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Abstract 

Sensorimotor recovery following ischemic stroke is highly related with structural modification and 
functional reorganization of residual brain tissues. Manipulations, such as treatment with small molecules, 
have been shown to enhance the synaptic plasticity and contribute to the recovery. Activation of the 
cAMP/CREB pathway is one of the pivotal approaches stimulating neuroplasticity. Phosphodiesterase 4 
(PDE4) is a major enzyme controlling the hydrolysis of cAMP in the brain. Accumulating evidences have 
shown that inhibition of PDE4 is beneficial for the functional recovery after cerebral ischemia; i. subtype 
D of PDE4 (PDE4D) is viewed as a risk factor for ischemic stroke; ii. inhibition of PDE4 enhances 
neurological behaviors, such as learning and memory, after stroke in rodents; iii.PDE4 inhibition increases 
dendritic density, synaptic plasticity and neurogenesis; iv. activation of cAMP/CREB signaling by PDE4 
inhibition causes an endogenous increase of BDNF, which is a potent modulator of neuroplasticity; v. 
PDE4 inhibition is believed to restrict neuroinflammation during ischemic stroke. Cumulatively, these 
findings provide a link between PDE4 inhibition and neuroplasticity after cerebral ischemia. Here, we 
summarized the possible roles of PDE4 inhibition in the recovery of cerebral stroke with an emphasis on 
neuroplasticity. We also made some recommendations for future research. 

Introduction 
Ischemic stroke is usually occurred under the 

condition of a sudden loss of physiological brain 
functions due to blockage of a blood vessel in the 
brain [1]. The incidence of ischemic stroke is much 
greater than that of hemorrhagic stroke and is one of 
the leading causes of morbidity and mortality 
worldwide [2]. Despite years of efforts on the drug 
development, recombinant tissue plasminogen 
activator (rt-PA) is the only approved drug by the 
FDA in United States for the treatment of ischemic 
stroke. However, rt-PA is also limited by the narrow 
therapeutic window, and currently there are no 
evidence to support that rt-PA would help to restore 
the already lost functions in stroke patients. Under 
certain conditions, such as in an enriched 
environment, partial lost neurological functions could 

be regained in rodents after stroke due to the brain’s 
capacity for neuroplasticity [3, 4]. Similarly, 
implementation of an enriched environment is also 
beneficial for the neurological recovery in patients 
suffering from stroke. The benefits include increased 
motor, cognitive and sensory functions, enhanced 
social interaction and decreased degree of boredom 
[5, 6]. Neuroplasticity refers to the capacity of the 
brain to rewire or reorganize the structure and 
functions after an injury [7]. Neurons from the 
unaffected area and adjacent to the ischemic region 
are believed to regenerate new neuronal precursor 
cells and form new neuronal connectivity, which take 
over part biological functions of damaged neurons [8]. 
This suggests that some lost functions of the brain due 
to stroke, such as motor and speech can be restored by 
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certain interventions. Animal and human studies over 
the past decades have confirmed that the plasticity of 
the central nervous system (CNS) is the main 
neurophysiological mechanism of motor function 
recovery after stroke [8-10]. However, spontaneous 
neuroplasticity after stroke is limited, post-ischemic 
interventions which are helpful for the functional 
recovery after brain lesions are still in great need.  

 Enhancing neuroplasticity is possibly an 
efficient way to promote functional recovery 
following ischemic brain damage. Multiple molecular 
targets are under consideration in recent years. 
Phosphodiesterase (PDE) is an enzyme hydrolyzing 
both cyclic adenosine monophosphate (cAMP) and 
cyclic guanosine monophosphate (cGMP) in 
mammalian organs [11, 12], especially in the brain 
[11]. Among various PDE family proteins, 
phosphodiesterase 4 (PDE4) specifically hydrolyzes 
cAMP and inhibition of PDE4 is an ideal strategy for 
the prevention and treatment of peripheral 
inflammation and immune diseases, such as 
pulmonary inflammation and psoriasis [13]. In the 
CNS, PDE4 plays a key role in both chronic 
neurodegenerative diseases and acute neurological 
insults, including stroke [14, 15]. Recently, an 
increasing number of reports have shown that 
inhibition of PDE4 is beneficial for neuroplasticity 
[16-18], making it a promising candidate target that 
has therapeutic potential for the recovery of stroke. 
Thus, this review provides a perspective for 
advancing our understanding of the role of PDE4 in 
neuroplasticity after stroke, supporting the possibility 
of exploiting PDE4 inhibitors as effective therapeutics 
against ischemic stroke. 

