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The therapeutic potential of targeting exchange 
protein directly activated by cyclic adenosine 
3′,5′-monophosphate (Epac) for central nervous system 
trauma

Alba Guijarro-Belmar1, 3, #, Dominik Mateusz Domanski1, #, Xuenong Bo2, 
Derryck Shewan1, Wenlong Huang1, *

Abstract  
Millions of people worldwide are affected by traumatic spinal cord injury, which usually 
results in permanent sensorimotor disability. Damage to the spinal cord leads to a 
series of detrimental events including ischaemia, haemorrhage and neuroinflammation, 
which over time result in further neural tissue loss. Eventually, at chronic stages of 
traumatic spinal cord injury, the formation of a glial scar, cystic cavitation and the 
presence of numerous inhibitory molecules act as physical and chemical barriers to 
axonal regrowth. This is further hindered by a lack of intrinsic regrowth ability of adult 
neurons in the central nervous system. The intracellular signalling molecule, cyclic 
adenosine 3′,5′-monophosphate (cAMP), is known to play many important roles in the 
central nervous system, and elevating its levels as shown to improve axonal regeneration 
outcomes following traumatic spinal cord injury in animal models. However, therapies 
directly targeting cAMP have not found their way into the clinic, as cAMP is ubiquitously 
present in all cell types and its manipulation may have additional deleterious effects. A 
downstream effector of cAMP, exchange protein directly activated by cAMP 2 (Epac2), is 
mainly expressed in the adult central nervous system, and its activation has been shown to 
mediate the positive effects of cAMP on axonal guidance and regeneration. Recently, using 
ex vivo modelling of traumatic spinal cord injury, Epac2 activation was found to profoundly 
modulate the post-lesion environment, such as decreasing the activation of astrocytes 
and microglia. Pilot data with Epac2 activation also suggested functional improvement 
assessed by in vivo models of traumatic spinal cord injury. Therefore, targeting Epac2 in 
traumatic spinal cord injury could represent a novel strategy in traumatic spinal cord injury 
repair, and future work is needed to fully establish its therapeutic potential. 
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A Brief Overview of Central Nervous System 
Trauma
Central nervous system (CNS) trauma commonly occurs in the 
forms of traumatic spinal cord and brain injuries (TSCI and 
TBI). It is estimated that around 27 million people live with 
TSCI worldwide (GBD 2016 Traumatic Brain Injury and Spinal 
Cord Injury Collaborators, 2019). CNS injuries often result in 
permanent sensorimotor disability. The poor ability of adult 
mammalian CNS neurons to regrow in response to injuries 
is known to be associated with their very limited intrinsic 
growth capacity and the inhibitory environment at the lesion 
site post-injury (Curcio and Bradke, 2018). This review aims to 
discuss the importance of exchange protein directly activated 
by cAMP (Epac) in overcoming these barriers, in conjunction 
with its role in neural development, regeneration and cell 
death as well as modulation of the post-injury environment. 

The pathophysiology of TSCI
The events following TSCI can be classified into four 
phases: acute (< 48 hours), subacute (48 hours to 14 days), 
intermediate-to-chronic (14 days to 6 months) and chronic (> 
6 months) (Badhiwala et al., 2018). During the acute phase, 
the initial physical trauma causes damage to neural cells and 
the disruption of vasculature and the blood spinal cord barrier 
leading to haemorrhages and ischemia (Tator and Koyanagi, 
1997; Mautes et al., 2000). Neurons and oligodendrocytes 
in the injury area undergo necrosis due to haemorrhagic/
ischemic events and are also subjected to a further cascade of 
outcomes, which arise from changes in cell permeabilization 
and pro-apoptotic signaling (Choo et al., 2007). At the same 
time, peripheral inflammatory cells including macrophages, 
neutrophils and lymphocytes infiltrate the injury area and 
secrete mediators such as tumour necrosis factor-α and 
interleukin-1β (IL-1β) (Pineau and Lacroix, 2007). These cells 
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Figure 1 ｜ Pathophysiology of traumatic spinal cord injury (TSCI): barriers 
to axonal regrowth. 
Following TSCI, the resulting ischemia, hemorrhage and inflammation 
generate zones of dying tissue that, with time, transform into cystic cavities 
(yellow zone in the picture). The cytotoxic environment in the cavities, 
which are filled with activated inflammatory cells such as microglia and 
macrophages, renders them a poor substrate to axonal regrowth (O’Shea 
et al., 2017). The cystic cavities are encircled by a glial scar that is formed 
by reactive astrocytes. The astrocytes undergo hypertrophy and wall off 
the cytotoxic environment of the cysts from the spared neural tissue, at the 
same time forming a physical barrier to axonal regrowth (Sofroniew, 2014). 
Moreover, the chemical barrier to axonal regrowth is set up by activated glial 
cells such as astrocytes, macrophages and oligodendrocyte progenitor cells 
(OPCs), which secrete inhibitory molecules such as chondroitin sulphate 
proteoglycans (CSPGs) (Busch and Silver, 2007). Finally, the intrinsic abilities 
of axons to regrow are undermined by low levels of cyclic adenosine 
3′,5′-monophosphate (cAMP), which drop postnatally and decrease further 
after spinal cord injury (Pearse et al., 2004), and which govern a response of 
growth cones to extracellular guidance molecules such as myelin-associated 
glycoprotein (MAG) (Peace and Shewan, 2011).

remain beyond the subacute phase. The exposed myelin from 
damaged oligodendrocytes is a source of myelin-associated 
inhibitors, such as Nogo, oligodendrocyte myelin glycoprotein 
and myelin-associated glycoprotein (MAG), which are known 
to prevent axonal regrowth after TSCI (Berry, 1982; Caroni and 
Schwab, 1988). All these molecules signal through the NgR-
p75NTR receptor complex via the RhoA protein, which leads 
to activation of Rho kinase and inhibition of axonal regrowth 
(Filbin, 2003; Fournier et al., 2003).

In the subacute phase, the secondary SCI cascade is 
characterized by prolonged inflammation and further death of 
neurons and oligodendrocytes (Kwon et al., 2004; Badhiwala 
et al., 2018). The underlying mechanisms for apoptosis 
include ischemia, which disrupts ionic balance of K+, Na+ and 
Ca2+ leading to depolarization of cell membranes, ATPase 
failure and increase of intracellular calcium (Agrawal and 
Fehlings, 1996; Badhiwala et al., 2018), as well as increased 
levels of the excitatory neurotransmitter, glutamate (Farooque 
et al., 1996; McAdoo et al., 1999). Activated microglia, 
together with infiltrated inflammatory cells, facilitate ongoing 
apoptosis and produce free radicals, which are formed as 
by-products of debris clearance by immune cells, caused by 
lipid membrane peroxidation, DNA oxidative damage and 
protein oxidation, leading to further apoptosis (Dizdaroglu et 
al., 2002; Hausmann, 2003). Preclinical studies have shown 
that neuronal and oligodendrocyte apoptosis can last up to 4 
weeks and 1 year, respectively, post-TSCI (Beattie et al., 2002; 
Huang et al., 2007). 

