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ARTICLE INFO ABSTRACT

Keywords: Cyclic adenosine monophosphate (cAMP) is a key second messenger that regulates signal transduction pathways
CAMP signaling pivotal for numerous biological functions. Intracellular cAMP levels are spatiotemporally regulated by their
Phosphodiesterases

hydrolyzing enzymes called phosphodiesterases (PDEs). It has been shown that increased cAMP levels in the
central nervous system (CNS) promote neuroplasticity, neurotransmission, neuronal survival, and myelination
while suppressing neuroinflammation. Thus, elevating cAMP levels through PDE inhibition provides a thera-
peutic approach for multiple CNS disorders, including multiple sclerosis, stroke, spinal cord injury, amyotrophic
lateral sclerosis, traumatic brain injury, and Alzheimer’s disease. In particular, inhibition of the cAMP-specific
PDE4 subfamily is widely studied because of its high expression in the CNS. So far, the clinical translation of
full PDE4 inhibitors has been hampered because of dose-limiting side effects. Hence, focusing on signaling
cascades downstream activated upon PDE4 inhibition presents a promising strategy, offering novel and phar-
macologically safe targets for treating CNS disorders. Yet, the underlying downstream signaling pathways
activated upon PDE(4) inhibition remain partially elusive. This review provides a comprehensive overview of the
existing knowledge regarding downstream mediators of cAMP signaling induced by PDE4 inhibition or cAMP
stimulators. Furthermore, we highlight existing gaps and future perspectives that may incentivize additional
downstream research concerning PDE(4) inhibition, thereby providing novel therapeutic approaches for CNS
disorders.

PDE4 inhibition
Central nervous system
Neurodegenerative diseases

neurotransmission [3]. Moreover, cAMP regulates every aspect of the
cellular life cycle, including proliferation, migration, differentiation,
and survival [4,5]. A family of enzymes called adenylyl cyclases (ACs)

1. Introduction

The nucleotides 3'-5-cyclic adenosine monophosphate (cAMP) and

3'-5'-cyclic guanosine monophosphate (¢cGMP) function as key second
messengers in various intracellular signaling pathways. Second mes-
sengers are small, rapidly diffusing molecules that amplify and trans-
duce extracellular signals, which initiate a cascade of signal
transduction pathways, leading to various physiological cellular effects
[1,2]. cAMP, first identified in 1985, is of particular interest since it is
the key regulator of numerous biological processes across all body tis-
sues, including but not limited to immune function, metabolism, and
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produce cAMP by converting adenosine 5’-triphosphate (ATP) (Fig. 1).
ACs are predominantly activated through ligand binding of trans-
membrane G protein-coupled receptors (GPCRs), as thoroughly
reviewed by Devasani and Yao [6]. GPCRs undergo a conformational
change upon ligand binding, leading to dissociation of the G-protein, a
heterotrimer consisting of a, §, and y subunits. Subsequently, the sub-
units Ga and Gy independently activate (e.g., Gas) or inhibit (e.g.,
Gai/o) ACs [6]. Additionally, the enzymatic activity of ACs can be
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Fig. 1. :Synthesis, degradation, and main downstream effectors of cAMP. The
binding of a ligand to G-protein coupled receptors with a Gas subunit results in
the activation of adenylyl cyclase. Adenylyl cyclase converts ATP to cAMP,
whereas PDEs hydrolyze cAMP to 5°’AMP. cAMP activates PKA, EPAC, and
cyclic-nucleotide-gated ion channels. The binding of cAMP to the R units in the
heterotetrameric PKA results in the dissociation of the C units and, hence,
activation of PKA. Eventually, PKA mediates its biological effects by phos-
phorylation of downstream substrates, to which it is clustered through AKAPs.
cAMP-mediated activation of EPAC leads to the activation of Rap GTPases.
Cyclic-nucleotide-gated ion channels can be directly activated by cAMP,
resulting in altered gating properties of these ion channels. Notably, this is a
simplified representation as it does not show subcellular localization of cAMP
domains. cAMP, Cyclic adenosine monophosphate; 5’AMP, 5’Adenosine mono-
phosphate; PDEs, Phosphodiesterases; PKA, Protein kinase A; AKAP, A-kinase
anchoring protein. R unit, Regulatory unit; C unit, catalytic unit; EPAC, Exchange
protein activated by cAMP; Rap, Ras-associated protein; GTP, Guanosine
triphosphate.

modulated intracellularly by protein kinases or calcium fluctuations [5,
7]. Therefore, cAMP signaling can be activated by multiple stimuli
through ACs, which in turn are regulated by various feedback loops.
Furthermore, cAMP signaling is spatiotemporally regulated and catab-
olized by phosphodiesterases (PDEs), a family of enzymes that hydrolyze
cAMP and/or ¢cGMP to 5" AMP or 5° GMP, respectively. The PDE enzyme
superfamily consists of 11 gene families (PDE1-11) encoded by 21 genes
(e.g., PDE4A-D), each one coding for different isoforms (e.g.,
PDE4D1-9). This results in a total of at least 77 different protein-coding
isoforms that differ in substrate specificity, tissue expression profile, and
subcellular localization [8,9]. PDE4, PDE7, and PDES are selective for
cAMP breakdown, whereas PDE5, PDE6, and PDE9 specifically hydro-
lyze ¢cGMP. The remaining families exhibit dual specificity, with a
varying affinity for the cyclic nucleotides depending on the isoform [8,
10,11]. Therefore, influencing PDE activity allows the control of cAMP
levels in a cell type-specific and spatiotemporal manner.

cAMP has been shown to exert beneficial effects on various neuro-
logical processes in the central nervous system (CNS), including
modulating memory processes, suppressing neuroinflammation, pro-
moting repair processes by boosting neuroplasticity and remyelination,
stimulating neurotransmission and cognition [12-17]. Because of its
crucial role in these CNS processes, CAMP is a promising target for
neurodegenerative disorders. Unfortunately, raising cAMP through
exogenous administration of cAMP is associated with dose-limiting
toxicities, such as hypercalcemia [18]. Consequently, elevating cAMP
levels intracellularly by inhibiting PDEs offers a therapeutic strategy for
Alzheimer’s disease (AD), multiple sclerosis (MS), schizophrenia, trau-
matic brain injury (TBI), and other diseases [8,19,20]. PDE4, in partic-
ular, has been extensively studied as a target for CNS disorders, as
reviewed by Blokland et al. [20]. Although PDE4 inhibitors are used in
the clinic to treat chronic obstructive pulmonary disease and psoriasis,
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their clinical application for CNS indications is hampered due to
dose-dependent side effects, including emesis, nausea, and diarrhea,
linked to the therapeutic effective dose. Yet, ibudilast, roflumilast, and
zatolmilast are in clinical trials for various CNS diseases, such as AD and
fragile X syndrome [21-23]. Thus, cAMP modulation in the CNS through
PDE4 inhibition remains clinically relevant. Approved PDE4 inhibitors
and the ones in clinical trials are thoroughly reviewed by Crocetti,
Floresta [24] and Li, He [25]. In the past decade, research in the PDE
field, including ours, has focused on selective inhibition of PDE4 sub-
types (e.g., PDE4D) or isoforms (e.g., PDE4D4) [26,27]. Still, a signifi-
cant knowledge gap concerns the actual effect of PDE inhibition on the
downstream cAMP-mediated signaling pathways, associated effectors,
and interactive effects leading to complex physiological cell changes
that improve CNS disease outcomes [9,20].

cAMP has three main downstream effectors: 1) protein kinase A
(PKA), 2) exchange protein activated by cAMP (EPAC), and 3) ion
channels, i.e., cyclic-nucleotide-gated ion channels (CNGCs) and
hyperpolarization-activated nucleotide-gated (HCN) channels [2,3]
(Fig. 1). Among these three, cAMP-dependent PKA, a heterotetrameric
enzyme comprising two regulatory (R) and two catalytic (C) subunits, is
the most extensively studied. Specifically, PKA activation occurs
through cAMP binding to the R units, inducing dissociation and, thus,
activation of the C subunits. Subsequently, the liberated C subunits
phosphorylate serine and threonine amino acid residues on target sub-
strates, thereby initiating numerous signaling pathways. The transcrip-
tion factor cAMP-response binding protein (CREB) is the most
well-known target of PKA. Upon phosphorylation, CREB translocates
to the nucleus, where it binds to cAMP-response elements (CREs) in the
promotor region of various target genes, thereby regulating their
expression. The cAMP-PKA-CREB pathway has been described to
mediate multiple CNS functions, including neuronal survival, neuro-
plasticity underlying learning and memory, differentiation of oligo-
dendrocyte precursor cells (OPCs), and neuroinflammation [4,28-30].
Although CREB might seem like a promising target in CNS diseases, it is
non-specific since cAMP/CREB is ubiquitously expressed in all body
tissues [28]. Other cAMP-responsive transcription factors regulated by
PKA include nuclear factor-xB (NF-kB), activating transcription
factor-1/2 (ATF-1/2) [31]. In addition, PKA phosphorylates ion chan-
nels, motor proteins, and other enzymes such as protein kinase C (PKC),
phosphoinositide 3-kinase (PI3K), phospholipase C (PLC), and members
of the mitogen-activated protein kinase (MAPK) family (i.e., extracel-
lular signal-regulated kinase (ERK), c-Jun N-terminal kinase (JNK), and
p38 MAPK) [2,4,32]. Additionally, the specificity of cAMP/PKA signal
transduction is mediated by A-kinase anchoring proteins (AKAPs) since
they locate PKA closer to its substrates and control its subcellular
localization. This facilitates efficient spatial and temporal regulation of
cAMP/PKA signaling [2,33]. EPAC, a guanine nucleotide exchange
factor (GEF), is cAMP’s second main downstream target. Upon activa-
tion, EPAC regulates kinases, including Raf and ERK, and activates the
small GTPases Ras-associated protein (Rap)l and Rap2 through
guanine-nucleotide exchange. These factors control various processes,
including cell adhesion, cell-cell junction formation, exocytosis, and
cellular functions such as proliferation, differentiation, and migration
[10,11,34]. In the CNS, EPAC plays a role in neuronal differentiation,
particularly in neuronal polarity and cone movement, and
microglia-mediated neuroinflammation [10,35]. Thirdly, cAMP also
binds to and directly activates CNGCs, which are voltage-dependent
non-selective cation channels found in many tissues, including the
heart, kidney, and brain [11]. HCN channels are typically associated
with neuronal and cardiac excitability by conducting calcium, sodium,
and potassium. Additionally, cAMP has been found to regulate the
length of myelin sheaths, vital for axonal signal conduction and proper
CNS functioning, through HCN2 channels [36,37]. Since the role of
CNGCs in both the healthy and diseased CNS remains poorly under-
stood, they fall beyond the scope of this review, which primarily focuses
on cAMP/PKA and cAMP/EPAC signaling.



Z. Donders et al.

This review summarizes the downstream effects of cAMP elevations
upon PDE4 inhibition and cAMP analogs or activators. While PDE4 in-
hibitors offer a more cell-type specific approach and are clinically
relevant, cAMP analogs or activators can potentially elicit similar
downstream effects compared to PDE4 inhibitors, aiding further inves-
tigation for novel downstream targets. Therefore, we provide a
comprehensive overview of cAMP signaling and downstream effectors in
the CNS while focusing on the following key CNS processes: (1) neuro-
inflammation, (2) neuroplasticity, (3) neurotransmission and long-term
potentiation (LTP), (4) neuronal survival, and (5) myelination. The most
commonly used PDE4 modulators, cAMP analogs, and modulators of
cAMP-related signaling molecules in the discussed studies are summa-
rized in Table A.1. Although these specific modulators are not explicitly
mentioned in the test, the table provides a valuable overview for those
interested in this information. In addition, implications in disease and
existing literature regarding other PDE inhibitors will be briefly dis-
cussed. Lastly, future directives are outlined that could help to unravel
downstream cAMP signaling to provide more specific targets to treat
CNS-related diseases.

2. Neuroinflammation

Resident CNS immune cells, including microglia and astrocytes, as
well as infiltrating inflammatory cells, contribute to neuroinflammatory
responses in neurodegenerative disorders such as AD, Parkinson’s dis-
ease (PD), spinal cord injury (SCI), TBI, stroke, and amyotrophic lateral
sclerosis (ALS) [38-40]. In homeostatic conditions, these inflammatory
cells remove harmful substances and tissue debris, promote CNS repair,
and stimulate neuroplasticity [41,42]. In contrast, an exacerbated and
chronic inflammatory response is often observed during neurodegen-
erative diseases, resulting in increased neuronal death, demyelination,
attenuated CNS repair, and escalated tissue damage [43,44]. Conse-
quently, previous studies have focused on modulating neuro-
inflammatory responses in CNS disorders. cAMP regulation through PDE
inhibitors or cAMP analogs has already been shown to be a promising
therapeutic strategy to orchestrate inflammatory responses [4,31].
Here, we will focus on the cAMP pathways involved in microglial and
astrocyte modulation.