Neuroplasticity following ischemic 
stroke 

Cerebral vascular diseases, including ischemic 
stroke, are a serious hazard to human health and life. 
Neurons are particularly susceptible to 
hypoxia-ischemia and therefore, insufficient supply of 
glucose and oxygen leads to comparable neuronal 
death or apoptosis, which subsequently causes 
functional disability and mortality [19, 20]. Currently, 
few drugs or therapeutic interventions are in clinical 
use that can repair the damaged region of the brain 
caused by a stroke. Preventing further damage of 
ischemic tissue in time or preserving as much 
undamaged neurons as possible is perhaps the most 
effective way for the recovery of stroke. Excitingly, In 
the last two decades, scientists have confirmed that 
nerve tissues, including both brain and spine, are able 
to rewire or reorganize themselves under certain 
conditions [21, 22], by a process called neuroplasticity 
[23, 24]. Neuroplasticity may also occur in various 

practices in our daily life, for example, when we try to 
learn a new skill or memorize a new information, 
persistent functional changes keep happening in our 
brain [25]. It may also occur under the condition of 
compensation for neural injury [26].  

 In the present review, we mainly focused on 
neuroplasticity following ischemic stroke. 
Endogenous neuroplasticity and subsequent 
functional recovery could occur spontaneously 
following an ischemic stroke [27]. However, 
spontaneous recovery is usually quite limited and 
insufficient for the repair of neuronal injury caused by 
stroke. Patients with stroke are supposed to reach the 
maximal improvement following stroke after 2-5 
months depending on the damaged brain region and 
severity of their symptoms [6]. Appropriate functional 
rehabilitation training is proved to accelerate the 
recovery [28], and it should be implemented at the 
early stage of stroke [29, 30]. Enhanced functional 
recovery is usually accompanied by morphological 
changes in neurons, such as increased dendritic 
length and spines. Generally, the changes occurred in 
the cortex organization caused by neuroplasticity 
include: i. generation of neural progenitor cells and 
vascular endothelial cells [31]; ii. an increase in the 
density and strength of synapse [32]; iii. an increase in 
the number and density of dendrites [33], iv. 
enhanced expression and function of synaptic 
receptors [34] and v. the "pruning" of old synapses, 
and formation of new synapses in peri-infarct cortex 
[31, 35]. Neurotrophic factors in the brain, such as 
brain-derived neurotrophic factor (BDNF) and 
vascular endothelial growth factor (VEGF) possesses 
significant roles in promoting neuroplasticity [36-38]. 
VEGF promotes neurogenesis and migration of neural 
stem cells, while BDNF enhances the survival and 
synaptic development of neuronal cells [38]. As 
neuroplasticity refers to any long-lasting changes in 
the brain throughout one’s life, the definition is broad 
and nearly every region of brain shows 
neuroplasticity under a specific condition [9, 39, 40].  

 As functional recovery mediated by 
neuroplasticity following stroke is an extremely 
complicated process, therefore elucidation on the 
potential mechanisms requires a good framework. 
Murphy et al., contributed an excellent review on the 
neuroplasticity after stroke [41]. Activity-dependent 
rewiring occurs around the damaged region, and this 
process reconstructs the connectivity between 
neurons that has been lost because of the sudden 
shortage of oxygen, and repetitive activation of 
synapses and neural pathways is supposed to 
strengthen the synaptic connectivity [41]. Further-
more studies have identified multiple signaling 
pathways associated with plasticity following stroke 
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[42]. For example, Shh and Notch signaling are 
involved and thereby influence activity-dependent 
synaptic plasticity in hippocampus [43]. 
Phosphatidylinositol-3-kinase/protein kinase B/ 
Glycogen synthase kinase 3β (PI3K/Akt/GSK3β) 
signaling pathway mediates axonal regeneration and 
outgrowth of cortical neurons after stroke [44]. Cyclic 
adenosine monophosphate/protein kinase A/cAMP 
response element binding protein /brain-derived 
neurotrophic factor (cAMP/PKA/CREB/BDNF) 
pathway regulates neurogenesis, neuronal survival 
and synaptic plasticity following ischemic stroke [38, 
43, 45, 46].  