The chronic phase of the injury is  characterized by 
reorganization of neural circuits and vascularization, 
demyelination and alterations in the composition of the 
extracellular matrix. In humans and some animal models, 
the continued cell death during the acute phase leads to 
the formation of cystic cavities containing cellular debris, 
extracellular fluid, and macrophages (O’Shea et al., 2017; 
Bradbury and Burnside, 2019). These cavities are a poor 
substrate for neural regeneration and therefore act as a 
physical barrier for axonal regrowth (O’Shea et al., 2017). 
The cavities are lined by scar tissue that is generally classified 
into two components: fibrotic and glial. The fibrotic, inner 
component of the scar is primarily a product of fibroblasts 
migrating to the lesion site from the disrupted vasculature 
and meningeal layers (Klapka and Muller, 2006; Fawcett et al., 
2012). These cells deposit dense collagen depots forming a 
condensed structure, which adds up to a physical barrier for 
axonal regrowth (Klapka and Muller, 2006; Goritz et al., 2011; 
Fawcett et al., 2012). The glial, outer component of the scar 
is made up of reactive astrocytes, which proliferate, undergo 
hypertrophic changes and overlap their processes around the 
cavities creating a mesh-like array that forms walls of neural 
tissue from the harmful environment of the cavities (Yuan 
and He, 2013). During the chronic phase, activated glial cells 
(e.g., microglia, astrocytes and macrophages), together with 
oligodendrocyte progenitor cells (OPCs), secrete extracellular 
matrix proteins that are inhibitory to axonal growth, such as 
chondroitin sulphate proteoglycans (CSPGs) (McKeon et al., 
1991, 1999; Silver and Miller, 2004; Busch and Silver, 2007). 
CSPGs may also affect OPCs, as they prevent the outgrowth 
of OPC processes and differentiation, therefore leading to 
weakened remyelination and an observable decrease in 
axonal regeneration (Siebert and Osterhout, 2011). The key 
players and the formation of the glial scar and cavity are 
demonstrated in Figure 1.

Search Strategy and Selection Criteria
A first broad search was done by AGB in December 2018 
using PubMed and key words such as ‘’spinal cord injury’’, 
‘’CNS trauma’’, ‘’axonal regeneration’’, ‘’cAMP’’, ‘’Epac’’, 
‘’neuroinflammation’’ and combinations of those words. 
No limits were used. A second broad search was performed 

by DD between September 2019 and January 2020 using 
PubMed with the aim to update information and add new 
studies. Special emphasis was given to the use of key words 
such as ‘’cAMP AND Microglia OR astrocytes’’ and ‘’Epac AND 
Microglia OR astrocytes’’. No limits were used.

Roles of Cyclic Adenosine 3′,5′-Monophosphate 
in the Central Nervous System 
Cyclic adenosine 3’,5’-monophosphate (cAMP) is one of the 
most widely studied intracellular second messengers, as it 
exists in all types of cells. Over the decades, cAMP signaling 
has increasingly become a focal point for neural regeneration 
studies. In the nervous systems, cAMP is known to participate 
in the regulation of many neuronal behaviors such as axonal 
growth and guidance as well as neuronal survival and 
differentiation. 

Role of cAMP signaling in CNS development
During CNS development, cAMP is vital for the growth of 
neurons and is expressed at high levels. However, neuronal 
levels of cAMP decline at postnatal age and reach a minimum 
in adult animals (Cai et al., 2001; Shewan et al., 2002). It is 
known that embryonic CNS neurons transplanted into adult 
CNS tissue grow axons extensively (Li and Raisman, 1993), 
which contrasts to adult CNS neurons transplanted on to 
immature CNS tissue, which fail to extend neurites in vitro 
(Shewan et al., 1995). These events can be attributed to 
differential cAMP levels in embryonic versus adult neurons, 
which regulate axonal guidance. Growth cones can read 
environmental signals which lead to either attraction or 
repulsion of axons. The variation of cAMP levels in growth 
cones can determine the cone response to external guidance 
cues such as Netrin-1 or MAG, which are guidance molecules 
important during neural development or after injury (Song et 
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al., 1998). For example, during retinotectal development, high 
cAMP levels in Xenopus retinal ganglion axons at early stages 
lead to the attraction of axons to Netrin-1, whilst a decline of 
cAMP at later stages results in the repulsion of axons (Shewan 
et al., 2002). In general, this cAMP-mediated chemotactic 
behaviour was proposed to be dependent on the cAMP/cyclic 
guanosine monophosphate ratio across the growth cone and 
asymmetric calcium signaling (Nishiyama et al., 2003; Murray 
et al., 2009a).

Role of cAMP in CNS regenerative capability
The adult mammalian CNS is characterized by very poor 
intrinsic neuronal cell regenerative abilities. The so-called 
‘conditioning lesion’ is a traditional approach to augment the 
intrinsic machinery for regeneration in CNS neurons, in which 
a peripheral injury enhances central regeneration of primary 
sensory neurons (McQuarrie and Grafstein, 1973; Richardson 
and Issa, 1984). This phenomenon has been associated with 
cAMP levels since the injection of a cAMP analogue into 
the dorsal root ganglion (DRG) can mimic the effects of the 
conditioning lesion (Neumann et al., 2002; Qiu et al., 2002). 
These studies led to the understanding of the involvement of 
cAMP levels in regeneration. Therefore, a major biochemical 
event linked to the poor regeneration capacity of the CNS is 
a significant decrease of intrinsic neuronal cAMP levels that 
occurs postnatally. For example, adult rat DRG neurons that 
are capable of growth following peripheral nerve lesion have 
relatively high concentrations of cAMP, while the opposite 
is observed in adult rat DRG neurons that do not regenerate 
readily following spinal cord bilateral lesion (Qiu et al., 2002). 
Notably, the cAMP levels are likely to further decrease after 
TSCI, as following thoracic contusion injury of the spinal 
cord of adult rats it was found that cAMP levels decreased 
by over 60% in the spinal cord as well as in brainstem and 
cortex (Pearse et al., 2004). Therefore, deteriorating neuronal 
regenerative abilities after TSCI could be attributed to a 
further drop in cAMP levels. Previous studies have then 
focused on the effects of artificially elevating neuronal cAMP 
levels to promote regrowth after injuries.