2.1. cAMP signaling upon PDE4 inhibition in neuroinflammation

Accumulating evidence suggests the importance of PDEs, especially
PDE4B, in regulating inflammatory responses of microglia and astro-
cytes. Pde4b was found to be acutely upregulated in microglia following
traumatic SCI in rodents. Additionally, stimulation with pro-
inflammatory cytokines tumor necrotic factor a (TNF-a) and inter-
leukin 1f (IL-1p) upregulated Pde4b in rodent-derived astrocytes and
microglia [45-47]. Interestingly, the ablation of Pde4b reduced TNF-a
and IL-1f expression upon lipopolysaccharide (LPS)-induced inflam-
mation on primary rat microglia [48]. Thus, these results suggest that
inflammation regulates PDE4B and, conversely, that PDE4B orchestrates
inflammatory responses. The interplay between inflammation and PDE4
is suggested through the NF-xB pathway, which is well known to pro-
mote the production of inflammatory cytokines, including TNF-a, IL-6,
IL-1B, and inducible nitric oxide synthase (iNOS) in glial cells [49].
Research showed that inhibition of NF-kB translocation to the nucleus
prevented TNF-a-mediated upregulation of Pde4 expression and cAMP
decreases in murine microglia, suggesting a link between the NF-xB
pathway and Pde4 expression [50]. Conversely, PDE4 inhibition atten-
uates the NF-xB pathway in microglia and astrocytes. TNF-a down-
regulates cAMP, which is abolished in the murine microglia cell line
upon inhibition of PDE4, PKA, MEK, and NF-kB translocation. These
results imply that downstream kinases PKA and MEK are involved in
cAMP-mediated NF-kB regulation. The inhibition of PKA can lead to
reduced PKA-mediated phosphorylation of upstream molecules in the
NF-kB signaling pathway, like p50, resulting in increased inflammation.
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On the other hand, PKA itself can promote inflammation, postulated
through p65 phosphorylation, a dimer of NF-xB, resulting in NF-kB
translocation to the nucleus [51,52]. However, PDE4 inhibits the
translocation of phosphorylated p65 to the nucleus in a TNF-a stimu-
lated murine microglia cell line, leading to a reduced inflammatory
response [50]. Other mechanisms of PDE4 inhibition-mediated anti-in-
flammatory effects on glial cells are reducing IkB degradation and
inhibiting IKK activation, thereby keeping NF-«xB proteins sequestered in
the cytoplasm [45,53,54].

Besides the NF-kB pathway, other pathways are pivotal in regulating
glial inflammation. PDE4 inhibitor roflupram increased AMP-activated
protein kinase (AMPK) phosphorylation and elevated the protein
expression of the histone/protein deacetylase SIRT1, a molecule
downstream of AMPK [55]. Furthermore, inhibition of AMPK or SIRT1
abolished the anti-inflammatory effects of PDE4 inhibition on
LPS-stimulated BV2 microglial cells, indicating that PDE4 inhibition
attenuates inflammation through the AMPK/SIRT1 pathway [55]. The
beneficial effects of SIRT1 on microglia are postulated through stimu-
lating repair-promoting microglia, decreasing inflammasome activation,
and inhibiting the NF-xB pathway [56,57]. In contrast, SIRT1 activation
promotes an inflammatory astrocyte phenotype [57]. However, the
direct result of the interaction between PDE inhibition and SIRT1 in
astrocytes remains to be elucidated. CREB has also been shown to play
an essential role in reducing the production of pro-inflammatory cyto-
kines (TNF-a, IL-1p, and IL-6) upon PDE4 inhibition in a murine
microglia cell line. These anti-inflammatory effects were nullified upon
PKA inhibition, suggesting a PKA/CREB-mediated signaling pathway for
suppressing microglial inflammation [58]. Neuroinflammation can also
be modulated through inhibition of MAPK signaling, as demonstrated
with other PDE inhibitors [59]. Yet, the exact role of this pathway upon
PDE4 inhibition is not known.

2.2. cAMP signaling upon cAMP stimulants or cAMP analogs in
neuroinflammation

The role of PKA signaling in modulating inflammation became
evident when cAMP analogs were used. Incubation of primary rat
microglia with the PKA-stimulating cAMP analog 6-Bnz-cAMP followed
by LPS stimulation decreased TNF-a and IL-1p levels and increased the
levels of anti-inflammatory cytokine IL-10. Furthermore, PKA inhibition
abolished these beneficial effects, implying that the reduction in pro-
inflammatory cytokine release is mediated through PKA. Downstream
modulators in orchestrating cytokine secretion upon PKA signaling are
p38 and glycogen synthase kinase-3 § (GSK3p) since PKA activation
decreased p38 phosphorylation and enhanced GSK3p phosphorylation.
Importantly, as opposed to other kinases, GSK3p is inactivated by
phosphorylation. Additionally, the EPAC-specific cAMP analog 8-CPT-
cAMP) attenuated TNF-o but not IL-1p and IL-10 levels in LPS-
stimulated rat microglia. Interestingly, EPAC stimulation also pro-
moted GSK-3p phosphorylation similar to PKA activation [13]. Conse-
quently, it is hypothesized that PKA and EPAC activation attenuates
pro-inflammatory cytokine release by inhibiting the p38 MAPK
pathway and GSK3p signaling. Ghosh et al. indicated that PKA inhibition
reduced the inflammatory markers iNOS and cyclooxygenase 2 (COX2)
in TNF-a-stimulated microglia [50]. This implies that different down-
stream effectors of PKA regulate the release of specific cytokines. This
hypothesis is supported by a study showing that PKA and CREB inhibi-
tion abolished anti-inflammatory cytokines Argl, CD206, and IL-4 upon
stimulation of the Ga-coupled GPCR GLP-1R. These results suggest a role
for PKA/CREB in mediating an anti-inflammatory phenotype upon
GPCR signaling. Moreover, p38 inhibition suppressed Argl and Cd206
expression, while Il-4 expression was inhibited by JNK inhibition.
Therefore, Argl and Cd206 expression was hypothesized to be regulated
through PKA/p38/CREB signaling, whereas II-4 expression is suggested
to be controlled by PKA/JNK/CREB signaling [60]. PKA-stimulating
cAMP analogs, but not the EPAC-selective analogs, could increase the
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expression of Argl in an IL-4-stimulated murine microglia cell line [61]. 3. Neuroplasticity
Hence, PKA and EPAC are suggested to orchestrate inflammatory re-
sponses through distinct pathways that may overlap. During life, different types of neuroplasticity impact brain function
Lastly, regulating the microglial and astrocyte phenotype is key to and structure [64,65]. First, structural neuroplasticity refers to neuro-
determining their function. For instance, cytoskeleton arrangements are genesis and the modulation of the physical appearance of existing
demanded to mediate phagocytosis of cellular debris. Interestingly, [66-68]. Second, the growth of axons and the development of dendrites
cAMP signaling also modulates cytoskeleton adaptations of microglia into axons are essential for the polarizing plasticity of neurons [69,70].
and astrocytes during inflammation. Research indicated that PKA inhi- Third, functional neuroplasticity, also called synaptic plasticity, refers to
bition or stimulation in microglial cells diminishes or increases their the modification of the strength or efficacy of transmission of preexisting
phagocytic capacity, respectively [50,61]. EPAC has been demonstrated synapses in an activity-dependent manner [71]. The strengthening of
to remodel the cytoskeleton by reducing a hypertrophic, inflammatory synapses represents the cellular foundation underlying learning and
astrocyte profile and attenuating the round inflammatory microglia memory, cognition, and behavior. Neurodegenerative diseases such as
phenotype in SCI, possibly through the STAT3 signaling pathway [62]. AD, PD, or CNS injury, including SCI or stroke, are accompanied by
PKA also regulates glutamate uptake in rat glial cells by influencing impaired neuroplasticity, often resulting in cognitive and behavioral
actin polymerization. Specifically, PKA inhibition enhanced glutamate problems [72-75]. Therefore, interventions designed to enhance neu-
uptake [63]. The uptake of neurotransmitters such as glutamate is a roplasticity are predicted to improve disease symptoms or slow disease
critical function of glial cells to protect the CNS environment and progression. cAMP and its downstream effectors are essential in regu-
thereby reduce neuroinflammation, pointing to the importance of PKA lating neuroplasticity. In this part, we will review current evidence on
regulation. the effect of cAMP elevation through PDE inhibition and cAMP stimu-
lants and analogs on downstream signaling within neuroplastic
2.3. Summary processes.

cAMP pathway modulation can be leveraged to mediate neuro-
inflammatory responses in CNS disorders. PDE4 inhibition decreases
neuroinflammation by attenuating the NF-kB pathway and boosting . . . .
AMPK/SIRT and PKA/CREB signaling in microglia and astrocytes. cAMP There is accum}llatmg ev1denc.e.thz.1t inhibition O.f PDE4 alteTs
analogs have been shown to promote anti-inflammatory responses by structural and functional neuroplasticity in health and disease. Chronic

inhibiting the p38 MAPK and GSK3p signaling pathways, mediated by PDE4 inhibition through oral administration of roflumilast or rolipram
both EPAC and PKA (Fig. 2). ’ in the APP/PS1 mouse model for AD increased levels of phosphorylated

CREB (pCREB) and brain-derived neurotrophic factor (BDNF) [76].
PCREB is suggested to modulate neuroplasticity by promoting the gene

3.1. cAMP signaling upon PDE4 inhibition in neuroplasticity

Neuroinflammation
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Fig. 2. :Downstream signaling upon cAMP stimulation or PDE4 inhibition in neuroinflammatory responses. Promoting cAMP signaling through the inhibition of
PDE4 (rolipram, roflupram, or FCPR03) or cAMP analogs specific for PKA (6-Bnz-cAMP, dioctanoyl-cAMP, or 6-phenyl-cAMP) and/or EPAC (8-pCPT or Sp-8-BnT-
cAMPS) can influence the inflammatory outcomes in microglia and astrocytes. PDE4 inhibition attenuates neuroinflammation via PKA/AMPK/SIRT1 signaling and
PKA-induced phosphorylating of p50, leading to reduced translocation of the inflammation-stimulating transcription factor NF-xB and hence, decreased production
of inflammatory products (TNF-a, IL-6, IL-1B, and iNOS). On the other hand, the phosphorylation of p65 by PKA can promote inflammation via NF-kB translocation.
PDE4 inhibition leads to PKA-mediated CREB phosphorylation directly or indirectly through JNK and p38 MAPK, which promotes the expression of anti-
inflammatory genes (Argl, IL-10, IL-4, and CD206). The removal of glutamate during inflammation can be mediated through PKA signaling. cAMP analogs for
PKA and EPAC exert anti-inflammatory effects through GSK3p phosphorylation. In addition, EPAC promotes STAT3 signaling, which has been shown to modulate the
glial cytoskeleton towards an anti-inflammatory cell phenotype. AC, Adenylyl cyclase; PDE4, Phosphodiesterase 4; cAMP, Cyclic adenosine monophosphate; PKA, Protein
kinase A; 6-Bnz-cAMP, Rp-cAMPS-6-Bnz-cAMP; PKI, Protein kinase inhibitor; AMPK, Adenosine monophosphate-activated protein kinase; SIRT1, Silent information regulator
1; NF-«B, Nuclear factor x B; CREB, cAMP-response element binding protein; JNK, c-Jun N-terminal kinase; MAPK, Mitogen-activated protein kinase; EPAC, Exchange protein
directly activated by cAMP; 8-pCPT, 8-(4-chlorophenylthion)-2'-O-methyl-cyclic AMP; Sp-8-BnT-cAMPS, 8- Benzylthioadenosine- 3, 5'- cyclic mono phosphorothioate; GSK3p,
Glycogen synthase kinase-3 ff; STAT3, Signal transducer and activator of transcription 3; TNF-a, Tumor necrotic factor a; IL-6, Interleukin 6; iNOS, Inducible Nitrogen oxide
synthase; Argl, Arginase 1.
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expression of growth factors (e.g., BDNF) and genes involved in
neuronal survival (e.g., Bcl-2) [77]. Several studies showed that neu-
roplasticity is promoted by BDNF and subsequent tropomyosin receptor
kinase B (TrkB) receptor activation [15,78]. TrkB receptor stimulation
results in the activation of multiple signaling pathways involved in
neurite outgrowth and synaptic plasticity, including the Ras/ERK
pathway and the PI3K/AKT pathway [79]. Various studies used PKA and
EPAC activators and inhibitors to elucidate whether neuroplastic pro-
cesses are dependent or independent of PKA and EPAC. In rat dorsal root
ganglion (DRG) neurons, PKA activation is not essential to induce neu-
rite outgrowth [15]. In contrast, EPAC does appear to be involved in
neuronal elongation and modulation of synaptic transmission as well as
plasticity in rat DRG neurons [80-82]. The EPAC agonist 8-CPT-cAMP
triggered neurite outgrowth in murine neurons, while using an inac-
tive version of 8-CPT-cAMP omitted the effect, providing evidence of the
involvement of EPAC in neurite growth [83]. Double inhibition of PKA
and EPAC had a detrimental effect on neurite outgrowth. Oppositely, a
weak outgrowth stimulating effect was observed upon PKA inhibition.
Therefore, it is postulated that cAMP-induced CREB phosphorylation
leading to neurite outgrowth is primarily mediated by EPAC [15].
Another study has shown that rolipram treatment of an in vitro
co-culture of myelinated neurons enhanced neurite density and
increased neurite outgrowth in a PKA-independent manner [84]. Addi-
tionally, the distinct conformational states of PDE4 that exhibit different
sensitivities to rolipram inhibition were studied: the high-affinity
(HARBS) and low-affinity rolipram binding state (LARBS). The PDE4
inhibitor rolipram has two enantiomers, R- and S-rolipram, which
selectively inhibit the PDE4 HARBS conformer and PDE4 LARBS
conformer, respectively. This study showed that inhibition of the HARBS
by R-rolipram, rather than the inhibition of LARBS by S-rolipram, pro-
moted neurite outgrowth. As tested using PKA inhibitors, these effects
were mediated through the activation of EPAC and not through PKA
[84]. However, PKA inhibition decreased CREB phosphorylation trig-
gered by the general PDE inhibitor IBMX but not after stimulation with
AC activator forskolin. These results suggest that high levels of cAMP
caused by forskolin, unlike IBMX, which is expected to increase cAMP
levels moderately, might be required to drive PKA-independent CREB
phosphorylation [15].