PDE4 and its activity regulation  
PDE is a class of enzymes that are critical for the 

hydrolysis of phosphodiester bonds and thus are 
important in breaking down cAMP and cyclic 
guanosine monophosphate (cGMP) [47]. PDE4, 7, and 
8 are specific for the degradation of cAMP, PDE5, 6, 
and 9 specifically degrade cGMP, while PDE1, 2, 3, 10, 
and 11 have a dual-specificity [48]. PDE12 is a newly 
discovered enzyme which hydrolyzes 2'-5'-linked 
oligoadenylate (2-5A) and regulates innate immune 
response [49]. Among them, PDE4 is a member of the 
enzyme superfamily which is critical in terminating 
cAMP signaling in distinct mammalian tissues [50]. 
PDE4 superfamily consist of 4 subtypes (PDE4A-D), 
and each subtype contains 3-11 isoforms. For 
example, there are 3 isoforms for PDE4C (PDE4C1-3), 
and PDE4D contains 11 isoforms (PDE4D1-11). 
Hence, there are over 20 isoforms for PDE4s due to 
alternative mRNA splicing [51, 52]. These isoforms 
can be grouped into long (PDE4A4/5/8/10/11, 
PDE4B1/3/4, PDE4C1/2/3, PDE4D3/4/5/7/8/9), 
short (PDE4B2, PDE4D1, PDE4D2), super short 
(PDE4A1, PDE4B5, PDE4D6, PDE4D10 and PDE4D11) 
and dead short (PDE4A7) categories [52, 53]. All PDE4 
isoforms contain a conserved catalytic region. Long 
isoforms have two conserved N-terminal regulatory 
domains, termed UCR1 (upstream conserved region 
1) and UCR2 (upstream conserved region 2), short 
isoforms only contain UCR2, super short isoforms 
contain a truncated UCR2 but lack UCR1, dead short 
isoforms have no enzymatic activity, they lack both 
UCR1 and UCR2, also the catalytic unit is intact and 
inactive [54].  

 The catalytic activity of PDE4 is regulated by 
post-translational modifications, such as phosphory-
lation. Except PDE4A, all other PDE4 variants contain 
an extracellularly regulated protein kinases (ERK) 
phosphorylation site in the catalytic domain [53, 55]. 
Interestingly, phosphorylation of PDE4 by ERK 
changes the hydrolytic activity of PDE4 in a 
variant-specific fashion. ERK phosphorylation exerts 

an inhibitory effect on the activity of long form PDE4s 
and a stimulatory effect on hydrolytic activity of short 
form PDE4s. While it has no or weaker effect on the 
super-short form PDE4, there is a possibility that 
different PDE4 isoforms may have distinct functional 
roles [53, 55, 56]. In addition, a PKA phosphorylation 
site locates in the UCR1 domain of long PDE4 
isoforms [57]. Binding of PKA to UCR1 domain 
promotes the phosphorylation of long PDE4 isoforms, 
which leads to an increase in their activity [58]. 
Phosphorylation of PDE4 by PKA is involved in the 
termination of cAMP-mediated signaling timely [59]. 
The roles of ERK and PKA on the phosphorylation 
and distinct biological functions of PDE4 indicate that 
various PDE4 isoforms may perform distinct 
functional roles in cells through distinct post- 
translational modifications, especially phosphory-
lation [58]. Hence, based on the diversity of PDE4 
enzymes, it is highly possible that we can design 
sub-family selective PDE4 inhibitors which might 
have rather different functional effects. 