In vitro evidence of stimulating cAMP activity to promote 
neurite outgrowth
The elevation of cAMP using forskolin in cultured adult rat 
sensory neurons was reported to enhance neurite outgrowth 
(Neumann et al., 2002). Furthermore, the modulation of 
cAMP activity by a permeable analogue of cAMP was found 
to alter the responses of Xenopus spinal axons to several 
inhibitory axonal guidance cues, shifting growth cone 
responses from repulsion to attraction (Song et al., 1998). It 
was previously reported that the upregulation of  intracellular 
cAMP increased neurite outgrowth in cultured embryonic 
rat motor neurons while antagonizing cAMP resulted in a 
profound decrease in neurite outgrowth (Aglah et al., 2008). 
Moreover, cAMP was also shown to positively affect neuronal 
survival. It was shown that cAMP elevation by forskolin 
sufficed to promote short term survival of embryonic rat 
spinal motor neurons in vitro (Hanson et al., 1998). Therefore, 
it has been suggested that cAMP is important not only in 
neurite outgrowth but also in neuronal survival. 

In vivo evidence of cAMP elevation to promote axonal 
regrowth
A number of research groups have targeted cAMP and 
elements of its signaling pathways to promote axonal regrowth. 
Two studies showed that manipulating levels of cAMP activity, 
by the injection of the cAMP analogue, dibutyryl cAMP (db-
cAMP; Table 1), into adult rat DRG before spinal cord lesioning, 
resulted in an increase in the number of axons regrowing 
across the lesion site (Neumann et al., 2002; Qiu et al., 2002). 
However, neurons in those studies were conditioned prior to 
lesion, which is not a clinically relevant approach. 

Subsequently, more clinically relevant experiments used 
rolipram, which inhibits phosphodiesterase 4 (PDE 4; Table 
1), mainly localized in neural tissue and degrades cAMP. The 
Filbin group administered rolipram by intrathecal infusion 
combined with embryonic neural tissue grafts, showing 
substantial increase in axonal plasticity and improved recovery 
after hemisection at C3/4 level in adult rats when compared 
to the control group with tissue transplant only (Nikulina et 
al., 2004). Further work from the same group showed that 
in vivo rolipram treatment increased the number of spared 
central myelinated axons in lateral cord after spinal contusion 
in adult female rats (Pearse et al., 2004). Moreover, in the 
same study a cAMP combinatorial approach was applied in 
which rolipram and/or db-cAMP were administered together 
with Schwann cell transplants, resulting in enhancement 
of axonal regrowth and improved functional recovery after 
spinal contusion in adult female rats (Pearse et al., 2004). 
Furthermore, Costa et al. (2013) administered rolipram alone 
for 2 weeks following contusion injury in adult female rats and 
observed an improvement in locomotor abilities as compared 
to the control group that was infused with DMSO. Although 
no significant differences in either lesion length nor volume 
were reported, a significant increase in spared white matter 
at the lesion epicentre was noted, suggesting that increasing 
cAMP levels prevents excessive degeneration of myelinated 
fibres (Costa et al., 2013). 

More recently, combinatorial approaches to promote spinal 
cord repair have become more common. In a hemi-transection 
model in adult female rats, a sustained delivery of db-cAMP 
and chondroitinase ABC (an enzyme degrading CSPGs) 
incorporated in poly-microfibres placed over the transection 
gap was shown to promote axonal sprouting within the 
glial scar (Xia et al., 2017). Importantly, the delivery of db-
cAMP only to the lesion site by the microfibers increased the 
number of GAP-43 (neuronal regeneration marker) positive 
cells when compared to the control group with no treatment. 
Moreover, a significant increase in axonal sprouting within 
the glial scar demonstrated by neurofilament-200 staining, a 
general neuronal marker, was reported when either db-cAMP 
or db-cAMP in combination with chondroitinase ABC was 
administered by microfibers (Xia et al., 2017). 

Although the attempts to manipulate cAMP levels in order to 
achieve a substantial recovery after TSCI showed robust results, 
none of the treatment options such as cAMP analogues or 
PDE4 inhibitors have been translated to the clinic. Factors to 
be considered for clinical translation using cAMP elevation 
strategies include cAMP’s ubiquitous expression by all types of 
cells and potential side effects e.g. persistent nausea caused 
by systemic rolipram treatment (Hebenstreit et al., 1989; Scott 
et al., 1991). Therefore, scientists are actively investigating 
more specific agents targeting downstream cAMP pathways 
that could limit systemic side effects of cAMP signaling 
manipulation. The potential key molecular mechanisms and 
pathways of cAMP elevation on neuronal/axonal regrowth are 
illustrated in Figure 2. 

Epac: a Downstream Effector of Cyclic 
Adenosine 3′,5′-Monophosphate 
The downstream effectors of cAMP include cyclin nucleotide 
receptor involved in sperm function, Popeye domain-
containing proteins, cyclic nucleotide-gated ion channels, 
protein kinase A (PKA), and Epac (Brand and Schindler, 2017). 
In recent years, the latter two have been shown to play major 
roles in regulating the responses of the nervous system to 
physical trauma. Epac has been shown to play a role in a wide 
range of cellular functions such as cell growth, adhesion, 
differentiation, division, inflammation and neurotransmission 
(Peace and Shewan, 2011). It is known that there are two 
mammalian isoforms of Epac, of which Epac1 is expressed 
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ubiquitously throughout the body, whereas Epac2 is mainly 
expressed in postnatal CNS tissue such as brain and spinal 
cord, but is also found in adrenal gland, heart, pancreas, 
small intestine and testis (Peace and Shewan, 2011; Ramos 
and Antonetti, 2017). Furthermore, recent data show that 
Epac2 has at least 3 different sub-isoforms: Epac2A, 2B, 
and 2C, which are differentially expressed in brain/heart/
adrenal glands, adrenal gland/pancreas, and liver respectively 
(Hoivik et al., 2013). Moreover, the protein levels of Epac1 
and Epac2 have been found to be developmentally regulated 
in the rat nervous system. For example, high-level Epac1 
protein expression is observed in the embryonic and neonatal 
brain, spinal cord and DRG, which significantly decreases at 
adult stage (Murray and Shewan, 2008). In contrast, Epac2 
expression is low at embryonic and neonatal stages, however 
it becomes dramatically upregulated at adult stage (Murray 
and Shewan, 2008). 

Structurally, the two isoforms are different in that Epac2 has 
an extra nucleotide binding domain and a functional Ras 
association domain, which are absent in Epac1 (Bos et al., 
2000). Epac1 is found to be located at the perinuclear envelope, 
whereas Epac2 is found diffusely throughout the cytosol but 

can translocate to the plasma membrane upon activation (Li 
et al., 2006; Liu et al., 2010). As a result of differences in tissue 
distribution and structures, the physiological functions of Epac1 
and Epac2 might vary accordingly. Thus, Epac2 targeting may 
potentially result in greater tissue specificity due to postnatal 
CNS expression leading to greater efficacy. This gives hope for 
neural tissue-restricted manipulation of Epac2 and resultant 
localized effects. 

Only very recently, specific tools have been developed to 
specifically discern between Epac1 and Epac2 manipulation 
(Schwede et al., 2015). For instance, both in vitro and in vivo 
evidence shows that Sp-8-BnT-cAMPS (S-220) is the most 
potent and selective activator of Epac2 over Epac1, whereas 
8-pCPT-2′-O-Me-cAMP (8-Me-cAMP) is a general Epac agonist, 
and neither activate PKA (Table 1). However, a specific 
antagonist is currently only available for Epac2 (ESI-05; Table 1) 
(Tsalkova et al., 2012; Zhu et al., 2015).