Hasan et al. showed that chronic intracerebroventricular PDE4 in-
hibition by roflumilast improved spatial memory performance by
increasing BDNF levels while decreasing inflammatory processes (NFxf3
expression) in the hippocampus of an AD rat model [85]. Roflumilast
treatment inhibited NFkf3/BACEl-mediated A production in the hip-
pocampus. Furthermore, oral administration of roflumilast exerted
neuroprotective effects in a rat model for PD. These neuroprotective
effects were mediated via CREB/BDNF/TrkB, which activates the
PI3K/AKT pathway [86]. In addition, reduced levels of activated Rho
and phosphomyosin were observed following the PDE4 inhibition,
which points to Rho and phosphomyosin being responsible for the
enhanced neurite outgrowth [84,87]. Moreover, PDE4 inhibition by
rolipram increased PKA-mediated phosphorylation of
vasodilator-stimulated phosphoprotein (VASP), a protein that is asso-
ciated with the cytoskeleton and could be involved in neurite elongation
[88,89].

Notably, not every type of PDE4 inhibitor causes increases in pCREB
and subsequent elevation of BDNF levels. Despite improving cognition,
chronic subcutaneous administration of the PDE4D inhibitor Gebr7a to
APP/PS1 mice did not alter hippocampal pCREB, BDNF, synaptophysin,
and PSD95 levels [90]. A derivative compound of Gebr7b, Gebr32a,
improved spatial memory performance in another AD mouse model
[27]. Moreover, we have shown that Gebr32a improved the neurite
outgrowth of a mouse hippocampal cell line, even upon AB-induced
reduction of neurite length. Gebr32a treatment did increase pCREB
levels in vitro in mouse N2a cells, but the effect on hippocampal CREB
phosphorylation remains to be studied [91]. We concurringly see BDNF
emerging as a primary effector of plasticity processes. Yet, regarding
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other neurotrophic factors such as NGF and GDNF, little is known in the
context of phosphodiesterase inhibition, cAMP signaling, and neuro-
plasticity. It was shown that the general PDE inhibitor ibudilast pro-
motes GDNF expression in a model of PD and promotes NGF and GDNF
expression in activated microglia [92,93]. It remains to be resolved
whether the PDE(4) inhibition-induced increase in NGF and GDNF
expression affects signaling-induced neuroplasticity.

An additional cAMP-mediated mechanism for neurite and axon
growth is preventing growth cone collapse. cAMP induces a reversible
internalization of Nogo 66 receptor 1 (NgR1), a receptor for myelin
inhibitors [94,95]. NgR1 activation causes growth cone collapse and,
therefore, inhibits neuronal plasticity in a Rho/ROCK-dependent
manner [94,96]. A study showed that rolipram treatment decreases
the cell surface expression of NgR1 in neuronal cells (NS-1) through
NgR1 internalization. PKA stimulation did not induce internalization of
NgR1, while EPAC activation did. Moreover, PKA inhibition did not
block the NgR1 internalization induced by cAMP analog dibutyryl-cAMP
(db-cAMP), whereas EPAC inhibition did [94]. This data suggests that
cAMP-induced NgR1 internalization depends on EPAC rather than PKA
activation. However, both EPAC and PKA activation through rolipram
can inhibit the Rho pathway independent of NgR1 internalization,
possibly preventing growth cone collapse [84,97,98].

cAMP-mediated functional plasticity (e.g., synaptic plasticity) in-
volves AMPA and NMDA receptor activation in excitatory neurons. The
GluA subunits of AMPA receptors are crucial in synaptic plasticity and
memory formation. Synapse strengthening involves the trafficking of
GluA1/GluA2 heterodimers to the synaptic membrane [99,100]. These
receptors are subsequently replaced by the constitutive trafficking
GluA2/GluA3 of heterodimers, maintaining long-lasting synaptic
strengthening [101]. Upon PDE4 inhibition by rolipram, membrane
surface expression of GluA1-AMPA receptors was increased in the hip-
pocampus, suggested by increased mobilization and trafficking of resi-
dent synaptic endosomes [14]. After 1 hour of rolipram treatment,
transcription of GluAl, potentially CREB-mediated, and translation of
local pools of GluA1 mRNA occurs, increasing the total GluA1-AMPA
receptor expression [14]. Moreover, it was shown that BDNF regulates
this local translation of GluAl. Using CaMKII, the incorporation of
GluA1-AMPA receptors into the postsynaptic membrane is even more
enhanced, possibly through CaMKII-mediated AC activation [102].

The application of PDE4 inhibitors shows excellent therapeutic po-
tential for neurodegeneration and neurotrauma. However, therapeutic
PDE4 inhibition in the CNS coincides with emetic adverse effects. A
promising approach to avoiding these side effects while still enhancing
neuroplastic processes is the selective inhibition of PDE4 genes and
isoforms. Selective targeting of the PDE4B or PDE4D subtypes already
circumvented the emetic side effects [26]. A mouse model study with
disrupted Pde4b1 showed increased pCREB and ERK1/2 phosphoryla-
tion levels, enhanced hippocampal neurogenesis, and increased baseline
synaptic transmission. Together, these data suggest a role for PDE4B in
regulating synaptic plasticity [103]. Moreover, we have shown that
several PDE4D isoforms are aberrantly expressed in the temporal lobe of
AD patients [104]. Knocking down long PDE4D isoforms (PDE4D3-D5,
PDE4D7-D9) enhanced the neurite outgrowth of HT-22 cells. In contrast,
this effect was not observed when the expression of short PDE4D iso-
forms (PDE4D1-D2, PDE4D6) was suppressed. PDE4D long isoforms are
tethered in particular subcellular areas and anchored to AKAPs and
scaffolding proteins, probably enabling them to exert specific functions
in neurite outgrowth. For example, it was shown that the PDE4D3/-
mAKAP complex tightly regulates axonal growth in neurons [105]. On
the other hand, PDE4DS5 preferably binds to B-arrestin as a scaffolding
protein and is therefore located near several GPCRs. PDE4D9 can bind to
and regulate the function of f2-adrenergic receptors, of which the
activation promotes spine generation in APP/PS1 mice [106,107]. Ul-
timately, the effects of individual PDE4D isoforms on neuroplasticity
and their association with particular complexes emphasize the intricate
regulatory mechanisms within the cAMP signaling pathway. Whether
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different PDE4D isoforms and isoform complexes initiate distinguished
signaling cascades is likely but remains to be elucidated.

3.2. cAMP signaling upon cAMP stimulants or cAMP analogs in
neuroplasticity

Some hydrolyzed derivatives of cAMP, such as db-cAMP and 8-
bromo-cAMP (8-Br-cAMP), as well as the AC stimulator forskolin,
have been described as neurite outgrowth stimulating agents in several
neuronal cell types [108-110]. A study using the human neuroblastoma
(SH-SY5Y) cell line treated with db-cAMP enhanced neurite formation
and resulted in GAP43, neuronal tubulin, tau, and MAP1B accumulation
in the cell, referred to as neuronal growth and plasticity proteins. PKA
inhibition and concurrent db-cAMP administration inhibited neurite
elongation. In contrast, adding a MEK/ERK or p38 inhibitor showed no
effect on db-cAMP-mediated neurite elongation. This suggests that PKA
is essential for initial SH-SY5Y cell differentiation upon db-cAMP.
However, when PKA was inhibited after 48 h of db-cAMP stimulation,
the db-cAMP-induced neurite elongation was not affected, indicating
that PKA is not required in this later stage. In line with previous results,
inhibition of MEK/ERK did not affect neurite outgrowth, while inhibi-
tion of PI3K induced neurite retraction. Consequently, PKA and PI3K
seem essential in this elongation model, while ERK activation is not
required [109]. Another study showed that db-cAMP upregulated argi-
nase 1 (Argl) expression and increased polyamine synthesis in cere-
bellar rat neurons, promoting neurite growth [111].

Furthermore, it was shown that forskolin, db-cAMP, and 8-Br-cAMP
caused significant increases in neurite length in rat NS-1 cells. However,
co-treatment with PKA inhibitors did not block forskolin-elicited neurite
extension. This data suggests that the cAMP-induced neurite outgrowth
in NS-1 cells is PKA-independent [112]. Another study using a striatal
neuronal cell line showed that forskolin resulted in CREB phosphory-
lation at serine 133, typically associated with CREB activation, even
when a PKA inhibitor was added. Therefore, EPAC was proposed as an
upstream mediator for CREB activation rather than PKA in this cell line
[15]. However, after forskolin addition, CREB activation in NS-1 cells
was inhibited following PKA inhibition, while neurite outgrowth was
still stimulated. These results suggest that in NS-1 cells, the effect on
neurite outgrowth is both PKA- and CREB-independent. The
forskolin-induced neuritogenesis is possibly EPAC-mediated, but this
has not been investigated further. Moreover, cAMP analogs stimulated
ERK phosphorylation in NS-1 cells independent of PKA, indicating that
AC stimulation by forskolin and ERK are connected, leading to neurite
outgrowth [112].

3.3. Summary

PDE4 inhibition has been demonstrated to stimulate structural
neuroplasticity through EPAC-mediated CREB phosphorylation but not
PKA, leading to CREB/BDNF/Argl pathway activation. Moreover,
crosstalk with the Ras/ERK and PI3K/Akt pathways has been established
through BNDF-mediated TrkB activation. PDE4 inhibition also blocks
the Rho/ROCK pathway through cAMP/EPAC, thereby promoting
axonal growth. There are contradictory results on PKA and EPAC de-
pendency in the neurite outgrowth process, which can be explained by
different methodologies, neuronal cell types and models, mechanisms of
action of the used inhibitor/analog, animal models and administration
routes, and thus the context. Moreover, research showed that EPAC
activation is more sensitive to intracellular PDE4 levels, while PKA
activation is more influenced by the present cAMP levels [113].
Consequently, these differences in sensitivity can potentially explain
why PDE4 inhibition demonstrated promoted neuronal outgrowth
through EPAC, whereas cAMP analogs proposed PKA-mediated
neuronal elongation. However, evidence states that neurite outgrowth
can be boosted independent of PKA upon PDE4 inhibition. cAMP ele-
vations through cAMP stimulants or analogs have also been reported to
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enhance neuroplasticity through PKA and PI3K pathways. The role of
the MAPK subfamilies upon cAMP increases is contradictory, although a
role for ERK in neuroplasticity and synaptic transmission has been
demonstrated[114]. Moreover, it must be kept in mind that cAMP ele-
vations, either upon cAMP stimulation or PDE inhibition, might indi-
rectly affect neuroplasticity and neurite outgrowth. Interference with
processes such as cell proliferation, cell adhesion molecules, and
extracellular matrix components could contribute to neuroplasticity
(Fig. 3).

4. Neurotransmission and long-term potentiation

LTP can be defined as a strengthening of synaptic connections.
Within the synaptic cleft, the space between two adjacent synapses,
neurotransmitters are released to either activate or inhibit receptors,
mediating synaptic connections. Dopamine, glutamate, and gamma-
aminobutyric acid (GABA) are well-characterized neurotransmitters,
the dysregulation of which is implicated as pivotal in various neurode-
generative diseases [115-122]. cAMP has been shown as a partial
regulator of these three neurotransmission processes, with different
PDEs implicated to cause distinct downstream effects [123-125].
Notably, LTP has been proposed as the primary mechanism behind
memory and learning [126], and its disruption has been linked to AD
[120]. cAMP and its PDE regulators have been shown to influence
late-LTP in the hippocampus, contributing to changes in memory func-
tions [127-129].