 Besides phosphorylation, different PDE4 
isoforms show specific biological functions in 
different cells through interaction with different 
partner proteins [60-62]. For example, PDE4A binds to 
A-kinase anchoring proteins (AKAPs) and regulates T 
cell activation [63]. Binding of PDE4 long isoforms to 
AKAPs localized in the perinuclear and centrosomal 
regions restricts the activation of downstream cAMP 
targets [64]. Hence, interaction of PDE4 and AKAPs 
terminates the accumulation of local cAMP and the 
subsequent activation of cAMP/PKA-mediated 
phosphorylation events. The biological role of their 
binding in the CNS remains unclear and needs further 
investigations. Other signaling scaffold proteins, such 
as β-arrestin 1 and β-arrestin 2 have also been shown 
to bind to all PDE4 isoforms [65]. This interaction 
between β-arrestin and PDE4 causes an increase in 
cAMP degradation [65]. Additionally, the N-terminal 
of PDE4D5 isoform contains both a β-arrestin-binding 
site and a binding site for RACK (receptors for 
activated C-kinase) [66]. Interestingly, PDE45 is able 
to interact with the signaling scaffold proteins RACK1 
and β-arrestin simultaneously [66]. Presumably, their 
interactions are poised to play a role in regulating 
cAMP and its downstream signaling in cells. 
Additional studies are needed to be done in neuronal 
cells and under pathological conditions, such as 
ischemic stroke. Figure 1 summarizes the interacting 
proteins with PDE4. Taken together, these studies 
provide potential for understanding the role of PDE4 
isoforms in molecular pathology as well as in 
providing novel means of therapeutic intervention.  
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Fig.1 Interaction of PDE4 with cellular proteins. The activity of PDE4 is 
regulated by both extracellular signal-regulated protein kinases 1 and 2 
(ERK1/2) and protein kinase A (PKA). ERK1/2 exerts an inhibitory effect on the 
activity of long form PDE4s and a stimulatory effect on hydrolytic activity of 
short form PDE4s, while phosphorylation of long PDE4 isoforms by PKA leads 
to an increase in their activity in cells. Under different conditions, PDE4 exerts 
diverse biological functions through interacting with multiple proteins. For 
example, PDE4 interacts with DNA-PKs and thus regulates cell death. PDE4 
binds to A-kinase-anchoring proteins (AKAPs) and modulates T cell activation. 
In addition, interaction of PDE4 with disrupted in schizophrenia 1 (DISC1) is 
involved in the process of mental disorders, such as schizophrenia. 

 

 
Fig.2 PDE4-cAMP-mediated signaling pathways in neuronal cells. 
Activation of GPCR activates Gsα subunit and adenylyl cyclase (AC), which 
subsequently catalyzes the conversion of ATP to cAMP. Increase in the level of 
local intracellular cAMP leads to activation of protein kinase A (PKA), exchange 
proteins activated by cAMP (Epac) and cyclic nucleotide-gated (CNG). 
Activated PKA phosphorylates a number of other proteins including 
cAMP-responsive element-binding protein (CREB). Phosphorylated CREB binds 
to the cAMP-responsive element (CRE) and thereby modulates gene 
transcription. Activated Epac promotes the phosphorylation of extracellular 
signal-regulated kinase 1/2 (ERK1/2). Inhibition of PDE4 triggers an increase in 
cAMP which in turn exerts its downstream effects via activation of PKA/CREB 
and Epac/ERK signaling pathways. 

 

Effect of PDE4 on cAMP-mediated 
signaling 

cAMP is a second messenger which is involved 
in multiple biological processes, such as release of 
hormones and signal transduction mediated by 
neurotransmitters [67]. In ischemic brain, the level of 

cAMP is significantly lower than that in the 
contralateral side as early as 3 hours after the onset of 
ischemia and remains below the contralateral side 
[68]. ATP is the source of cAMP and adenylyl cyclase 
(AC) which is responsible for the conversion of ATP 
to cAMP. The intracellular concentration of cAMP is 
regulated by the balance between AC and PDE, and 
PDE4 is the major enzyme degrading cAMP due to its 
high affinity for cAMP [54].  