Epac and axonal guidance during neural development
As Epac serves as a major effector of cAMP, its role in 
positive chemotactic behaviour in growing axons has been 
investigated. For example, using siRNA against both Epac1 

Table 1 ｜ Drugs manipulating cAMP and its downstream signaling molecules

Drug type Activity Outcome Reference(s)

cAMP analogues
8-Br-cAMP Cyclic adenosine 

monophosphate 
(cAMP) analogue

Mouse neonatal mature astrocytes upregulated antioxidant-related genes and 
downregulated cell death-related genes after treatment

Paco et al., 2016

db-cAMP Injection into adult rat dorsal root ganglion (DRG) before spinal cord injury (SCI) resulted 
in an increase in the number of axons regrowing across the injury

Neumann et al., 2002; 
Qiu et al., 2002

Improved functional recovery after spinal contusion in adult female rats Pearse et al., 2004
Increase in axonal sprouting within the glial scar Xia et al., 2017

Sp-cAMPs Adult rat DRG neurons switched their repulsive response to myelin-associated 
glycoprotein (MAG) gradients to attraction after treatment

Murray et al., 2009b

Epac agonists
8-Me-cAMP General exchange 

protein activated by 
cAMP (Epac) agonist

Agonist first described Enserink et al., 2002
Rat neonatal mature astrocytes increased intracellular calcium levels after treatment Di Cesare et al., 2006
Adult rat DRG neurons cultured on spinal cord tissue increased neurite outgrowth after 
treatment

Murray and Shewan, 2008

Adult rat DRG neurons switched their repulsive response to MAG gradients to attraction 
after treatment

Murray et al., 2009b

BV-2 cells significantly decreased their phagocytotic behaviour after treatment Steininger et al., 2011
In vitro embryonic rat spinal cord culture model of SCI increased neurite outgrowth after 
treatment

Boomkamp et al., 2014

Adult rat DRG neurons increased neurite outgrowth after treatment Wei et al., 2016
S-220 Specific Epac2 

agonist
Agonist first described Schwede et al., 2015
Neonatal rat DRG neurons showed a strong turning behaviour towards treatment Guijarro-Belmar et al., 2019
Neonatal rat DRG and cortical neurons increased neurite outgrowth after treatment, 
even in an inhibitory environment
Ex vivo model of SCI increased neurite outgrowth and reduced glial activation after 
treatment
-Improved locomotor recovery after treatment in an in vivo rat SCI model

Epac antagonists
ESI-05 Specific Epac2 

antagonist
Antagonist first described Tsalkova et al., 2012
Adult rat DRG neurons reduced neurite outgrowth after treatment Wei et al., 2016
Neonatal rat DRG and cortical neurons decreased neurite outgrowth after treatment Guijarro-Belmar et al., 2019

ESI-09 General Epac 
antagonist

Antagonist first described Almahariq et al., 2013
Embryonic hippocampal neurons decreased neurite outgrowth after treatment Munoz-Llancao et al., 2015

Others
Rolipram Phosphodiesterase 

type 4 inhibitor
Improved functional recovery after treatment in spinal contusion in adult female rats Pearse et al., 2004
Increased axonal plasticity and improved recovery after treatment in spinal hemisection 
in adult rats

Nikulina et al., 2004

Improved locomotor abilities after treatment in spinal contusion in adult rats Costa et al., 2013
In vitro embryonic rat spinal cord culture model of SCI increased neurite outgrowth after 
treatment

Boomkamp et al., 2014

KT-5720 Protein kinase A 
antagonist

Discussion of antagonist specificity Murray, 2008
In vitro embryonic rat spinal cord culture model of SCI increased neurite outgrowth after 
treatment

Boomkamp et al., 2014
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Figure 2 ｜ Potential mechanisms of cAMP elevation on neuronal 
regeneration: promoting growth and overcoming inhibition. 
The effect of elevated cAMP activity on axonal regeneration was previously 
hypothesised to occur in two phases; a transcription-independent phase, 
which covers the first 7 days of regeneration post-spinal cord injury, and 
a transcription-dependent phase that takes over after 7 days post-injury 
(Batty et al., 2017). The transcription-independent phase is thought to be 
regulated by PKA, acting through inhibition of Rho GTPase (Bandtlow, 2003). 
Rho/ROCK signaling was found to mediate the inhibitory effects on axonal 
growth of extracellular matrix proteins such as CSPGs and heparan sulphate 
proteoglycans (HSPGs), and inhibition of the Rho/ROCK pathway was reported 
to improve axonal regeneration (McKerracher and Higuchi, 2006). Of note, 
Rho/ROCK signaling is also inhibited by Epac (Boomkamp et al., 2014). The 
transcription-dependent phase is conceived to be mediated by cAMP-response 
element-binding protein (CREB), activated beforehand by PKA, which enhances 
transcription of arginase I (ArgI), interleukin-6 (IL-6), metallothionein (MT-I/II) 
and secretory leukocyte protease inhibitor (SLPI) (Siddiq and Hannila, 2015). 
However, Epac/Rap1 activates the B-raf/ERK pathway (Vossler et al., 1997) that 
also results in phosphorylation of CREB (Grewal et al., 2000) and transcription 
of ArgI as well as other polyamines that support axonal growth. Moreover, 
as Epac/Rap1 also activates Akt, it can potentially trigger the Akt/mTOR 
pathway, which was found to induce disinhibition of axonal growth, initiation 
of regeneration and maintenance of a regenerative state in retinal ganglion 
cells after inflammatory stimulation (Leibinger et al., 2012). AMP: Adenosine 
monophosphate; cAMP: cyclic adenosine 3′,5′-monophosphate; CNGC: cyclic 
nucleotide gated channel; Epac: exchange protein directly activated by cAMP; 
ERK: extracellular signal-related kinase; LAR: leukocyte common antigen-
related phosphatase; LINGO 1: immunoglobin-like domain-containing protein 
1; MAIs: myelin associated inhibitors; MEK: MAP kinase/ERK kinase; mTOR: 
mammalian target of rapamycin; NgR: Nogo receptor; PKA: protein kinase A; 
PTPσ: transmembrane protein tyrosine phosphatase; Rap1: Ras-proximate-1; 
ROCK: Rho-associated kinase. 

and Epac2, the attraction of embryonic rat DRG neurons to a 
gradient of a cAMP analogue (Sp-cAMPs; Table 1) or a general 
Epac agonist (8-Me-cAMP; Table 1) in growth cone turning 
assays was switched to repulsion (Murray et al., 2009b). 
In addition, a recent study showed that neonatal rat DRG 
neurons also exhibited a strong turning behaviour (12.7 ± 4.1° 
at 30 minutes) towards a gradient of the Epac2 agonist, S-220 
(Guijarro-Belmar et al., 2019), which is similar to previous 
results using similar setups for Rolipram (19.2 ± 4.9° at 30 
minutes) and 8-Me-cAMP (16.7 ± 4.3° at 30 minutes) (Murray 
and Shewan, 2008). Therefore, the evidence indicates that 
unilateral Epac activation is responsible for mediating positive 
turning behaviors in growing axons. 