4.1. cAMP signaling upon PDE4 inhibition in neurotransmission

Considering dopamine transmission, PDE research has been pri-
marily focused on PKA-mediated effects on the function of D1- and D2-
type medium spiny neurons and subsequent phosphorylation of dopa-
mine- and cyclic-AMP-regulated phosphoprotein (DARPP-32) [130].
Mota et al. showed that the PDE4 inhibitor rolipram upregulated
DARPP-32 phosphorylation in D1 and D2 striatal spiny neurons in a
PKA-mediated manner. The phosphorylation of DARPP-32 leads to a
multitude of downstream effects, affecting, for example, GABAergic
neurotransmission and ion channels, such as Na™, through the inhibition
of protein phosphatase-1 (PP-1) (the downstream targets of PP-1 are
reviewed in depth in [131]. In the same study, PDE4 inhibition
increased PKA-mediated phospho-Ser40 phosphorylation of presynaptic
enzyme tyrosine hydroxylase (TH), suggesting that PDE4 could be
involved in cAMP/PKA-mediated dopamine neurotransmission at pre-
synaptic and postsynaptic terminals [132]. The D1 receptor activity was
enhanced by rolipram-mediated PDE4 inhibition in frontal cortex py-
ramidal neurons, further confirming the potentiating role of
cAMP/PKA-mediated DARPP-32 phosphorylation [133]. In this in vivo
study, rolipram-treated animals had improved sensory-motor task
execution, which was DARPP-32 dependent [133]. Together, these
findings highlight the roles of PDE4 in regulating dopamine trans-
mission via the modulation of the cAMP/PKA signaling cascade and the
subsequent regulation of DARPP-32 and TH phosphorylation. Never-
theless, the downstream effects of DARPP-32 phosphorylation have not
yet been explored. DARPP-32 has been shown to indirectly inhibit CRE,
which results in CREB dephosphorylation and subsequent transcrip-
tional changes [134]

PKA appears to be the most important downstream target of PDE4
inhibition on glutamate neurotransmission. PDE4 inhibition by rolipram
was positively correlated with increased glutamate release through the
enhanced activation of the cAMP/PKA pathway and subsequent poten-
tiation of 4-aminopyridine (4AP), which caused a dose-dependent in-
crease in Ca®t-mediated glutamate release [135]. The role of PKA in the
process was deducted by either inhibiting PKA, which interfered with
glutamate release, or directly potentiating it by PKA activation, which
exacerbated rolipram’s effects. Interestingly, an in silico study demon-
strated the critical role of ERK-mediated cAMP/PKA regulation and
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Fig. 3. :Downstream signaling upon cAMP stimulation or PDE4 inhibition in neuronal plasticity and survival. Promoting cAMP signaling through the inhibition of
PDE4 (rolipram, roflumilast, Gebr32a) or cAMP analogs specific for PKA (db-cAMP, 8-Br-cAMP, or Sp-cAMPS) and/or EPAC (pME-cAMP or 8-pCPT) exerts different
effects in neuronal plasticity and survival. PDE4 inhibition stimulates neuroplasticity through EPAC-, but not PKA-, mediated CREB phosphorylation, leading to the
gene expression of BDNF and Argl. Additionally, EPAC can promote neuronal plasticity by inhibiting NgR1-induced ROCK signaling. BDNF can activate Trkf
transduction to induce Ras/MEK signaling and promote neuroplasticity. Ras/MEK transduction can crosstalk with PI3K/AKT/GSK3p/Nrf2/IREla/TRAF2/JNK
signaling, which promotes neuronal survival. However, cAMP analogs specific for PKA suggest PKA as an important downstream modulator for neuronal plasticity.
PKA mediates its effect through phosphorylation of CREB or indirectly by ERK phosphorylation, increased PGC-1a, Argl, BDNF, and GluA1l expression. GluAl re-
ceptor expression can, in turn, promote AMPAR expression to stimulate neuronal signaling. Moreover, PKA-mediated inhibition of apoptotic proteins NF-kB, Bcl-2,
and Bax attenuate neuronal apoptosis. In contrast, cAMP analogs for EPAC promote apoptosis by p38 MAPK/Bim/Caspase-3 and EPAC-mediated CAMKII signaling.
Therefore, EPAC is suggested as the main modulator of cAMP-mediated apoptosis. NgR1, Nogo receptor 1; AC, Adeylyl cyclase; TrkB, Tyrosine kinase B; AMPAR,
a-Amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor; AC, Adeylyl cyclase; PDE4, Phosphodiesterase 4; cAMP, Cyclic adenosine monophosphate; PKA, Protein
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ROCK, Rho-associated coiled-coil kinase; CAMKII, Calmodulin-dependent protein kinase IL

subsequent GluA1l phosphorylation. Here, PDE4 was shown to be a
critical mediator between PKA and ERK since ERK phosphorylation in-
hibits some of the PDE4 isoforms [136]. According to the conducted
literature search, no research concerning PDE4 inhibition’s effect on
GABAergic neurotransmission exists.

In the realm of late-LTP, research predominantly centers around the
PDE4 family. Research showed that repeated stress lowered the LTP
threshold, leading to decreased PDE4 expression in amygdala neurons.
When the same neurons without stress exposure were treated with
rolipram, the effects of the stress were mimicked, suggesting a pivotal
role for PDE4 in regulating LTP induction sensitivity via the cAMP/PKA
pathway [137]. Furthermore, studies in hippocampal CA1 slices have
shown a temporal variation of the PDE4B3 isoform expression during
LTP activation [138]. Other studies employing PDE4 inhibitors seem to
confirm the PDE4 role in activating LTP via cAMP regulation. For
instance, in vivo studies have revealed that rolipram treatment in com-
bination with forskolin in murineCA1 slices results in LTP potentiation
[139]. Another study on CA1 slices has found that brain slices of Pde4d
knockout (KO) mice displayed elevated LTP compared to the control
counterparts [140]. Treatment with rolipram has also been shown to
reverse object memory deterioration in rats previously treated with an
NMDA blocker and promoted the transition from short-term potentia-
tion (STP) into LTP in healthy animals [141]. However, most of these
studies implicate that LTP activation is regulated via the cAMP/PKA
pathway by simply referring to the previous literature. Confirming these

findings through PKA inhibition was only performed by Ryan et al
[137]. Recently, in silico findings indicated a role for ERK in the tem-
poral regulation of LTP, pointing to the need for further evaluation of
LTP-inducing mechanisms [142]. Finally, it has been shown that
Ap-induced inhibition of LTP in the hippocampus may be reversed by
applying rolipram ex vivo, which is particularly interesting in AD. More
specifically, it was shown that the PDE4 inhibition in brain slices
exposed to soluble oligomers Af prevented the Ap-induced inhibition of
LTP. PKA was suggested to be involved, as its inhibition blocked LTP in
the CA3 mossy fibers [143]. Unfortunately, most studies above did not
explore the downstream cascade activated upon PDE4 inhibition beyond
PKA.

4.2. cAMP signaling upon cAMP stimulants or cAMP analogs in
neurotransmission

cAMP has been investigated in many different aspects and stages of
dopamine neurotransmission. In D1 rat neurons, suppressing the cAMP/
PKA pathway through a cAMP antagonist reversed the inhibition of
Ca?*-dependent K™ currents and subsequently increased spiking fre-
quency. Interestingly, none of the main cAMP effectors (PKA/EPAC)
seemed responsible for Kt current regulation [16]. In the D2 neurons,
cAMP antagonism in vivo has been shown to inhibit the H3
phospho-acetylation, and conversely, stimulation of cAMP/PKA activity
has enhanced the process. These findings suggest a role for cAMP and
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PKA in regulating chromatin modifications in the D2 neurons and sub-
sequent changes in dopamine neurotransmission [144]. Treatment with
8-Br-cAMP or forskolin has been shown to partially inhibit the activity of
rat D2 neurons, which was reversed upon PKA inhibition, suggesting the
role of PKA in the process. [145]. Additionally, rat striatal synaptosomes
with 8-Br-cAMP significantly increased the dopamine transporter up-
take and, subsequently, increased dopamine transmission in a
PKA-dependent manner. Yet downstream molecules of PKA that pro-
mote dopamine transporter activity have not been studied [146]. In
future research, it will be essential to investigate whether similar effects
on dopamine transmission can be obtained via PDE inhibition rather
than direct cAMP stimulation/inhibition and look further into which
mechanisms are responsible for those effects.

In terms of glutamate neurotransmission, a study in the early 90 s has
provided insight into cAMP stimulation and non-NMDA-type channel
activity. It was revealed that treating hippocampal pyramidal neurons
with forskolin increased the average opening time of these channels
through a PKA-dependent process [123]. A few years later, a similar
relation was found in synaptosomes obtained from cerebrocortical
neurons, where forskolin treatment increased the facilitation of gluta-
mate release. This was also hypothesized to be cAMP/PKA-mediated as
PKA inhibition reversed the effects. Similar to the PDE inhibition study
by Wang [135], PKA potentiates the effects of 4AP, causes channel
opening, and increases the amount of glutamate released. However, the
interaction between PKA and 4AP was not explored further [135,147].
More recently, it has been suggested that EPAC is also involved in
increasing glutamate release. Using the EPAC agonist 8-CPT-cAMP
while blocking PKA increased glutamate release. Moreover, EPAC was
found to trigger glutamate release through PLC activation, leading to
Muncl3-1 translocation, which is critical for neurotransmission, and
increased Rab3A/RIM1la association [148]. Clearly, there is evidence
that cAMP mediates neuronal excitability. In astrocytes, treatment with
db-cAMP has been shown to upregulate L-[3 H]glutamate through
increased Na™ channel stimulation [149,150]. In particular, the cAMP
stimulation caused an increase in glutamate transporter-1 (GLT-1) pro-
tein expression and glutamate aspartate transporter (GLAST) abun-
dance, both responsible for glutamate transport in the glial cells. Here,
PKA was not correlated to transporter upregulation, but no other
downstream targets were explored [150]. The results of these studies are
supported by another study that used 8-Br-cAMP and showed increased
glutamate synthesis in glial cells [151].

The effect of cAMP on GABAergic neurotransmission is the least
studied out of the three neurotransmitters discussed [152-154]. For-
skolin treatment increased phosphorylated pl-adrenergic receptors
through PKA and led to a weaker response of the receptors to GABA
stimulation, indicating increased desensitization of rat-derived neuronal
cells [153]. Additionally, forskolin was found to suppress postsynaptic
GABA receptors in fruit flies, decreasing the synaptic excitability of the
treated neurons. This process was determined to be PKA-dependent, as
the inhibition of PKA reversed the inhibition of GABAergic currents.
[155]. Recently, it has been suggested that even though PKA is the main
effector of GABA, receptor phosphorylation, EPAC seems to be the main
reason for the phosphorylation of this receptor at the mixed inhibitory
synapses. Forskolin-induced phosphorylation of gephyrin, a scaffold
protein present at synapses and a common binding site for glycerin and
GABA, receptors, was found to be regulated by EPAC in primary
neuronal rat cells. Additionally, EPAC stimulation increased the
mobility of GABA, receptors at the synapses by increasing the binding
strength between GABA, and gephyrin [156].

Research on the impact of cAMP on LTP has focused on under-
standing the effect of cAMP stimulants on CAl neurons, which are
crucial for memory formation [157]. It was revealed that cAMP stimu-
lation can mimic the pattern of late LTP, while cAMP antagonism can
block it upon its induction in the hippocampal slices. The LTP induction
was considered PKA-dependent, yet further exploration of downstream
processes responsible for LTP induction is necessary [158,159]. These in
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vitro studies were translated into in vivo studies in mice, where intra-
cranial forskolin application to the CA1 area restored long-term memory
(LTM) performance [160]. While initial studies in the area of
cAMP-influence on LTP suggested that PKA is responsible for late LTP
induction, later studies suggested the involvement of ERK and CREB in
the process, specifically in CA1 neurons. More precisely, the application
of forskolin and simultaneous blocking of MEK hindered LTP induction
in these brain slices but not in the CA3 area [161]. It was also shown that
without NMDA channel activation, cAMP-induced LTP was not estab-
lished in the CA1 region [162]. More recently, it was demonstrated that
cAMP has different roles in LTP induction in other cell types. Inhibition
of cAMP activity was indeed found to alter the LTP pattern in bursting,
which was PKA mediation, but not in regular firing cells [163]. In the
context of AD, cAMP potentiators have been found to reverse LTP in-
hibition. It is suggested that Af-induced-induced LTP inhibition is
caused by pl-adrenergic receptor activation in hippocampal microglia
cells, whereby forskolin can reverse this effect through PKA [143,164,
165]. The only downstream target analyzed in this case was CaMKII,
whose inhibition did not reverse the LTP induction potentiated by PKA.
This means that there must be another pathway explaining PKA’s effect
on LTP [164]. As briefly mentioned earlier in the PDE inhibition context,
looking at the CA3 mossy fibers specifically revealed that both the p1-
and p2-adrenergic receptors may be involved in the LTP formation, and
their inhibitory effect on LTP can be reversed by the application of
forskolin [143]. In both cases, PKA is suggested as a downstream effector
of LTP induction [143,164]. Interestingly, EPAC was also shown to be
responsible for LTP induction in CAl neurons. The application of
EPAC-specific cAMP analog 8-CPT-cAMP and the concurrent application
of a PKA inhibitor to hippocampal mouse slices resulted in LTP induc-
tion. The effect was ERK-mediated, as MEK inhibition reversed the LTP
maintenance obtained by applying 8-CPT-cAMP. Furthermore, it was
suggested that EPAC forms the link between cAMP and ERK pathways
that induce LTP [166].

