prove to be effective components of combinatorial 

treatments that aim to limit cell death, reduce the expression of inhibitory molecules such as 

chondroitin sulfate proteoglycans, and ultimately, restore function by enhancing axonal 

regeneration and reestablishing neural circuits.
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Figure 1. MAG and myelin block activation of Rap1 by BDNF.
(A, B) Western blots of P5-6 CGN treated with BDNF (200 ng/ml) for 20 minutes, or with 

MAG-Fc (20 μg/ml) or CNS myelin (20 μg/ml) for 20 minutes prior to the addition of 

BDNF (n=4 for experiments with MAG-Fc, n=3 for experiments with myelin). Lysates were 

used for Rap1 activation assays detecting GTP-bound Rap1, and total Rap1 was assessed 

using input samples. (C) Quantification of Rap1 activation, where Rap1 GTP levels were 

normalized to the total Rap1 levels in the input lysate. Graphs depict average fold changes ± 
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SEM (***p < 0.001, **p < 0.01, *p < 0.05 one-way ANOVA with Bonferroni’s multiple 

comparisons test).
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Figure 2. The EPAC-specific cAMP analogue 8-CPT activates Rap1 and overcomes inhibition by 
MAG when used for priming.
(A) Western blots of P5-6 CGN treated with 8-CPT (0.5 mM) for 20 minutes, or with MAG-

Fc (20 μg/ml) for 20 minutes prior to the addition of 8-CPT (n=3). Lysates were used for 

Rap1 activation assays detecting GTP-bound Rap1, and total Rap1 was assessed using input 

samples. (B) Representative images of P5-6 CGN that were incubated overnight with 1 mM 

dbcAMP, 0.25, 0.5 or 1 mM 8-CPT, and transferred to monolayers of either MAG-

expressing CHO cells or control CHO cells (scale bar=10 μm). Graph depicts average length 

of the longest neurite per neuron ±SEM for approximately 150-200 neurons per treatment (3 
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independent experiments, ***p < 0.001, one-way ANOVA with Bonferroni’s multiple 

comparisons test). (C). Quantification of neurite outgrowth for P5-6 CGN that were treated 

with 1 mM dbcAMP, 0.5 or 1 mM 8-CPT, and plated directly on monolayers of MAG-

expressing CHO cells or control CHO cells. Graph depicts average length of the longest 

neurite per neuron ±SEM for approximately 150-200 neurons per treatment (3 independent 

experiments, **p < 0.01, one-way ANOVA with Bonferroni’s multiple comparisons test).
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Figure 3. MAG and CNS myelin increase Rap1GAP1 protein levels and suppress activation of 
Rap1.
(A, B) Western blots of P5-6 CGN treated with MAG-Fc (20 μg/ml) or CNS myelin (20 

μg/ml) for 20 minutes (n=8 for MAG-Fc, n=3 for myelin). Rap1GAP1 was quantified by 

normalizing Rap1GAP levels to their respective loading controls. Graphs depict average fold 

changes ± SEM. (*p < 0.05, paired one-tailed Student’s t-test). (C, D) Western blots of P5-6 

CGN treated with MAG-Fc (20 μg/ml) or CNS myelin (20 μg/ml) for 20 minutes (n=3 for 

MAG-Fc, n=3 for myelin). Lysates were used for Rap1 activation assays detecting GTP-

bound Rap1, and total Rap1 was assessed using input samples. For quantification, Rap1 
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GTP levels were normalized to the total Rap1 levels in the input lysate. Graphs depict 

average fold changes ± SEM (*p < 0.05, ***p < 0.001, paired one-tailed Student’s t-test).
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Figure 4. Overexpression of wild type Rap1 or the RapGAP-insensitive Rap1 mutant Rap1F64A 
blocks inhibition by MAG and myelin.
(A) Representative images of P1-3 hippocampal neurons infected with adenoviruses 

expressing GFP, GFP and wild type Rap1, or GFP and Rap1F64A. Neurons were incubated 

for 24 hours and transferred to control or MAG-expressing CHO cell monolayers (scale 

bar=20 μm). Graph depicts average length of the longest neurite per neuron ±SEM for 

approximately 50 neurons per treatment that were positive for both GFP and βIII tubulin (3 

independent experiments, *p < 0.05, ***p < 0.001, one-way ANOVA with Bonferroni’s 

multiple comparisons test). (B) Representative images of P5-7 DRG neurons infected with 
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adenoviruses expressing GFP, GFP and wild type Rap1, or GFP and Rap1F64A. Neurons 

were incubated for 24 hours and transferred to CNS myelin substrates (scale bar=40 μm). 