The finding that Epac mediates positive turning behaviour 
induced by cAMP prompts the question of whether Epac also 
mediates attractive chemotactic behaviour to extracellular 
guidance cues that is brought about by increased levels of 
cAMP. This indeed seems to be true as the growth cones of 
embryonic rat DRG neurons are attracted to netrin-1 and 
MAG, and knocking down Epac1 and Epac2 using siRNA 
resulted in growth cone repulsion (Murray et al., 2009b). In 
contrast, adult rat DRG growth cones that were repelled by 
gradients of netrin-1 or MAG were not affected by knocking 
down Epac1 and Epac2 expression using siRNA. Instead, 
elevation of intracellular Epac activity by using 8-Me-cAMP 

switched their repulsive response to MAG gradients to 
attraction, which further supports the notion that Epac is 
responsible for mediating positive chemotactic behaviour. 
Furthermore, FRET imaging confirmed that when netrin-1 
is added to culture media, embryonic rat DRG growth cones 
increased selective activation of Epac and not PKA (Murray 
et al., 2009b). The above evidence, together with existing 
evidence showing that Epac1 expression is prominent during 
embryonic/neonatal stages whereas Epac2 expression 
increases postnatally, suggest that Epac1 mediates attractive 
axonal guidance during neural development, which is opposite 
to the repulsive role exerted by PKA (Murray et al., 2009b). 

In vitro evidence of Epac in promoting axonal growth
Epac activation has been found to promote neurite outgrowth 
in vitro, which can also be achieved by cAMP elevation. 
The general Epac agonist 8-Me-cAMP was able to induce 
significant neurite outgrowth of cultured adult rat DRG 
neurons, comparable to that seen when these neurons where 
treated with cAMP agonists in vitro (Murray and Shewan, 
2008; Wei et al., 2016). Moreover, 8-Me-cAMP treatment led 
to an increase in neurite density and myelination similar to 
that of Rolipram in an in vitro model of SCI using embryonic 
rat myelinating spinal cord cultures (Boomkamp et al., 2014). 
Recently, in vitro work has revealed that Epac2 activation by 
the agonist S-220 significantly enhances neurite outgrowth 
of neonatal rat cortical and DRG neurons (Guijarro-Belmar 
et al., 2019) (Figure 3A–C). Moreover, the administration of 
a cAMP analogue, Sp-cAMPs, to adult rat DRG neurons that 
were transfected with Epac1/2 siRNA did not rescue neurite 
outgrowth (Murray and Shewan, 2008). The above evidence 
strongly suggests that Epac2 is a key player when it comes 
to mediating cAMP-induced neurite growth at postnatal and 
adult stages. The specific involvement of Epac2 in neurite 
outgrowth was further verified by recent findings in which 
neonatal rat DRG and cortical neurons transfected with Epac2 
siRNA, or cultured with the specific Epac2 antagonist ESI-05, 
showed significantly reduced neurite outgrowth (Guijarro-
Belmar et al., 2019) (Figure 3D–I). Furthermore, treatment 
of embryonic hippocampal neurons with a general Epac 
antagonist, ESI-09, also reduced neurite outgrowth (Munoz-
Llancao et al., 2015).

The effect of Epac activation on neurite outgrowth can also 
be revealed when neurons are cultured in an inhibitory 
environment. For example, when neonatal and adult rat DRG 
neurons were cultured on inhibitory adult rat spinal cord 
slices and received treatment with 8-Me-cAMP, a significant 
increase in the percentage of neurons with long neurites was 
observed, which did not occur when adult rat neurons were 
treated with Rolipram or Sp-cAMPs (Murray and Shewan, 
2008). Moreover, after knocking down Epac1/2 expression 
with siRNA in embryonic DRG neurons that normally grow 
long neurites on adult spinal cord sections, the number 
of cells growing long processes was significantly reduced 
(Murray and Shewan, 2008). In a recent study, it has been 
shown that CSPGs significantly inhibit neurite outgrowth 
by 35% of cultured neonatal rat cortical neurons. However, 
treatment with S-220 induces the neurons to overcome 
CSPG inhibition and thereby a significantly increased neurite 
outgrowth was reported (Guijarro-Belmar et al., 2019; Figure 
4A–D). These results are similar to what was previously 
found with cerebellar neurons, in which the use of MAG 
substrates reduced neurite outgrowth by 40% and was 
rescued by the addition of the cAMP agonist db-cAMP (Cai 
et al., 1999). Guijarro-Belmar et al. (2019) used neonatal 
DRG neurons co-cultured with inhibitory mature astrocytes 
and showed that, on contact with those astrocytes, less 
than 20% of DRG neurites grew over the astrocyte surface, 
with most neurites exhibiting contact-mediated avoidance. 
These results are consistent with those shown by Adcock 
et al. (2004) where only 15.1 ± 2.3% of postnatal rat DRG 
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Figure 3 ｜ The effects of Epac2 modulation on cortical neurite outgrowth. 
(A–C) Epac2 agonist S-220 promoted significant neurite outgrowth. (A) 
Control. (B) Treated with S-220. (C) Quantification of total neurite length 
shows that S-220-treated neurons had significantly longer neurites. (D–F) 
Epac2 antagonist ESI-05 significantly decreased cortical neurite outgrowth. 
(D) Control. (E) Treated with ESI-05. (F) Quantification of total neurite length 
shows that ESI-05-treated neurons had significantly shorter neurites. (G–I) 
siRNA knockdown of Epac2 significantly decreased cortical neurite outgrowth. 
G, Scrambled siRNA control. (H) Epac2 siRNA-treated. (I) Quantification of 
total neurite length shows that Epac2 siRNA-treated neurons had significantly 
shorter neurites. A, B, D, E, Cultures were grown for 24 hours. G, H, Cultures 
were grown for 48 hours. All cultures were stained for β-tubulin-III. *P < 0.05, 
***P < 0.001. n = 3/group. Scale bars: A–E, 50 µm; G and H, 100 µm. Adapted 
from Guijarro-Belmar et al. (2019).