4.3. Summary

Considering neurotransmission, PDE4 inhibition has been demon-
strated to increase dopamine release through cAMP/PKA-mediated
phosphorylation of DARPP-32 and TH and subsequent inhibition of
PP-1. Conversely, cAMP elevations upon cAMP analog treatment have
been shown to attenuate dopamine transmission by modulating dopa-
mine transporter capacity through a PKA-dependent process. Moreover,
PDE4 inhibitors have been found to stimulate glutamate release through
cAMP/PKA, potentiating the effects of 4AP. Similarly, cAMP stimulators
increased non-NMDA channel opening and glutamate release through
the same pathway. Additionally, EPAC and PLC have been found to
stimulate glutamate release. cCAMP elevations also promote glutamate
transport in glial cells through a PKA-independent process. To our
knowledge, the effect of PDE4 inhibition on GABAergic transmission has
yet to be studied, rendering a knowledge gap. Elevations in cAMP levels
through cAMP analogs indicate a role for both PKA and EPAC in
GABAergic transmission. Lastly, PDE4 inhibition has been shown to
promote LTP, and thus memory and learning processes, through the
cAMP/PKA pathway. cAMP/ERK has also been indicated in this process,
but exact downstream mechanisms remain elusive (Fig. 4).

5. Neuronal survival

Neuronal survival is mediated by a complex interplay between glial
cells and the CNS environment. Neurodegenerative disorders are char-
acterized by changing CNS conditions leading to neuronal degeneration,
synaptic loss, and, ultimately, neuronal death [167]. Promoting
neuronal survival has already been shown to improve disease outcomes
in AD, PD, ALS, and traumatic CNS injuries [168-171]. Multiple cAMP
analogs, as well as PDE4 inhibitors, are demonstrated to promote
neuronal survival and are therefore considered promising therapeutic
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Fig. 4. :Downstream signaling upon cAMP stimulation or PDE4 inhibition in neurotransmission. Promoting cAMP signaling by inhibiting PDE4 (rolipram or
roflumilast) or cAMP analogs specific for PKA (db-cAMP, 8-Br-cAMP or Sp-cAMPS) and/or EPAC stimulates neurotransmission. PDE4 inhibition promotes dopamine
release through PKA/TH. In contrast, cAMP analogs for PKA reduce dopamine signaling by promoting dopamine receptor transport from the plasma membrane to the
intracellular environment. PDE4 inhibitors promote glutamate release via EPAC/PLC/Muncl3-1/Rab3A/Rimla signaling. cCAMP analogs for PKA stimulate the
expression of neurotransmitter receptors GABA and AMPA and modulate receptor gating of neurotransmitter receptors through inhibition of PP-1 via DARPP-32 and
potentially also of potassium channels. AC, Adeylyl cyclase; PDE4, Phosphodiesterase 4; cAMP, Cyclic adenosine monophosphate; PKA, Protein kinase A; db-cAMP, Di-
butyryl-cyclic AMP; 8-Br-cAMP, 8-Bromo-cyclic AMP; Sp-cAMPS; Sp-adenosine 3c’,5c-cyclic mono phosphorothioate triethylammonium salt hydrate; PKA, Protein kinase A;
TH, Tyrosine hydroxylase; EPAC, Exchange protein directly activated by cAMP; PLC, Phospholipase C; Rab3A, Ras-related protein Rab-3A; RIM, Rab3-interacting molecule;
ERK, Extracellular signal-regulated kinase; DARPP-32, dopamine- and cyclic-AMP-regulated phosphoprotein of molecular weight 32,000; PP-1, Phosphatase-1; GluAl,
Glutamate receptor 1; DAT, Dopamine transporter; GABAR, Gamma-aminobutyric acid receptor; AMPAR, a-Amino-3-hydroxy-5-methyl-4-isoxazole-propionic acid receptor.

strategies for neurodegenerative disorders.

5.1. cAMP signaling upon PDE4 inhibition in neuronal survival

PDE4 inhibition is widely recognized for promoting both in vitro and
in vivo neuronal survival. In a 3xTg AD mouse model, administration of
the PDE4 inhibitor rolipram increased the expression of the anti-
apoptotic protein Bcl-2 and decreased the expression of the pro-
apoptotic protein Bax in the prefrontal cortex and hippocampus. This
was accompanied by an increase in the number of neurons in the hip-
pocampus. PKA and EPAC were both upregulated upon rolipram treat-
ment, as well as downstream proteasome molecule 26 S and ERK,
respectively [172]. The upregulation of PKA/26 S and EPAC/ERK sug-
gests the involvement of both signaling cascades in regulating neuronal
survival. Indeed, rolipram reduced neuronal death in the human neu-
roblastoma SH-SY5Y cell line, while its neuroprotective effect was
reversed upon PKA inhibition [173].

GSK3p is postulated as an important downstream molecule of PKA to
execute the neuroprotective effects upon PDE4 inhibition. PKA can
phosphorylate GSK3p directly or modulate GSK3p activity via PI3K
[174,175]. PDE4 inhibition with roflumilast prevented cell death in the
HT-22 neuronal cell line, reversed decreased AKT expression, and pro-
moted GSK3p phosphorylation. However, GSK3p inactivation by
inducing a mutation in serine 9 (S9A) abolished these effects, which
implies that this region in GSK3p is demanded for the beneficial actions
of roflumilast on neuronal survival [176]. Importantly, AKT is an
established downstream signaling molecule of EPAC and PI3K and an
upstream regulator of GSK3p [174,175,177]. Phosphorylated GSK3p can
activate inositol-requiring transmembrane kinase/endoribonuclease 1o
(IREla), which in turn interacts with TNF-receptor-associated factor 2
(TRAF2), leading to the activation of the JNK pathway to induce
apoptosis [178]. The inhibition of PDE4 with roflumilast disrupted
IREla and TRAF2 colocalization and promoted antioxidant regulator
Nrf2. The disruption of this interaction is hypothesized to be the un-
derlying mechanism that reduces JNK phosphorylation upon PDE4 in-
hibition. Consequently, PDE4 inhibition was postulated to promote

neuronal survival by enhanced GSK3p phosphorylation, leading to
Nrf2-mediated reductions in oxidative stress and, hence, disrupted
IRE1a/TRAF2 interaction, resulting in ceased JNK signaling [176].
Remarkably, this is one of the few studies that thoroughly investigated
the downstream mechanism of PDE4 inhibition. The involvement of JNK
signaling in neuronal survival was further supported by Xiao et al., who
demonstrated that PDE4 inhibition in HT-22 cells diminished
TNF-a-induced neuronal cell death through decreased JNK phosphory-
lation [179]. Moreover, the translocation of p65, a dimer of NF-kB
signaling, was attenuated upon PDE4 inhibition, suggesting a potential
role of NF-kB in neuronal cell death. Thus, inhibition of the JNK and
NF-kB pathways following PDE4 inhibition promotes neuronal survival
[179].

Furthermore, PDE4 inhibition with roflupram and rolipram was
found to exert neuroprotective effects in vitro and in vivo via PKA/CREB
signaling [180]. Pretreatment with roflupram opposed phenyl-
pyridinium iodide (MPP+)-induced apoptosis and promoted CREB
phosphorylation, whereby these effects were blocked upon PKA inhi-
bition in SH-SY5Y cells. The neuroprotective effect of CREB can poten-
tially be mediated by increasing the gene expression of PGC-1a, which is
involved in antioxidant mechanisms [181]. Indeed, PGC-1a activity was
increased upon PDE4 inhibition, and blocking PGC-la opposed the
beneficial effects of rolipram. Additionally, roflupram or rolipram pro-
moted neuronal survival and increased pCREB levels in the striatum and
substantia nigra in mice pretreated with a neurotoxic compound [180].
The role of CREB in stimulating neuronal proliferation was further
explored in an ischemic mouse model. Rolipram treatment increased
neuronal proliferation and CREB phosphorylation, but when pCREB
signaling was inhibited, the number of newborn neurons decreased.
Consequently, a significant role of CREB signaling in promoting
neuronal survival is suggested [182]. Notably, low doses of rolipram
promoted neuronal survival, while higher doses did not. BDNF admin-
istration alone also promoted neuronal viability, while BDNF and a low
dose of rolipram could further enhance neuronal survival. Moreover,
rolipram treatment alone promoted ERK and CREB phosphorylation
[183]. Therefore, it was postulated that PDE4 inhibition stimulates
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neuronal survival through ERK/CREB signaling.

5.2. cAMP signaling upon cAMP stimulants or cAMP analogs in neuronal
survival

The downstream signaling cascade of cAMP/PKA and cAMP/EPAC
and their influence on neuronal survival can be further elucidated using
cAMP analogs. Stimulation of cAMP signaling with forskolin in primary
rat interneurons could oppose neuronal apoptosis. PKA/GSK3p was
proposed as the underlying mechanism since cAMP stimulation
decreased GSK3p activity, a response that was neutralized upon PKA
inhibition. Moreover, MEK inhibition did not affect GSK3p signaling nor
alter neuronal apoptosis [184]. Therefore, it was hypothesized that the
neuroprotective effect of cAMP was mediated through PKA/GSK3p
signaling but not through the MEK/ERK pathway. Additionally, the
PKA-specific cCAMP analog Sp-cAMPS reduced neuronal cell death by
upregulating pCREB in rats. Consequently, PKA can potentially mediate
its neuroprotective effects through CREB signaling [185]. In contrast,
high concentrations of forskolin reduced neuronal survival in primary
rat motor neurons [186]. BDNF is known to stimulate neuronal survival.
However, the neuroprotective effect of BDNF in apoptotic conditions in
rat-derived neuronal cells was nullified upon 10 uM forskolin.
Forskolin-induced apoptosis at high concentrations is likely mediated
through PKA since PKA inhibition could prevent apoptosis during BDNF
stimulation. Forskolin administration decreased PI3K-mediated AKT
phosphorylation and stimulated MAPK phosphorylation. These findings
imply that cAMP-mediated apoptosis can be induced through PKA/-
MAPK signaling [187]. Nevertheless, it should be noted that a study by
Kranz et al. concerning PDE4 signaling and apoptosis revealed that low
rolipram doses promote cellular survival together with BDNF [183]. In
contrast, high doses of rolipram (1-10 uM) have the opposite effect.
Therefore, the results of cAMP stimulation on neuronal apoptosis
through PKA signaling may depend on the concentration of cAMP and
the cell type with its signaling molecules.

Past research has proven that cAMP can also mediate neuronal
apoptosis through EPAC signaling since EPAC stimulation increases
neuronal apoptosis in mouse cortical cells. EPAC agonism also increased
p38 MAPK phosphorylation and the levels of the apoptotic stimulating
molecule Bcl-2-like protein 11 (Bim) but not JNK signaling. Inhibition of
p38 MAPK signaling could abolish EPAC-mediated increases in Bim
expression. Lastly, EPAC stimulation promoted Bim-Bcl2 interaction,
and Bim silencing could oppose EPAC-mediated neuronal apoptosis.
Hence, EPAC is suggested to mediate neuronal apoptosis through the
EPAC/p38 MAPK/Bim/Bcl2 signaling cascade [188]. These results were
supported in vivo using a rat model of intracerebral hemorrhage. Here,
EPAC2 inhibition decreased neuronal apoptosis. In addition, p38, Bim,
and caspase-3 expression levels were reduced in neurons upon EPAC2
inhibition, suggesting p38 MAPK/Bim/caspase-3 as the underlying
pathway for EPAC-induced apoptosis [189]. The EPAC/p38 MAPK
pathway was further suggested in vivo in the context of TBIL. After TBI,
Epac2 expression was increased in mice. Additionally, pretreatment
with an EPAC2 antagonist decreased neuronal death and reduced p38
phosphorylation [190]. In contrast, after retinal ischemia-reperfusion
injury, not Epac2 but Epacl and its downstream molecules Rap1-Gtp,
Akt, and Erk were increased. Interestingly, the EPAC-stimulating
cAMP analog 8-CPT-cAMP induced neuronal cell death in retinal gan-
glion cells but not in Epacl KO cells, indicating that predominantly
Epac2 signaling is responsible for neuronal apoptosis [191]. Research
suggests that, indeed, EPAC2 but not EPACI is colocalized with PKA and
AKT in cortical neurons [192]. Application of a CaMKII inhibitor
opposed neuronal cell death upon 8-CPT-cAMP administration, while
inhibitors for p38, MAPK, JNK, PKC, or PI3K/AKT could not prevent
EPAC-mediated cellular apoptosis. Consequently, CaMKII has been
postulated as another important downstream molecule in EPAC
signaling that promotes cellular death. Notably, this research attributed
the pro-apoptotic properties of EPAC signaling to EPAC1 rather than
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EPAC2, as stated above [191].
5.3. Summary

In conclusion, neuronal survival is predominantly mediated through
PKA signaling with downstream molecules GSK3p/Nrf2 and CREB/PGC-
la. Although PDE4 inhibition was thought to promote neuronal survival
via EPAC, accumulating evidence states that EPAC signaling by cAMP
elevations promotes apoptosis via CaMK and p38 MAPK/Bim/Bcl-2/
caspase 3. These contradictory effects can be attributed to varying
cAMP levels based on cell type, developmental stage, concentration and
duration of cAMP treatment, intensity of cCAMP elevation, and signaling
pathway crosstalk. Consequently, the PDE4 inhibitor dose plays an
essential role in the observed outcome, and more research is necessary to
confirm the beneficial effects of increased cAMP levels on neuronal
survival (Fig. 3).