 In the CNS, binding of neurotransmitters to 
their receptors activates the α subunit of the Gs 
protein, which leads to consequent activation of AC 
[69]. cAMP is generated as a consequence of AC 
activation, and increased cAMP subsequently 
activates several downstream effectors, such as PKA. 
PDE4 is used to catalyze the abundant cAMP, so that 
the signal transduction is terminated in time [53].  

 PKA is one of the downstream effectors 
mediating cAMP signaling. cAMP activates PKA and 
promotes the phosphorylation of multiple 
downstream substrates, including CREB, cAMP 
responsive modulator (CREM), and ATF1 [70]. In the 
nuclear, phosphorylated CREB binds to other 
co-activator proteins, such as CREB binding protein 
(CBP) and p300. Activated CREB binds to CRE in the 
promoter region of target genes and regulates the 
transcription of these genes, including BDNF [71]. 

 Another important effector for cAMP is Epac 
(exchange protein activated by cAMP). Epac has two 
isoforms, namely Epac1 and Epac2, and the latter has 
a higher affinity to cAMP than Epac1 [72]. Epac 
functions as a guanine nucleotide exchange factor for 
the GTPases [73]. Through acting on GTPases, Epac is 
involved in multiple cellular processes such as cell 
adhesion and neurotransmitter release [73]. Epac also 
modulates cAMP-mediated signaling synergistically 
with PKA [74, 75].  

 Finally, cAMP binds to and regulates the 
biological functions of cyclic-nucleotide-gated (CNG) 
ion channels [76], which have been identified in a 
number of other tissues, including the brain [77]. CNG 
channels are nonselective cation channels. Currently, 
the biological functions of CNG channels are highly 
related to signal transduction in sensory neurons 
(such as photoreceptors in the eyes) [78]. while, their 
roles in synaptic plasticity in the brain is not very well 
understood. 

 We have summarized three main signaling 
effectors of cAMP above. Summary of the 
PDE4-cAMP-mediated signaling pathways is shown 
in Figure 2. As PDE4 is an enzyme that degrades 
cAMP inside cells, the attenuation of cAMP signaling 
could be achieved through enhancing the activity of 
PDE4, which is able to hydrolyze cAMP to 5'-AMP 
[79]. Since PDE is the sole route for the degradation of 
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cAMP and PDE4 is the main enzyme acting on cAMP 
in cells [80], PDE4 plays a key role in controlling the 
concentration of cAMP and cAMP-mediated 
signaling. In the CNS, PDE4A, PDE4B, and PDE4D 
are widely expressed in neuronal cells, whereas 
PDE4C is expressed primarily in peripheral tissues 
[53]. Structure- and scaffold-based design of relatively 
selective inhibitors of one or two PDE4 subtypes have 
been proposed to be promising for the treatment of 
neurological disorders.  

Inhibition of PDE4 promotes 
neurogenesis and neuroplasticity 

Neuroplasticity or remodeling is a critical 
process that underlies brain functions during normal 
and pathological conditions [81, 82]. Brain makes 
appropriate responses in order to adapt to the 
changed environment [83]. PDE4 inhibitors has 
caused extensive concern as they are expected to 
modulate a variety of cellular functions, including 
neuroplasticity and neuroprotection [84]. All the three 
PDE4 isoforms (PDEA, B, D) expressed in the brain 
show inhibitory effects during neurogenesis and 
neuroplasticity. In a sleep deprivation animal model, 
sleep deprivation dramatically decreases number and 
dendrite length of neurons in hippocampal CA1 
region, while mutation of PDE4A5 reversed the 
morphological alterations and memory impairments 
caused by sleep deprivation [85]. Further studies 
showed that inhibition of PDE4A5 mediated changes 
in dendritic structure through degrading cAMP [85]. 
Similar to PDE4A, PDE4B is widely distributed 
throughout the brain in humans and rodents with 
prominent expression in cortex, hippocampus and 
amygdala [86]. Deficiency of PDE4B in mice resulted 
in a significant increase in the proliferation of 
neuronal cells in the hippocampal dentate gyrus [87]. 
PDE4B knockout or mutant mice also displayed 
markedly enhanced basal postsynaptic responses to 
stimulation, neurogenesis and ability of learning and 
memory as compared to wild-type littermates [88, 89]. 
PDE4D is important in mediating antidepressant 
activity and memory [90]. Treatment with the 
pan-PDE4 inhibitor rolipram enhances the local level 
of cAMP [91], and increases the production of neural 
progenitor cells in the dentate gyrus [91]. These 
results were supported by the findings that PDE4D 
deficiency leads to increased BrdU-positive cells in 
the dentate gyrus and memory enhancement [90]. 
Collectively, current investigations demonstrate that 
inhibition of PDE4D activates cAMP/PKA/CREB 
signaling in the brain and enhances neurogenesis, 
dendritic density and neuroplasticity. 