Figure 4 ｜ The Epac2 agonist overcomes inhibitory environments for 
cortical and DRG neuron growth. 
(A) β-Tubulin-III positive cortical neurons grew neurites on PDL coated 
coverslips; (B) cortical neurons treated with CSPGs showed significantly shorter 
neurite lengths compared to control. (C) Epac2 agonist S-220 attenuated the 
inhibitory effect of CSPGs on cortical neurite outgrowth. (D) Quantification 
represents the percentage of change from control and shows a significant 
reduction in inhibition by CSPGs when S-220 was simultaneously applied. 
Cultures were grown for 48 hours. (E–G) S-220 also showed the effect in 
overcoming the astrocyte inhibition. Three neurite growth cone behaviours of 
DRG neurons co-cultured with mature astrocytes were observed: retract (▽ 
in E), reflect (* in E) and crossover (# in F) using time-lapse live cell microscopy. 
G, the quantification showed a significant reduction in the retract/reflect 
behaviors of neurites and a significant increase in the crossover behavior of 
neurites in cells treated with the Epac2 agonist when compared to control. 
(D, G) Mann-Whitney Rank Sum test, *P < 0.05, **P < 0.01, n = 3/group. Scale 
bars: A–C, 50 µm; E and F, 25 µm. Adapted from Guijarro-Belmar et al. (2019). 
CSPGs: Chondroitin sulphate proteoglycans; DRG: dorsal root ganglion; PDL: 
poly(D,L-lactide).

neurons cross a Schwann cell-astrocyte boundary in vitro. In 
their study, the addition of the phosphodiesterase inhibitor, 
rolipram, increased the proportion of neurites expressing 
crossover behaviour to 58 ± 4.1%. This four-fold increase is 
in agreement with the findings for S-220 treatment, (S-220 
versus control: 45.7 ± 10.3% versus 11.2 ± 4.2%; Guijarro-
Belmar et al., 2019; Figure 4E–G). These results strongly 
suggest that targeting Epac2 is just as effective in mediating 
neuronal behavioral changes as targeting cAMP. 

Furthermore, Boomkamp et al. (2014) showed that the 
positive effects of rolipram in enhancing neurite outgrowth in 
an in vitro embryonic rat spinal cord culture model of SCI were 
mediated through the activation of Epac, as demonstrated 
by 8-Me-cAMP treatment, and not PKA. In fact, the inhibition 
of PKA in this study (by using KT- 5720; Table 1) led to an 
enhanced outgrowth comparable to Epac activation and 
Rolipram treatment in this model (Boomkamp et al., 2014).

Moreover, in cultured adult rat DRG neurons, inhibition of 
PKA using Rp-cAMPs has been shown to increase neurite 
outgrowth, which can be reduced by using the specific Epac2 
antagonist ESI-05 (Wei et al., 2016). Therefore, these findings 
strongly suggest that selective activation of Epac2, avoiding 
PKA signaling, mediates adult neurite outgrowth in vitro.

Ex vivo/in vivo evidence of Epac in promoting axonal growth 
While there is plenty of in vivo evidence that cAMP promotes 
axonal regrowth after injury, such evidence with Epac has 
only emerged recently. The effects of the Epac2 agonist, 
S-220, were explored in an ex vivo model of SCI using cultured 
organotypic neonatal rat spinal cord slices. Addition of S-220 
to the culture media or its local release from a self-assembling 
Fmoc-based hydrogel at the lesion site resulted in a significant 
enhancement of axonal outgrowth across the lesion gap as 
measured by the amount of β-tubulin-III+ processes (Guijarro-
Belmar et al., 2019) (Figure 5). Therefore, ex vivo evidence 

provides further confirmation to the in vitro findings where 
Epac2 activation promotes neurite outgrowth. The potential 
of Epac2 activation was further explored in a clinically relevant 
adult rat contusion SCI model, in which the Fmoc hydrogel 
incorporated with S-220 was directly injected into the lesion 
cavity 3 weeks after the injury, representing a subacute 
stage of SCI (Guijarro-Belmar et al., 2019). Over a 4-week 
period post-gel injection, animals receiving treatment with 
S-220 delivered by the gel showed significant improvement 
in locomotor behaviour, reaching on average 3 BBB scales 
higher than contusion-only animals. Although axonal regrowth 
was not assessed in that study, it is likely that S-220, locally 
delivered and released by the gel, promoted axonal regrowth 
mediated by Epac2 activation. The potential key molecular 
mechanisms and pathways of Epac2 signaling that aid 
neuronal/axonal regrowth are illustrated in Figure 2.

Epac and Neuronal Death 
In vitro evidence of Epac-mediated neuronal death
Although convincing evidence shows that Epac activation 
promotes axonal growth in vitro, ex vivo and in vivo, recent 
evidence suggests that an increased level of Epac2 activity 
in cortical neurons after neural trauma might lead to 
neuronal death (Zhang et al., 2018; Zhuang et al., 2019). 
Application of OxyHb, a chemical used to induce intracranial 
cerebral haemorrhage in animal models, has been shown 
to elevate Epac2 protein levels in cultured embryonic rat 
cortical neurons, which coincides with increased neuronal 
apoptosis (Zhuang et al., 2019). In vitro treatment with the 
Epac2 inhibitor, ESI-05, in the presence of OxyHb resulted in 
significantly reduced apoptotic death in those cells. However, 
this study was carried out on embryonic neurons, which were 
previously shown to express significantly lower levels of Epac2 
protein than their adult counterparts (Murray and Shewan, 
2008); therefore, the underlying mechanism of this increased 
Epac2 in OxyHb-exposed embryonic neurons is unclear. 

In vivo evidence of Epac-mediated neuronal death
In vivo evidence has also suggested that increased Epac2 
protein levels in the brain following neural trauma could 
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Figure 5 ｜ S-220 incorporated into the hydrogel promotes neurite 
outgrowth.
(A, B) Representative images showing significant difference in neurite 
outgrowth between gel-only (A) and gel + 5 µM S-220 (B). White dashed 
lines indicate lesion margins. (C) Neurite growth profiles across the lesion 
gap, showing a progressive increase with gel-only and gel + 5 µM S-220. (D) 
Quantification showing the numbers of β-tubulin-III+ processes per square 
millimetre between control and different concentrations of S-220 delivered in 
the gel, with 5 µM having the greatest effect. (D)  Data are expressed as  
mean ± SEM (box limits). Bars above and below each box represent 5% and 
95% confidence limits. Circles represent individual biological replicates  
(n = 4–6). **P < 0.01, ***P < 0.001. Scale bars: 100 µm in A and B. Adapted 
from Guijarro-Belmar et al. (2019). 

lead to neuronal apoptosis. Following intracranial cerebral 
haemorrhage or traumatic brain injury in adult rats, Epac2 levels 
have been shown to increase significantly in cortical neurons, 
leading to neuronal apoptosis (Zhang et al., 2018; Zhuang et al., 
2019). However, treatment with ESI-05 was shown to attenuate 
Epac2-mediated neuronal apoptosis in these studies and result 
in improved neurological functions. The underlying mechanism 
could be via a p38-mediated cell death pathway, as treatment 
with ESI-05 also led to reduced levels of p-p38 (Zhang et al., 
2018; Zhuang et al., 2019). Thus, activation of Epac2 might lead 
to enhanced activity of Rap1, which could potentially activate 
p38/MAPK, thereby contributing to apoptosis. However, it is 
important to note that other evidence suggests that Epac2 
could be important for cell survival. For example, the protective 
effects of urocortin-1, whose receptor is positively linked to 
adenylyl cyclase and increases cAMP production, in an ex vivo 
rat model of heart ischaemia using adult rat cardiac myocytes 
were lost when ESI-05 was applied to culture media, suggesting 
a protective role of Epac2 in this model (Calderon-Sanchez 
et al., 2016). Moreover, our preliminary evidence showed 
that immediate treatment with S-220 delivered by the Fmoc 
hydrogel in a hemi-transection model of SCI in adult rats 
improved locomotor function recovery acutely, suggesting a 
potential neuroprotective role of Epac2 activation (unpublisehd 
data). Therefore, these observations indicate that differential 
regulation of cell death and survival via Epac2 may depend on 
different tissues/cells and their age, as well as different neural 
injury pathogenesis.