6. Myelination

Another process crucial for proper CNS functioning in which cAMP
plays a pivotal role is oligodendrocyte development and myelination.
The primary function of oligodendrocytes, the myelinating cells of the
CNS, is to produce a lipid-rich substance called myelin, which electri-
cally insulates neuronal axons. The myelin sheath is critical for safe-
guarding neurons and facilitating rapid and efficient signal transmission
[8,193]. In demyelinating disorders such as MS and other neurodegen-
erative conditions marked by oligodendrocyte loss, failure of OPC dif-
ferentiation leads to chronic demyelination and axonal damage,
culminating in neurodegeneration. Since anti-inflammatory drugs only
target one aspect of demyelinating diseases and fail to reverse disease
progression, there is an urgent need for myelin-regenerative therapies.
Considering that cAMP plays a crucial role in OPC differentiation,
elevating its levels through PDE inhibition is a promising therapeutic
approach that we, and others, have been investigating over the last
decade [8,26,194].

6.1. cAMP signaling upon PDE4 inhibition in myelination

PDE4 inhibitors have been shown to enhance OPC differentiation to
mature myelinating oligodendrocytes and improve remyelination in the
context of MS, as demonstrated by us and others, but also in other dis-
ease contexts like SCI [26,84,194-196]. However, downstream
signaling pathways activated in OPCs and oligodendrocytes upon cAMP
elevations induced by PD4E inhibition have not yet been adequately
investigated.

The PDE4 inhibitor rolipram promotes oligodendrocyte differentia-
tion and maturation of primary mouse OPCs. It also increased remyeli-
nation in a cuprizone-induced demyelination mouse model. Rolipram
treatment increased ERK phosphorylation, whereas MAPK inhibition
partially blocked its effects, indicating that rolipram acts partly through
the MAPK/ERK pathway. However, it was not investigated whether
these effects were PKA-dependent [195]. Transcriptional profiling on
primary rat OPCs also identified MAPK signaling as an important
mediator of OPC differentiation upon PDE4 inhibition. More specif-
ically, rolipram significantly increased the phosphorylation of ERK1/2,
p38 MAPK, and their downstream signaling molecule CREB. Hence, a
signaling pathway for CNS remyelination was proposed where elevated
levels of cAMP cause ERK1/2 and p38 MAPK phosphorylation through
direct interaction or indirect activation of PKA, triggering the activation
of CREB and subsequent OPC differentiation. Nevertheless, PKA levels or
expression of genes regulated by CREB were not investigated[194].

In an in vitro SCI model, researchers found that inhibition of the PDE4
HARBS conformer using R-rolipram promotes myelination through
EPAC activation instead of PKA. On the contrary, high concentrations of
rolipram did not enhance myelination because of an inhibitory action
mediated by PKA, demonstrating a detrimental role of PKA in
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myelination. Hence, rolipram-induced myelination may result from a
pool of cAMP controlled by a PDE4 subpopulation that adopts the
HARBS conformation and can boost myelination through EPAC [84].
This supports the notion that spatially different pools of cAMP are
regulated by distinct forms of PDE(4)s and cause multiple physiological
effects through separate downstream effectors, i.e., PKA or EPAC [84,
197,198]. Yet, the involvement of EPAC upon PDE4 inhibition has not
been thoroughly studied. Further investigation into specific genes of the
PDE4 family (i.e., PDE4A-D) revealed that selective PDE4D inhibition
using Gebr32a promotes OPC differentiation and remyelination. More-
over, it was conceptualized that short PDE4D isoforms (i.e., PDE4D1/2
and PDE4D6) are key targets to induce myelination. However, the
signaling pathway activated upon Gebr32a-mediated PDE4D inhibition
remains to be explored [26].

6.2. cAMP signaling upon cAMP stimulants or cAMP analogs in
myelination

Studies in the early 1980s already showed that oligodendrocyte
differentiation can be induced by elevating the intracellular concentra-
tion of cAMP in primary rat brain cells. By examining the expression of
oligodendrocyte markers and myelin components like MBP, 2,3’ cyclic
nucleotide 3’-phosphohydrolase (CNP), it was found that cAMP analogs
accelerate the expression of these components and thus oligodendrocyte
differentiation. Since 8-Br-cAMP specifically leads to PKA activation, a
potent role of PKA in oligodendrocyte differentiation could be suggested
[199,200]. A decade later, cAMP was confirmed to regulate OPC pro-
liferation and differentiation. Upon cAMP elevations induced by
db-cAMP, OPC proliferation and differentiation were inhibited and
stimulated, respectively [17]. Other studies suggest that
cAMP-dependent induction of oligodendrocyte differentiation is at least
partly mediated by CREB [201,202]. Treating rat oligodendrocytes with
db-cAMP and CREB antisense oligomers led to less differentiation than
db-cAMP alone, and expression of myelin proteolipid protein (Plp) was
increased despite inhibition of Creb expression [201,202]. Hence, this
data suggests that CREB plays a role in the cAMP-dependent upregula-
tion of Mbp, whereas it does not mediate the cAMP-dependent stimu-
latory effects on Plp expression. These findings indicate that multiple
downstream signaling molecules mediate the stimulation of oligoden-
drocyte differentiation and myelination by cAMP. Moreover, CREB was
believed to regulate Mbp gene expression indirectly since there is a long
lag time required for cAMP-dependent stimulation of Mbp expression,
and it was thought that the Mbp gene region does not have a
CREB-binding site [202]. These studies did not investigate the kinase
responsible for phosphorylating and activating CREB, which is primarily
carried out by PKA but also by CaMK, PKC, or members of the MAPK
family [29,32,202]. Interestingly, a later study in HEK293T cells showed
that the MBP promotor region does have a CREB-binding site [203].
Another study demonstrated that cAMP/PKA pathway stimulation
through forskolin or db-cAMP induces the expression of Cnp and Plp in
Oli-neu cells and primary rat OPCs. However, the cAMP agonists
exhibited no significant effect on MBP production and only partially
induced phenotypic differentiation. Additionally, a pathway analysis
that pointed to the involvement of ERK, hypothesized through cAMP
crosstalk via EPAC. This indicates that PKA is only one of many partially
redundant pathways leading to differentiation [204]. Sato-Bigbee et al.
suggest that CREB plays different regulatory roles at distinct oligoden-
drocyte development stages, coupled with specific signaling pathways
and kinases [205]. CREB phosphorylation can be mediated by both
elevated levels of cAMP and Ca?*, mediated by PKA and PKC, respec-
tively, in OPCs and young oligodendrocytes. In the early stages of
immature OPCs, CREB is proposed to regulate cell proliferation, and its
phosphorylation is mediated by PKC and MAPK pathways. In contrast,
when cells are already committed oligodendrocytes, CREB phosphory-
lation is mediated by PKA and involved in Mbp gene expression. These
conclusions were drawn upon treating oligodendrocytes with db-cAMP
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and various kinase inhibitors for PKC, PKA, CaMK, and MEK [202,
205]. Other studies confirm a similar idea but with opposing signaling
pathways. They demonstrate that CREB phosphorylation, primarily
mediated by PKA, advances the differentiation of OPCs to immature
oligodendrocytes [29]. In contrast, PKC-mediated CREB phosphoryla-
tion boosts the differentiation from immature into mature oligoden-
drocytes [206]. Hence, oligodendrocytes might apply different
CREB-phosphorylation systems (i.e., a PKA and PKC cascade) at
distinct oligodendrocyte differentiation stages [29,206].

The complexity of cAMP signaling in the CNS becomes even more
apparent when crosstalk with other pathways, like the MAPK pathways,
is considered. Bhat et al. showed that by treating OPCs with a p38 MAPK
inhibitor, forskolin-induced CREB phosphorylation was blocked, and
forskolin-mediated stimulation of MBP expression was suppressed [32].
This suggests potential crosstalk between the cAMP and p38 MAPK
pathway in the induction of myelin gene expression in differentiating
oligodendrocytes. In addition, the authors suggest that CREB might be
phosphorylated by downstream kinase targets of p38 MAPK, i.e.,
MAPKAP K-2, MNK1, or MSK-1, instead of by p38 MAPK directly. Yet,
this was not investigated [32]. In a study using shi/shi OPCs from
shiverer mutant mice carrying a recessive mutation in the MBP gene that
disrupts myelination, OPC differentiation was accelerated by db-cAMP
treatment. cAMP agonism activated JNK but did not alter the phos-
phorylation of p38 MAPK. Additionally, phosphorylation of transcrip-
tion factor ATF-2 was observed, which may lead to increased expression
of myelin-associated glycoprotein (Mag) [207]. In summary, multiple
studies point to the involvement of the MAPK family in oligodendrocyte
differentiation, possibly as a downstream signaling molecule activated
upon cAMP elevations. The cAMP/MAPK crosstalk is better defined in
neurons, where it has been demonstrated that ERK inhibits PDE4, thus
preventing cAMP degradation and causing an ERK-dependent activation
of the cAMP-PKA pathway [208]. In return, elevated cAMP can also
activate ERK through EPAC-mediated activation of the Rap-1/B-Raf
pathway, leading to ERK phosphorylation, highlighting the complex
crosstalk between the two signaling pathways [209].

Other studies have indicated a role for both PKA and EPAC in
oligodendrocyte maturation, differentiation, and myelination. Stimula-
tion of Gai/o-coupled GPCR17, mainly expressed in OPCs and involved
in oligodendroglial maturation inhibition, decreased the activity of the
AC-cAMP-PKA-CREB pathway and decreased EPAC activation in pri-
mary rat oligodendrocytes. The application of cAMP analog 8-CPT-
cAMP restored oligodendrocyte maturation, indicating a role for
cAMP/PKA and cAMP/EPAC in oligodendrocyte maturation. Thus, PKA
and EPAC are potential therapeutic targets to boost remyelination in
demyelinating diseases like MS since GPCR17 is abundantly expressed in
white matter plaques of MS patients [193]. Another Gai/o-coupled
GPCR, the GPR37, predominantly expressed in mature oligodendro-
cytes, is a negative regulator of late-stage differentiation and myelina-
tion. This inhibitory action is mediated in vitro and in vivo by suppressing
cAMP/EPAC/Raf signaling and subsequent loss of downstream ERK1/2
phosphorylation. In addition, GPCR37 attenuates the expression of the
stimulatory myelin regulatory factor, which stimulates the expression of
myelin genes. Interestingly, it was found that non-selective PDE inhib-
itor IBMX enhanced the OPC differentiation, similar to the levels
compared to that observed in GPR37 KO cells [210]. Yet, a recent in vivo
study employing Epacl/2 double-KO mice demonstrated more myelin
sheaths, increased expression of myelin-related proteins, and increased
OPC proliferation, indicating EPAC as a negative regulator of CNS
myelination. The effect of EPAC1/2 on myelin development was thought
to be age-dependent since its deficiency resulted in more myelin sheaths
in the cerebral cortex in early but not late adult mice. Similarly, Epac KO
enhanced the expression of Mag, Cnp, and Mbp in the cerebral cortex of
young mice but not in old mice. These results indicate that EPAC could
delay myelination rather than prevent it [211].