Inhibition of PDE4 is beneficial for the 
recovery from ischemic stroke 

In response to various stimuli, PDE4 mediates 
cAMP signaling and is associated with both normal 
physiological functions and pathological conditions. 
Specifically, the biological role of the PDE4 enzyme 
family relates to individual isoforms [15]. PDE4A is 
mainly associated with depression [15], PDE4B is 
linked to the pathology of schizophrenia and PDE4D 
is highly related with ischemic stroke [15]. Actually, 
PDE4D has been viewed as a risk factor of ischemic 
stroke, especially carotid and cardiogenic stroke [92]. 
Microsatellite allelic association showed that 
mutations of microsatellite markers, especially 
AC008818-1 is associated with cardiogenic stroke, and 
interestingly, this marker is located within PDE4D 
[92]. Further studies on the single-nucleotide 
polymorphism (SNP) showed that SNP41, SNP45, 
SNP56, SNP87 and SNP89 are in connection with an 
increased incidence of ischemic stroke in Icelandic 
patients, and all these SNPs are located in intron 
regions in the 5'-end of the PDE4D gene [15, 92]. 
Therefore knocking down or inhibiting the expression 
of one or more PDE4D isoforms specifically might 
decrease the risk of ischemic stroke. 

 On the other hand, PDE4 affects the sensitivity 
or vulnerability of neuronal tissues to cerebral 
ischemic lesion. As we know, inflammation is a 
destructive factor limiting the functional recovery of 
ischemic brain at the early stage [93]. Ischemia causes 
an elevated expression of cytokines and increased 
activity of inducible nitric oxide synthases (iNOS), 
which subsequently enhances the production of free 
radicals [94]. Overproduction of free radicals 
following cerebral ischemia destroys neuronal cell 
membrane and causes the activation of apoptotic 
signaling in the brain, whereas inhibition of NO 
overproduction by L-NAME reduced infarct volume 
and histopathological changes of ischemic striatum 
[95]. Notably, enhanced intracellular cAMP attenuates 
the production of iNOS induced by other cytokines 
[96]. PDE4 inhibitors also suppressed the level of 
iNOS through elevating the concentration of cAMP 
both in vitro and in vivo [97]. These observations were 
also supported by the findings that treatment with the 
PDE4 inhibitor roflumilast ameliorated NO-induced 
apoptosis and myocardial ischemia/reperfusion 
injury via both cAMP/PKA/CREB and 
Epac/Akt-dependent pathway [98]. PDE7 is another 
enzyme responsible for the hydrolysis of cAMP. 
Studies showed that inhibition of PDE7 exhibited 
neuroprotective effects in both cellular cultures and in 
a permanent middle cerebral artery occlusion stroke 
animal model [99]. This study also suggested the 
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importance of cAMP in the regulation of cellular 
survival. 