Cyclic Adenosine 3′,5′-Monophosphate/Epac 
and Glial Cells 
Glial cells, such as astrocytes and microglia, play important 
roles in the inflammatory and reparatory responses to neural 
trauma in the CNS. Since cAMP signaling is common in all 
types of cells, it is likely that manipulation of cAMP signaling 
might also affect these cells’ functions, including their 

activation after neural trauma.  

CAMP and astrocytes
Astrocytes play vital roles during CNS development and 
injuries (Markiewicz and Lukomska, 2006; Silver et al., 2014). 
In particular, it is now known that following SCI, there are 
heterogeneous astrocyte populations in and around the lesion 
site (Sofroniew, 2014). Therefore, previous literature using 
cAMP elevation strategies in in vivo SCI models as discussed in 
Section 3 might have also impacted on astrocytes. However, 
direct evidence of this is lacking. 

An elevated cAMP level is crucial for the differentiation of 
astrocytes from neural precursor cells (NPCs). In cultured 
embryonic rat cortical NPCs, treatment with pituitary 
adenylate cyclase-activating peptide increases cAMP levels, 
which leads to a profound increase in the percentage of cells 
(~80%) expressing GFAP and S-100β and having a typical 
astrocyte-like stellate morphology, with no upregulation of 
neuronal or oligodendrocyte markers (Vallejo and Vallejo, 
2002; Figure 6B). Moreover, cAMP has been shown to 
promote differentiation of astrocytes from C6 glioma cells in 
the presence of interleukin-6 (Takanaga et al., 2004).

Increased intracellular cAMP levels by treating cultured 
neonatal rat astrocytes with adrenaline, forskolin or db-
cAMP for 30–60 minutes are associated with reduced cell 
cross-sectional areas and increased cell perimeters (Vardjan 
et al., 2014). Moreover, Increased intracellular cAMP levels 
in these cultured cells are also associated with increased 
sprouts, protrusions, and elongated processes on the 
membrane surface (Vardjan et al., 2014, 2016). Activation of 
β-adrenoreceptors with adrenaline in cultured neonatal rat 
astrocytes can also reduce cell swelling induced by hypotonic 
conditions, an effect that is also observable with an increase 
in cAMP level (Vardjan et al., 2016; Figure 6A).

Furthermore, elevation of cAMP levels in astrocytes is known 
to induce a pro-survival state. After treatment with 8-Br-
cAMP, a cAMP analogue (Table 1), cultured mature astrocytes 
from neonatal mouse cortex showed an upregulation of 
antioxidant-related genes and a downregulation of cell death-
related genes (Paco et al., 2016; Figure 6A). 

Camp and microglia
Microglia are CNS innate immune cells. They participate 
in neurogenesis, programmed cell death and synapse 
elimination, as well as the establishment and remodeling of 
neuronal circuits during development (Li and Barres, 2018). 
At adult stages, microglia are known to be responsible for 
phagocytosis, secretion of growth factors and propagation of 
immune responses. Microglia, upon activation, can resume 
similar phenotypes as macrophages, i.e., M1, which is a pro-
inflammatory and neurotoxic state, and M2, which is a pro-
regenerative phenotype (Colonna and Butovsky, 2017).

Increasing intracellular cAMP levels in cultured microglial 
cell line BV-2 cells by forskolin, IBMX, or β-adrenergic agonist 
isoproterenol decreases phagocytic behaviors of the cells 
(Steininger et al., 2011; Figure 6C). Treatment of BV-2 cells 
with lipopolysaccharide (LPS) resulted in induction of the M1 
phenotype characterized by upregulation of inducible nitric 
oxide synthase (iNOS) and cyclooxygenase-2 proteins and 
downregulation of Arg1, transglutaminase-2 and RELM-α 
(Ghosh et al., 2016). When they were exposed to LPS and 
treated with IL-4 and db-cAMP simultaneously, cells showed 
a shift towards a M2 phenotype, which is characterized by 
iNOS/cyclooxygenase-2 downregulation and Arg1 upregulation 
(Figure 6C). However, neither IL-4 nor db-cAMP on its own 
was sufficient to induce the M2 phenotype in LPS-exposed 
BV2 cells. Moreover, systemic co-treatment with IL-4 and 
db-cAMP at 15 minutes following a contusion SCI in adult 
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Figure 6 ｜ Effects of elevated cAMP and increased Epac activity on glial 
cells. 
(A) In resting astrocytes, elevation of cAMP results in morphological changes 
such as a decrease in cross sectional area, increased elongation of processes 
and an increase in the number of sprouts and protrusions from the cell. What 
is more, cAMP elevation can shift a genetic profile of astrocytes towards a 
pro-survival state by inducing expression of antioxidant-related genes and 
downregulation of cell death-related genes. In reactive astrocytes, activation 
of Epac2 led to a decrease in GFAP expression as well as induced morphology 
that resembled resting astrocytes. (B) The elevation of cAMP or Epac was 
found to induce differentiation of NPCs to astrocytes. The upregulation of 
S100β and GFAP expression, as well as a shift to a stellate morphology, was 
observed in NPCs treated with a cAMP elevating agent or Epac2 agonist. (C) 
In microglia, an increase in cAMP levels was found to be essential to shift M1 
to M2 microglia in the presence of IL-4, which suggests that cAMP is crucial 
to controlling microglial behaviour. What is more, either elevation of cAMP or 
activation of Epac decreased the phagocytic behaviours of the BV-2 cells. In 
the ex vivo model of SCI, treatment of the tissue with Epac2 agonist resulted 
in a decrease in microglial iNOS expression and nitrite release, as well as an 
induction of resting-like morphology, which indicates that Epac controls not 
only the reactivity of astrocytes, but also the activation of microglia. cAMP: 
Cyclic adenosine 3′,5′-monophosphate; GFAP: glial fibrillary acidic protein; 
iNOS: inducible nitric oxide synthase; IL: interleukin; NPCs: neural precursor 
cells; SCI: spinal cord injury.
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Figure 7 ｜ Epac2 agonist S-220 attenuates LPS induced astrocyte activation 
in vitro. 
Representative fluorescent images of control (A), LPS-treated (4 hours) (B) 
and LPS + S-220-treated (4 hours) (C) astrocytes. Scale bars: A–C 100 µm. (D) 
Quantification of the mean fluorescence intensity of GFAP showed significant 
difference between control and LPS-treated astrocytes, and between LPS 
and LPS + S-220-treated astrocytes. n = 3/group. ***P < 0.001. GFAP: Glial 
fibrillang acidic protein; LPS: lipopolysaccharide. Adapted from Guijarro-
Belmar et al. (2019). 

rats resulted in significantly increased Arg1 in ED1-labelled 
microglia and macrophages (Ghosh et al., 2016). These 
findings suggest that cAMP might play an important role in 
regulating microglia phenotype and its effects on BV-2 cell and 
microglial activation might require the presence of IL-4.