Notably, a study by Malone et al. [212] found that stimulation of
cAMP in neurons can also enhance myelination. It has been shown
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before that neuronal activity, specifically action potential propagation,
mimicked by electrical stimulation (ESTIM), can promote OPC differ-
entiation and myelination [213]. ESTIM applied to DRG neurons
enhanced neuronal cAMP levels. Treatment of co-cultures of DRG and
rat OPCs and pre-treatment of DRGs alone with forskolin, rolipram, and
db-cAMP resulted in enhanced myelin segment formation in the absence
of ESTIM. Moreover, inhibition of cAMP and PKA during ESTIM appli-
cation hindered ESTIM-promoting effects on myelination. It is suggested
that neuron-derived intracellular cAMP signaling regulates
activity-dependent axon myelination by promoting axon receptivity to
myelination [212]. However, they did not explore downstream cAMP
signaling to assess whether there were alterations in the expression of
soluble factors or membrane-bound receptors responsible for mediating
neuron-glia communication. As an illustration, the neurotransmitters
glutamate and acetylcholine can interact with oligodendrocyte re-
ceptors, thereby influencing oligodendrocyte proliferation, migration,
and differentiation [212,214,215]. As mentioned above, the cAMP/PKA
pathway upon PDE4 inhibition can potentiate 4AP and subsequently
increase glutamate release from rat prefrontal cortical neurons, offering
a possible hypothesis on neuro-glia communication during myelination
that could be investigated further [135].

6.3. Summary

cAMP signaling drives oligodendrocyte development and myelina-
tion, with PDE4 inhibition shown to enhance differentiation, matura-
tion, and myelination via ERK/CREB and p38 MAPK/CREB pathways
(Fig. 5). However, the exact role of PKA in this process remains unclear,
although other pro-myelinating treatments are PKA-dependent [216].
Studies using cAMP analogs suggest that enhanced OPC differentiation
and myelin gene expression involve PKA/p38 MAPK/CREB and
JNK/ATF-2 pathways, again highlighting the importance of the MAPK
family in myelination. Yet, crosstalk between cAMP/PKA or cAMP/E-
PAC and MAPK is not fully elucidated and requires further investigation.
Whereas some studies demonstrate a positive role for EPAC in oligo-
dendrocyte differentiation, maturation, and myelination, it has also
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been postulated as an age-dependent negative regulator of CNS myeli-
nation. Similarly, PKA has been found to inhibit myelination at high
rolipram concentrations. Consequently, the roles of EPAC and PKA in
oligodendrocyte development and myelination are contradictory and
require further research.

7. Future perspectives
7.1. Implications in disease

In this review, five pivotal CNS processes were described: neuro-
inflammation, neuroplasticity, neurotransmission, neuronal survival,
and myelination, all of which are influenced by each other and are
implicated in neurodegenerative disorders, including AD, PK, MS, and
SCI [121,217,218]. Therefore, it is crucial to understand how the
distinct findings of PDE4 inhibition and cAMP stimulation in all these
separate processes can be translated into therapeutic approaches. For
instance, enhanced PKA signaling has been shown to predominantly
promote anti-inflammatory responses. However, PKA activation induces
growth cone collapse. Consequently, a general PKA-targeting PDE4 in-
hibitor could reduce inflammatory responses but impair regeneration,
making it difficult to predict the outcomes of neurological disorders. As
another example, in traumatic brain diseases such as SCI and TBI, firstly
targeting the primary inflammation based on PKA activation or p38
MAPK/GSK3p inhibition, followed by boosting neuronal survival, plas-
ticity, and myelination, would be a promising approach. Besides the
interplay in downstream pathways, different CNS processes can influ-
ence each other. For example, promoting neuronal survival in a specific
matter using cAMP-stimulating agents in an environment with demye-
lination and pro-inflammatory mediators will ultimately result in
impaired neuroregeneration. Therefore, further consideration of (cell--
type) specific downstream targets is demanded to create a powerful
agent that affects either specific processes or tackles similar processes in
different cell types to improve neurodegenerative outcomes.

Myelination

forskolin N
\
Plasma membrane
S PP EOLLLELLL L LIPS P00S 0000000000000 0000000008 X
'

'
A,

MBP, CNP, PLP
MAG

3
H-89 PKC i ]
| \X XXXX

INK

NN Activators

‘

Downstream kinases Transcription factors

Inhibitors

Gene expression ,«'

Fig. 5. :Downstream signaling upon cAMP stimulation or PDE4 inhibition in myelination. Promoting cAMP signaling by inhibiting PDE4 (rolipram) or cAMP analogs
specific for PKA (db-cAMP, 8-Br-cAMP, or 8-CPT-cAMPS) and/or EPAC promotes OPC differentiation and myelination. PDE4 inhibition promotes OPC differentiation
and myelination by stimulating EPAC/ p38 MAPK signaling, resulting in CREB phosphorylation and MBP, CNP, and PLP gene expression. cAMP analogs promote OPC
differentiation and myelination through CREB signaling directly or indirectly via ERK1/2 or p38 MAPK. In addition, PKA/JNK promotes ATF-induced gene
expression of MAG to ameliorate OPC differentiation and increase myelination. AC, Adeylyl cyclase; PDE4, Phosphodiesterase 4; cAMP, Cyclic adenosine monophosphate;
PKA, Protein kinase A; db-cAMP, Di-butyryl-cyclic AMP; 8-Br-cAMP, 8-Bromo-cyclic AMP; 8-pCPT, 8-(4-chlorophenylthio)-2-O-methyl-cyclic AMP; CREB, Cyclic AMP
response element binding; MBP, Myelin basic protein; CNP, C-type natriuretic peptide; PLP, Pyridoxal 5-phosphate; ATF, Activating Transcription Factor; MAG, Myelin-
associated glycoprotein; EPAC, Exchange proteins activated directly by cyclic AMP; ERK, Extracellular signal-regulated kinase; p38 MAPK, Mitogen-activated protein ki-
nase; JNK, c-Jun N-terminal kinase; OPC, Oligodendrocyte precursor cell. “EPAC has also been demonstrated to negatively regulate myelination in an age-dependent
manner [211].
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7.2. Other PDE inhibitors

PDE4 inhibitors thus far failed to reach the clinic for CNS disorders
due to side effects (emesis, nausea, diarrhea, and headaches) at the
clinically relevant dose [20,219]. Although ibudilast, roflumilast, and
zatolmilast are still in clinical trials for CNS disorders [24,25], finding
more specific targets downstream of PDE4 inhibition could offer a new
approach to treat neurological disorders. A second option is to focus on
gene-specific PDE4 inhibitors (e.g., PDE4D or PDE4B) or
isoform-specific PDE4 inhibitors (e.g., PDE4D6) [8,26]. Thirdly, other
PDE inhibitors, both cAMP-specific or with dual specificity, that are less
well characterized could be investigated further. In particular, PDE7
inhibitors are known not to cause emetic adverse effects and have been
shown to promote neuroplasticity, neuronal survival, and OPC differ-
entiation through the cAMP/PKA/CREB pathway [173,220-223]. In
addition, PDE7 inhibition can modulate neuroinflammation through
inhibition of the MAPK/ERK and NF-xkB pathways [59]. Not much
research has been conducted on inhibition of PDES8. Currently, there is a
limited number of PDE8 inhibitors, and they are not yet under clinical
investigation. PDE8A is not expressed in the brain, whereas PDE8B has a
restricted expression pattern in the hippocampus, ventral striatum, and
cerebellum. Moreover, PDE8B shows increased expression in the brains
of AD patients, and its antagonism has been shown to enhance cognition,
so the therapeutic potential of PDE8 inhibitors cannot be ruled out
[224-226]. In the context of MS, PDES8 inhibition has been shown to
reduce neuroinflammation as PDE8 is highly expressed by
pro-inflammatory T-cells [227]. The dual-selective PDE1, PDE2, PDE3,
PDE10, and PDE11 hydrolyze both cAMP and cGMP; thus, functional
outcomes after dual-substrate PDE inhibition should be interpreted
carefully since the partly overlapping cGMP signaling may influence
experimental outcomes. Inhibiting PDE] is a widely studied therapeutic
approach to enhance neurocognitive functions in treating neurodegen-
erative disorders, including AD [228]. In addition, PDE3 is being tar-
geted to elevate cAMP levels and, consequently, improve cognition in
CNS diseases, as reviewed by Yanae et al. [28]. Inhibition of PDE2 and
PDE10 is being investigated to treat cognitive-related disorders [229]
and schizophrenia and psychosis, respectively [230]. On the contrary,
the role of PDE11 in the brain is not well understood yet, and its tissue
expression patterns are still under debate [28,231,232].

7.3. ¢cAMP compartmentalization

Over the last 20 years, it has become clear that the cAMP signaling
pathway is compartmentalized in subcellular nanodomains within the
cell and that spatial confinement and local regulation are critical for the
specificity of cAMP signaling and its outcome [233,234]. These distinct
nanodomains can explain the opposite roles of PKA and EPAC, two
cAMP effectors, in neuronal survival; cAMP elevations have been shown
to stimulate neuronal apoptosis through EPAC/p38 MAPK/Bim/Blc2
and PKA/MAPK pathways, whereas it can stimulate neuronal survival
through PKA/GSK3/Nrf2 and EPAC/Akt pathways. Consequently, a
linear model wherein a message is transduced from GPCR to intracel-
lular effectors through cAMP is too simplistic. Defining the organization
of such nanocompartments is crucial to understanding the complex
outcomes of pharmacological treatments that elevate cAMP levels. Ev-
idence supporting the model of compartmentalized cAMP signaling is
thoroughly reviewed by Zaccolo et al., who also highlights the contri-
bution of various pathway components, including GPCRs, ACs, PKA,
AKAPs, EPAC, and phosphoprotein phosphatases, to cAMP compart-
mentalization, and summarizes experimentally validated cAMP nano-
signalomes [234].

cAMP nanodomains can be imaged in real-time using fluorescence
resonance energy transfer (FRET)-based cAMP biosensors, which can
monitor cAMP dynamics with high spatial and temporal resolution using
conventional microscopy [234]. Other genetically encoded cAMP sen-
sors are based on fluorescent proteins or bioluminescence. These
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methods are thoroughly reviewed elsewhere [235-238]. A recent study
has explored cAMP compartments of 60 nm linked to individual GPCRs,
called receptor-associated independent cAMP nanodomains (RAINSs)
[233]. Another study focusing on the role of PDEs in confining cAMP
compartments was able to map low-cAMP nanodomains around PDEs
ranging between 10 and 30 nm using FRET-cAMP nanoruler technology,
suggesting that RAINs may contain multiple PDE nanodomains [239,
240]. In addition, it was shown that the PDE-controlled cAMP concen-
tration gradients translated into graded PKA activity, demonstrating
that cAMP can elicit local responses that are spatially limited at the
nanometer scale [240]. More specifically, research has already revealed
some cAMP neuronal compartments that mediate neuronal growth and
survival. One study found a cAMP perinuclear neuronal compartment
that was largely organized by the multivalent scaffold protein mAKAPa.
Moreover, disrupting the PDE4D3-mAKAPa binding promoted
mAKAPa-associated cAMP signaling and increased retinal ganglion cell
survival in vivo. This illustrates a neuronal compartment that regulated
cAMP-mediated neuroprotection, offering a novel therapeutic target for
CNS indications by inhibiting PDE4D3 [105]. Hence, the ultimate
outcome of PKA pathways activated upon cAMP stimulation or PDE
inhibition depends on the AKAPs in the cell and their subcellular loca-
tion. For example, PKA is sequestered to different AKAPs, depending on
cell type and subcellular location. Gao et al. revealed that cells with high
A kinase-interacting protein 1 (AKIP-1), containing PKA, promote NF-kB
activation by phosphorylating p65 [51]. In contrast, PKA inhibited
NF-xB pathway activation in cells with low AKIP-1 complexes [51].
Numerous neurological processes depend on AKAP-mediated compart-
mentalization, as extensively summarized by Wild and Dell’Acqua
[241].

Despite the promising approaches mentioned, capturing the
complexity arising from the multicomponent cAMP signaling system is
still challenging. To assemble a cAMP signaling compartment, the signal
is initially generated by 30 possible Gs-coupled GPCRs, which are sub-
sequently coupled to 9 different ACs. Short-distance cAMP is then
regulated by over 77 isoforms of multiple PDEs, transmitting the signal
to various downstream effectors such as PKA or EPAC. PKA itself is
controlled by AKAPs, of which more than 43 isoforms exist. Conse-
quently, the many possible combinations among these elements render
the experimental characterization of cAMP signaling compartments
highly impractical [242]. Computational approaches, as discussed
below, could offer valuable insights to overcome this challenge.

Finally, many questions persist concerning cAMP compartmentali-
zation and warrant further investigation. First, the number of cAMP
domains in a cell and their molecular composition should be defined. To
this end, high single-cell resolution imaging techniques could be
employed [234]. Nevertheless, imaging techniques such as FRET to
study cAMP compartmentalization are currently being questioned since
the presence of fluorescent sensors in nano-sized compartments may
alter cAMP measurements by sequestering or interacting with cAMP
molecules, lowering their availability. [243]. Secondly, the compart-
ments are hypothesized to be cell-specific and dynamic in terms of time
and mobility, adding another layer of complexity. Thirdly, the impact of
physical barriers, buffering systems, such as intracellular organelles, and
viscosity in impeding cAMP diffusion, in addition to cAMP-degrading
PDEs, is poorly understood [238,244]. In conclusion, extensive
research is needed to fully grasp cAMP compartmentalization before
leveraging it as a therapeutic target.