 Based on the above findings, it is safe to predict 
an association of PDE4 mutations and risk of ischemic 
stroke. Enhanced activity of PDE4 after ischemic 
stroke plays a devastating role in mediating neuronal 
cell death and PDE4 inhibitors may be useful drugs 
which might work through their specific regulation of 
the intracellular cAMP level. Treatment with 
rolipram, a classical PDE4 inhibitor, reduces infarct 
volume in both the CA1 region of the hippocampus 
and the striatum in rats and gerbil [100, 101]. These 
findings are consistent with the observations that 
Rolipram and HT-0712, a novel PDE4 inhibitor, 
significantly enhanced motor recovery, sensorimotor 
function and cortical reorganization after ischemic 
insult [102, 103]. Our previous studies also showed 
that treatment with Rolipram inhibited PDE4 activity 
in the hippocampus and prevented cerebral 
ischemia-induced memory deficits [104]. These results 
indicate that PDE4 may play a pivotal role in cAMP 
signaling-mediated neurological deficits induced by 
ischemic stroke and PDE4 inhibitors could be the 
promising candidate drugs that may have therapeutic 
benefit in patients suffering from stroke. 

Inhibition of PDE4 activates 
cAMP/PKA/CREB/BDNF signaling 
pathway and enhances neuroplasticity 
following stroke 

Though PDE4 inhibition is a potential 
therapeutic strategy for the treatment of stroke, the 
underlying mechanisms are not fully explored. 
Increasing studies indicate that PDE4 inhibition 
enhances neuroplasticity in various models [17, 105, 
106]. Considering that neuroplasticity is a pivotal 
strategy to promote functional recovery after stroke, 
the role of PDE4 inhibition on neuroplasticity and its 
underlying mechanisms have aroused widespread 
concern. 

 Firstly, PDE4-cAMP regulates BDNF transcrip-
tion by a PKA/CREB-dependent mechanism. In 
mature neurons, BDNF plays a positive role in 
neuroplasticity [107-109]. Increased expression of 
BDNF facilitates neuroplasticity and promotes the 
regain of motor and sensory abilities after stroke [110]. 
In immature neurons, BDNF participates in the 
neurite outgrowth and maturation of progenitor cells 
[111]. Under the condition of ischemic stroke, larger 
stroke infarct volumes are directly associated with the 
lower levels of BDNF in serum [112]. Interestingly, 
low level of BDNF in the serum is positively 
associated with poor long-term functional recovery in 
both rodents and patients [113, 114]. Consistently, 

cerebral ischemia led to increases in activity of PDE4 
[104] and inhibition of PDE4 by rolipram activated the 
cAMP/CREB pathway to facilitate functional 
recovery following ischemic stroke [115]. Motor 
recovery following ischemic stroke is assigned to both 
structural and functional reorganization of residual 
neural tissues [116]. Inhibition of PDE4 by rolipram 
and HT-0712 activates cAMP/CREB signaling, 
enhances cognitive function, and restores motor skill 
after cerebral ischemia [102]. Notably, PDE4 inhibitors 
facilitate behavioral recovery and cortical 
reorganization to a significantly greater level when 
comparing to the rehabilitation alone [102]. 
Neuroplasticity after stroke could also be 
strengthened through running exercise and enriched 
environment, where enriched environment has also 
been shown to enhance the phosphorylation of CREB 
in the adult hippocampus [117]. Phosphorylated 
CREB binds the canonical cAMP response element 
(CRE), 5’-TGACGTCA-3’ in the promoter region of 
BDNF [118]. Binding of CREB to the motif promotes 
the transcription of BDNF [118]. Our previous study 
showed that FFPM, a PDE4 inhibitor ameliorated the 
cognitive deficits in APP/PS1 transgenic mice and 
stimulated the expression of BDNF through 
cAMP/PKA/CREB pathway [119]. Hence, 
pharmacological activation of cAMP-CREB signaling 
after ischemia by administration of the PDE inhibitor 
enhances the expression of BDNF, which is supposed 
to mediate morphological and functional changes in 
neurons after stroke. 