Epac and astrocytes
Both Epac1 and Epac2 have been implicated in astrocyte 
biology. In mature astrocytes cultured from neonatal rat 
cortex, treatment with the Epac general agonist 8-Me-cAMP 
causes increased intracellular calcium levels (Di Cesare et 
al., 2006). In mice with global knockout of Epac2, cerebral 
GFAP expression was decreased at birth (Seo and Lee, 2016), 
suggesting that Epac2 might be important for astrocytic 
differentiation. Moreover, when NPCs cultured from Epac2-KO 
mice were treated with pituitary adenylate cyclase-activating 
peptide to increase cAMP, these cells failed to increase GFAP 
expression. Therefore, it is likely that cAMP elevation might 
act through Epac2 to modulate astrocytic differentiation. 

Recent evidence shows that activation of Epac2 reverses LPS-
induced activation of astrocytes in vitro (Guijarro-Belmar et 
al., 2019; Figure 7A–D). Upon treatment with LPS, mature 
astrocytes cultured from neonatal rat cortex became activated 
with hypertrophic cell bodies, shortened/thickened processes 
and increased GFAP expression (Figure 7B). However, when 
the cells were simultaneously exposed to LPS and the Epac2 
agonist S-220, they showed non-reactive morphology and 
reduced GFAP expression, similar to the control samples 
(Figure 7C). Furthermore, when S-220 was delivered by a 
Fmoc hydrogel at the lesion site in the ex vivo model of SCI, 
astrocytes adopted a morphology with elongated processes 
and reduced expression of GFAP and Nestin (an activation 
marker for astrocytes) (Guijarro-Belmar et al., 2019; Figure 
8A–K). Notably, regrowing axons accompanied the astrocyte 
processes, suggesting that S220-treated astrocytes might 
provide guidance to regrowing axons (Figure 8G and H). 

Epac and microglia
Epac1 and Epac2 have also been shown to influence microglial 
activation. When treated with the Epac general agonist-8-Me-
cAMP, BV-2 cells significantly decreased their phagocytotic 
behaviour (Steininger et al., 2011). In vitro activation of Epac2 
in LPS-exposed microglia cultured from neonatal rat cortex 
significantly attenuated their activation by inducing resting 
morphology and reducing iNOS expression and nitrite release 
(Guijarro-Belmar et al., 2019; Figures 6C and 9). Treatment 
with S-220 in the ex vivo model also led to a reduced 
activation of microglia at the lesion site, with decreased cell 
body perimeter and a morphology resembling microglia 
in non-injured areas (Guijarro-Belmar et al., 2019; Figures 
6C and 8L, H). Taken together, these findings indicate that 
activation of Epac2 is able to impact on the activation of both 
astrocytes and microglia at the lesion site in the ex vivo model, 
thereby providing a more permissive environment to allow 
axonal regrowth (Figure 8G, H, M). 

Conclusions
Although cAMP plays an important role in regulating the 
post-lesion environment after TSCI, as well as neuronal 
chemotactic behaviour, growth and survival, the direct 
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modulation of cAMP signalling is unlikely to find a use in the 
clinic due to the ubiquity of the cAMP pathways in humans. 
Instead, a downstream effector of cAMP, Epac2, represents a 
promising target to manipulate the outcome of TSCI. Epac2 is 
mainly expressed postnatally in the CNS and mediates positive 
effects of cAMP on neuronal growth and guidance. Epac2 can 
also modulate microglial/astrocyte activation and astrocyte 
morphology after SCI to be more supportive to axonal 
regrowth. Therefore, Epac2 activation is likely to positively 
affect cells that play crucial roles following TSCI and make the 
post-lesion environment more supportive for the regrowing 
axons. As Epac2 expression is largely limited to adult CNS and 
new sub-isoforms are being discovered, it brings hope for CNS 
tissue-specific effects and reduction of possible side effects, 
which occur with treatment options that manipulate cAMP 
levels. Moreover, further combinations with other strategies 
such as locomotor training (which also enhances cAMP 
signalling) could maximize and further promote functional 
recovery. However, further investigation of the molecular 
events downstream of Epac/Rap1 is essential to reveal the 
mechanisms that lead to the modulation of the inhibitory 
environment and axonal regeneration.
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Figure 8 ｜ S-220 incorporated into the hydrogel promotes neurite 
outgrowth and suppresses astrocyte activation. 
(A–D) Representative images exhibit astrocyte activation in the lesion using 
GFAP staining as an astrocyte marker. (A) Control. (B) Gel only. (C) Gel + 5 µM 
S-220. (D) Quantification of the GFAP immunoreactivity intensity showed a 
significant reduction of mean grey value (OD) in gel + 5 µM S-220 compared 
to the control and the gel only treatment. E, Representative image of the 
relationship between GFAP, (red) and β-tubulin-III (green) immunoreactive 
processes in a control injury condition. (F) Higher magnification image 
showing the collapse of growth cones (white arrowheads) when they meet 
activated astrocytes. (G) Representative image of the relationship between 
GFAP and β-tubulin-III immunoreactive processes in a lesion with combined 
treatment with gel + 5 µM S-220. (H) Higher magnification image showing 
the alignment of the astrocytes and β-tubulin-III immunoreactive processes 
(white arrowheads). (I–K) Levels of astrocyte reactivity were estimated 
by the overlapping of GFAP (red) and nestin (green). (I) Representative 
image of GFAP/nestin reactivity in lesion sites of non-treated slices. (J) 
Representative image of GFAP/nestin overlapping in slices treated with 
S-220 delivered by the hydrogel. (K) Quantification of GFAP/nestin pixel 
overlapping. (L) Representative image of the relationship between GFAP and 
Iba-1 immunoreactive cells in an injured control. (M) Representative image 
of the relationship between GFAP and Iba-1 immunoreactive cells in injured 
slices treated with a combination of hydrogel + 5 µM S-220. Circles represent 
individual biological replicates (n = 4–6). Scale bars: A–C, I and J, 100 µm; E 
and G, 50 µm; F and H, 25 µm; L and M, 50 µm. GFAP: Glial fibrillang acidic 
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