7.4. Omics-approaches to find new downstream targets

Studies investigating downstream signaling molecules upon cAMP
elevations, whether through PDE inhibition or cAMP analogs, frequently
employ targeted approaches such as western blot analysis, immunocy-
tochemistry, or ELISA. These studies focus solely on (putative) down-
stream kinases and their targets rather than taking a more holistic
approach and investigating further downstream into the differentially
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expressed genes due to altered transcription factor activity. Indeed,
using the techniques above, the same proteins, like CREB, have been
investigated for years, providing valuable knowledge. However, tar-
geting CREB for CNS indications is impractical because of its ubiquitous
expression throughout the body [28]. Moreover, multiple lines of evi-
dence show that targeting PDE4, the most studied PDE for inhibition,
might not work in a clinical context since various studies show adverse
effects [8,219,245,246]. Therefore, it is crucial to understand which
downstream players of the cAMP signaling cascade are key mediators of
the positive effects seen upon PDE4 inhibition to identify more specific
pharmacological targets for CNS diseases. Omics approaches in specific
cell types could help to identify novel, often overlooked, targets.

Data derived from genome and transcriptome studies has limited
interpretation because it does not provide direct changes in protein
content nor posttranslational modifications like phosphorylation and,
therefore, does not fully reflect a biological system. Hence, proteomics
has rapidly evolved in the past decade for multiple applications,
including identifying complex signaling networks in specific diseases
[247,248]. High-throughput proteomic methods, including tissue
microarray, protein pathway array, and mass spectrometry, are thor-
oughly reviewed by Cui et al. [248]. A recent study employed an inte-
grated phosphoproteomics approach to identify novel and nonobvious
cAMP nanodomains in cardiac myocytes. The authors propose that this
strategy has the potential to aid in unraveling the entire landscape of
subcellular cAMP compartments in all cell types [249]. The most insight
into full-cell biology would come from integrative omics approaches
that combine different levels of data from genomics, transcriptomics,
(phospho)proteomics, and metabolomics [250]. The main challenge of
proteomics and integrative omics approaches is high data variability.
Proteomics data are sensitive to various factors, including data prepa-
ration models, sample condition and preparation variance, instrument
types, and analytical methods. Compared to DNA microarrays or
next-generation sequencing methods in genomics, proteomic studies
inherently have high levels of data noise, making repeatability
impractical and biological interpretation difficult [251]. Furthermore,
appropriate data analysis methods for integrative omics are still lacking
[250]. Multiple pathway and network analysis tools exist to address
challenges concerning proteomics data analysis and biological inter-
pretation of obtained results, which are reviewed by Wu et al. [251]. In
addition, although discordances between transcriptome-level and
proteome-level changes are possible, these approaches often point to
alterations in similar pathways, which can then be further analyzed
using more targeted techniques [250]. Lastly, computational models
could provide biological insight and identify candidate therapeutic
targets for intervention [250].

7.5. Computational modeling

As pointed out in this review, the PDE-mediated control of cAMP
signaling and its effect on downstream targets is intricate and consists of
various feedback mechanisms. A promising approach to gaining a
deeper understanding of these mechanisms in neuronal and glial cells is
by capturing and analyzing relevant interactions through mathematical
models. In the past, these models have provided insight into cAMP
signaling in neuronal cells. For instance, a study employing ordinary
differential equations (ODEs) revealed the role of Ca®*currents in cAMP-
mediated DARPP-32 phosphorylation [252]. As explained earlier, cAMP
can activate ERK through different pathways, and exploring these dy-
namics would be challenging in an in vitro setting as it is difficult to
observe the relevant signaling changes with current imaging methods.
Through mathematical modeling, it was elicited that EPAC activates
phosphorylated ERK in a shorter period than PKA, which influences late
LTP induction [142]. This finding is significant because ERK and PKA
have differential effects on distinct PDE isoforms. Thus, it would be
beneficial to extend such computational models to include different PDE
isoforms and see their impact on LTP induction dynamics. The model
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used in the PKA-ERK study captured the spatial and stochastic aspect of
cAMP signaling, as compared to previous studies that simplified the
process by assuming homogeneity and fast diffusion rates in the cell,
allowing to consider both the spatial and temporal aspects of cAMP
signaling. Clearly, computational modeling approaches offer additional
insights into cAMP dynamics and its effect on downstream pathways.
However, only a handful of models analyze the influence of specific PDE
inhibitors on downstream signaling of cAMP. For example, an ODE
model correctly predicted the effect of combining PDE3 inhibitors and
AC agonists on cAMP levels and on selected downstream protein levels
of VASP in human platelets. This protein is a downstream target of both
PKA and PKC. The model could mimic the effects of cAMP-elevating
drugs on VASP phosphorylation, as confirmed by comparing the simu-
lated data to experimental data. Although PDE3 is not cAMP-specific,
this study confirms the strength of mathematical models [253]. Shift-
ing the focus to neuronal cells, an ODE model was built to explore the
role of ERK in dopamine neurotransmission. The in silico results, which
focused on the influence of different dopamine concentrations, high-
lighted the intricate interplay between ERK, PDE4, and PKA. More
precisely, it was stated that dopamine-mediated ERK phosphorylation
increases PDE4 inhibition, resulting in a higher cAMP level and
increased dopamine release. Although this study did not investigate the
influence of PDE4 levels, it provided a unique insight into the
complexity of cAMP signaling [136]. Another study focused on eluci-
dating the influence of different PDE4 isoforms on PKA and ERK dy-
namics. It was shown that depending on the presence of a specific
regulatory domain, the PDE4 isoform concentration might affect ERK
and PKA dynamics differently through a specific feedback loop [113].
Since ERK and PKA have different downstream targets, extending this
model could potentially provide relevant insight into the downstream
changes caused by fluctuations in PDE isoform abundance. One of the
obstacles in creating such dynamic signaling models is the lack of
knowledge of kinetic parameters. A possible solution to this problem
might be integrating omics data into the model. For instance, using
proteomics time-series data collected during experiments to calibrate
some of the unknown kinetic parameters in an ODE model resulted in a
robust model of MAPK signaling in the context of melanoma treatment.
This model is particularly interesting as it introduced the concept of
virtual “tagging.” In short, the information about the origin of phos-
phorylation was saved as the virtual phosphorylation cascade pro-
gressed, which made it possible to deduce which one of the proteins was
responsible for the phosphorylation of the downstream target [254].
Since PKA and ERK might share some downstream targets, it would be
interesting to implement such a strategy in the context of cAMP
signaling in the CNS. In addition to improved parameterization, future
computational models could include the spatial aspects of cAMP dy-
namics and model the signaling crosstalk more holistically.

8. Conclusion

In summary, the intricate interplay of signaling pathways down-
stream of cAMP, particularly involving PKA and EPAC, underscores the
complexity of cellular responses to PDE4 inhibition and cAMP elevation.
All the CNS processes described above show that multiple pathways can
converge to achieve the same outcome. This partial redundancy in
pathways likely ensures the robustness of these processes, each of which
is crucial for proper CNS functioning. While PKA-dependent mecha-
nisms mediate neuronal survival, memory processes, and neurotrans-
mission modulation, findings suggest context-dependent roles
influenced by cell type, developmental stage, and signaling crosstalk.
Although EPAC-mediated signaling is less investigated than PKA, it has
been shown to play a role in key CNS processes upon cAMP elevations.
Moreover, the significance of potential crosstalk between pathways and
the involvement of different PDE4 isoforms and their spatiotemporal
regulation further accentuates the complexity of downstream signaling
events. Understanding the consensus PKA and EPAC-dependent
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pathways, deciphering the nuances of crosstalk, and elucidating the
roles of various PDE4 isoforms are essential for unraveling the redun-
dancy and robustness inherent in cellular responses to cAMP modula-
tion. Additionally, the importance of neuron-glia communication and
the dynamic regulation of signaling pathways underscore the need for
further investigation to comprehensively elucidate the impact of PDE4
inhibition and cAMP elevation on cellular function in both the healthy
and diseased CNS. To conclude, by summarizing existing literature on
cAMP signaling upon cAMP elevations and identifying gaps, this review
aimed to catalyze further research into PDE4-cAMP mediated pathways
to find novel, more specific therapeutic targets for neurodegenerative
diseases.

CRediT authorship contribution statement

Jana Van Broeckhoven: Writing — review & editing. Femke Mus-
sen: Writing — review & editing, Writing — original draft, Visualization.
Emily Willems: Writing — review & editing, Writing — original draft,

Visualization. Tim Vanmierlo: Writing — review & editing, Supervision,
Conceptualization. Melissa Schepers: Writing — review & editing,

Appendix

Table A.1

Biomedicine & Pharmacotherapy 177 (2024) 117009

Supervision, Conceptualization. Aurélie Carlier: Writing — review &
editing, Supervision, Conceptualization. Iga Joanna Skorupska:
Writing — review & editing, Writing — original draft, Visualization,
Conceptualization. Zoé Donders: Writing — review & editing, Writing —
original draft, Visualization, Conceptualization.

Declaration of Competing Interest

The authors declare the following financial interests/personal re-
lationships which may be considered as potential competing interests: T.
V. and M.S. have a proprietary interest in selective PDE4D inhibitors for
the treatment of demyelinating disorders.

Acknowledgments

Figures were created using “Server Medical Art,” licensed under a
Creative Commons Attribution 3.0 License. Authors are funded by Fonds
Wetenschappelijk Onderzoek (FWO-Vlaanderen) (1SH2E24N,
G042121N, 1209123N, and 1272324N) and Bijzonder Onderzoeksfonds
(BOF) (BOF22DOC15).

PDE inhibitors, cAMP analogs and compounds that inhibit downstream cAMP effectors.

Modulators Compound Target Agonist Antagonist
PDE inhibitors IBMX [255] PDE, TNF—« X
Rolipram [256] PDE4 X
Roflupram [55] PDE4 X
Roflumilast [257] PDE4 X
Piclamilast [258] PDE4 X
Ibudilast [259] PDE, MIF, TLR-4, IL-6, IL-1f, TNF-a X
FCPRO3 [58] PDE4 X
GSK256066 [260] PDE4 X
Gebr7b [261] PDE4D X
Gebr32a [27] PDE4D X
cAMP analogs [269] Rp-cAMPS-6-Bnz-cAMP PKA X
Dioctanoyl-cAMP PKA X
6-Phe-cAMP PKA X
8-(4-Chlorophenyl)thio-cAMP PKA X
8-Br-2-O-Me-cAMP EPAC X
8-pCPT-2’-0-Me-cAMP/007-AM EPAC X
pMe-cAMP EPAC X
Sp-8-BnT-cAMPS EPAC X
8-Br-cAMP PKA, EPAC X
Db-cAMP PKA, EPAC X
Sp-cAMPS PKA, EPAC X
Modulators of cAMP-related signaling molecules MDL29,951 [193] GPCR17 X
Forskolin [262] AC X
KT-5720 [263] PKA X
H-89 [264] PKA X
(m)-PKI [265] PKA X
Rp-cAMPS PKA X
GF109203 [266] PKC, PKA X
PMA [267] PKC X
Chelrythrine [268] PKC X
ESI-05/ESI-09 [269] EPAC X
K-G501 [270] CREB X
LY294002 [271] PI3K X
Wortmannin [271] PI3K X
SB-203580 [272] P38 MAPK X
PD-98059 [273] MAPK/ERK X
U016 [274] JNK X
Compound C [275] AMPK X
EX527 [276] SIRT1 X

IBMX, 3-isobutyl-1-methylxanthine; TNF—a, Tumor necrosis factor o; MIF, a macrophage migration inhibitory factor; TLR-4; toll-like receptor 4, IL; interleukin, Rp-
cAMP, Rp-adenosine 3¢’,5¢-cyclic monophosphorothioate triethylammonium salt; 6-Phe-cAFMP, 6-phenyl-cyclic AMP; Sp-8-BnT-cAMPS, 8- Benzylthioadenosine- 3/,
5'- cyclic monophosphorothioate; 8-Br-2'-0-Me-cAMP, 8-bromo-2'0 methyl-cyclic AMP; 8-pCPT-2’-0O-Me-cAMP, 8-(4-chlorophenylthio)-2'-O-methyl-cyclic AMP; pMe-
cAMP, 8-p-methoxyphenylthon-2-O-methyl-cyclic AMP; Sp-cAMPS, Sp-adenosine 3c’,5¢-cyclic monophosphorothioate triethylammonium salt hydrate; db-cAMP, di-
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butyryl-cyclic AMP; 8-Br-cAMP, 8-Bromo-cyclic AMP; PKI, Protein kinase inhibitor; PMA, Phorbol 12-myristate 13-acetate; PKA, Protein kinase A; EPAC, Exchange
proteins activated directly by cyclic AMP; CREB, cAMP-response element binding protein; PI3K, Phosphatidylinositol 3-kinase; MAPK/ERK, Mitogen-activated protein
kinase/ Extracellular signal-regulated kinase; JNK, Jun N-terminal kinase; AMPK, AMP-activated protein kinase; SIRT, Sirtuin.
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