Graph depicts average length of the longest neurite per neuron ±SEM for approximately 50 

neurons per treatment that were positive for both GFP and βIII tubulin (3 independent 

experiments, ***p < 0.001, one-way ANOVA with Bonferroni’s multiple comparisons test).
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Figure 5. Overexpression of Rap1GAP1 inhibits neurite outgrowth while Rap1GAP1 knockdown 
blocks MAG-mediated inhibition of neurite outgrowth.
(A) Quantification of neurite outgrowth for P1-3 hippocampal neurons that were infected 

with adenoviruses expressing GFP, or GFP and Rap1GAPI. Neurons were incubated for 24 

hours and transferred to control or MAG-expressing CHO cell monolayers. Graph depicts 

average length of the longest neurite per neuron ±SEM for approximately 50 neurons per 

treatment that were positive for both GFP and βIII tubulin (3 independent experiments, ***p 
< 0.001, one-way ANOVA with Bonferroni’s multiple comparisons test). (B) Western blots 

of P1-3 cortical neurons that were transfected with either non-targeting (NT) or Rap1GAP1 
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siRNA and incubated for 24 hours. (C) Quantification of neurite outgrowth for P1-3 cortical 

neurons that were transfected with either non-targeting (NT) or Rap1GAP1 siRNA and 

transferred to CHO cell monolayers or CNS myelin substrates. Graphs depict average length 

of the longest neurite per neuron ±SEM for approximately 100 neurons per treatment (3 

independent experiments, *p < 0.05, **p < 0.01, ***p < 0.001, one-way ANOVA with 

Bonferroni’s multiple comparisons test).
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Figure 6. dbcAMP activates Rap1 and decreases Rap1GAP1 protein levels.
(A) Western blots of P1-3 cortical neurons treated with dbcAMP (1 mM) for 20 min or 

MAG-Fc (20 μg/ml) for 30 min prior to the addition of dbcAMP (n=3). Lysates were used 

for Rap1 activation assays detecting GTP-bound Rap1, and total Rap1 was assessed using 

input samples. Rap1 activation was quantified by normalizing Rap1 GTP levels to the total 

Rap1 levels in the input lysates. Graph depicts average fold changes ± SEM. (*p < 0.05, 

one-way ANOVA with Bonferroni’s multiple comparisons test). (B) Western blots of P1-3 

cortical neurons treated with dbcAMP (1 mM) for 10 or 20 minutes (n=3). Rap1GAP1 was 
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quantified by normalizing Rap1GAP levels to their respective loading controls. Graph 

depicts average fold changes ± SEM (*p < 0.05, one-way ANOVA with Bonferroni’s 

multiple comparisons test). (C) Western blots of P1-3 cortical neurons treated with 8-CPT 

(0.5 mM) for 20 minutes (n=3). Graph depicts average fold changes ± SEM (ns=not 

significant, paired one-tailed Student’s t-test). (D) Western blots of P1-3 cortical neurons 

treated with PTX (2 ng/ml) for 30 or 60 minutes (n=3). Rap1GAP1 was quantified by 

normalizing Rap1GAP levels to their respective loading controls. Graph depicts average fold 

changes ± SEM (*p < 0.05, one-way ANOVA with Bonferroni’s multiple comparisons test).
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Figure 7. Schematic representation of the effects of MAG and cAMP on Rap1 activation and 
neurite outgrowth.
In the presence of MAG, Rap1GAP1 levels are increased, which leads to inactivation of 

Rap1 and inhibition of neurite outgrowth. Conversely, when intracellular cAMP is elevated, 

Rap1GAP1 levels are reduced and this leads to an increase in Rap1 activity, which facilitates 

neurite outgrowth. Activation of EPAC can also increase neurite outgrowth, but only in 

response to priming with agents such as 8-CPT.
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