Inhibition of PDE4 restricts 
neuroinflammation in the brain and 
promotes neuroplasticity after stroke 

Evidence suggests that the inflammatory 
response may exacerbate brain injury or contribute to 
the brain recovery in the different stage of stroke 
[120]. Studies are still needed to understand the 
dynamic balance between the protective and 
detrimental effects of pro-inflammatory factors in 
different stages of ischemic stroke [120]. It has been 
widely accepted that at relatively low “physiological” 
levels, pro-inflammatory factors and other immune 
mediators are beneficial for maintenance of 
neuroplasticity [121]. In this case, binding of cytokines 
to their receptors activates mitogen activated protein 
kinases (MAPKs) and nuclear factor-kappa B (NF-κB), 
which influence the expression of neuronal genes and 
promote neuroplasticity [122]. On the other hand, 
after neurological injuries such as ischemic stroke, 
cytokines and other immune mediators are induced 
and over-expressed, which show negative roles in 
neuroplasticity [121]. Furthermore, among various 
cytokines, IL-1 seems to mediate neurotoxic effect 
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during traumatic brain injury, whereas IL-1ra, IL-10 
and TGF-β play a neuroprotective effect. Notably, IL-6 
and TNF-α may have a dual role where they may 
produce a neuroprotective or neurotoxic effect, 
probably depending on the stage and the extent up to 
which they are induced [123]. 

 Pro-inflammatory factors are produced in 
phases in experimental and human stroke [124]. IL-1 
is proved to be upregulated early in peri-infarct 
microglia [124]. A meta-analysis suggested that IL-1α 
(-889C/T) polymorphism is associated with stroke 
risk [125]. This observation was further confirmed by 
the finding that IL-1 deficient mice exhibited 
dramatically reduced ischemic infarct volumes after 
ischemic brain damage [126]. The role of IL-1 in 
reducing neurogenesis and neuroplasticity has been 
repeatedly shown in different animal models [127]. 
Treatment with IL-1 inducers resulted in significant 
inhibition of hippocampal neurogenesis in rats [128, 
129]. 

 Inhibition of PDE4 is effective to suppress the 
production of IL-1. Our previous studies have shown 
that inhibition or silencing of PDE4 attenuated the 
level of IL-1β in β amyloid-injected mice [50], 
APP/PS1 transgenic mice [119] and lipopoly-
saccharide-treated mice [14, 130]. Consistently, 
another independent study showed that the SNPs in 
the PDE4D (83T/C) and IL-1 (-889C/T) were related 
with high risk of the occurrence of ischemic stroke 
[131]. We propose that inhibition of PDE4 suppresses 
the expression of IL-1, especially at the early stage of 
stroke and is beneficial for the functional recovery and 
this effect is highly related to enhanced neurogenesis 
and neuroplasticity. 

Conclusions and future perspectives 
PDE4 is highly expressed in the frontal cortex, 

hippocampus and cerebellum, which are important 
brain regions in modulating sensory activity, 
recognition, and motor activity [132]. Recent studies 
have made great progress in understanding the roles 
of PDE4 in the CNS both under physiological and 
pathological conditions [11]. Emerging evidence has 
indicated that inhibition of PDE4 is beneficial for the 
outcome of stroke [100-104]. Figure 3 shows the 
potential mechanism underlying the role of PDE4 
inhibitors in neuroplasticity after stroke. However, 
complete understanding of PDE4 function in the 
pathology of stroke is still lacking. Especially, the role 
of PDE4 in the process of neuroplasticity following 
ischemic stroke requires further investigation.  

 Firstly, a larger number of studies focusing on 
the PDE4 gene polymorphism, SNP mutations and 
cerebral infarction risk are needed to determine the 
role of PDE4 in ischemic stroke. PDE4D gene is 

associated with an enhanced risk of ischemic stroke 
[133], while it is still unknown whether other PDE4 
isoforms and variants are also the risk factors for 
ischemic stroke. On the other hand, roles of PDE4D in 
stroke are only beginning to be unveiled and the 
possible mechanisms are still needed to be 
investigated in detail. Specifically, the expression 
levels and activity of PDE4D are necessary to be fully 
investigated during ischemic stroke, in particular, the 
role of PDE4D in neuroplasticity following stroke. To 
achieve this purpose, further investigation is 
necessary to explore the functional role of PDE4D, the 
mutations and effect of selective inhibitors or 
activators. 

  

 
Fig.3 The potential mechanism underlying the role of PDE4 
inhibitors in neuroplasticity after stroke. Under the condition of ischemic 
stroke, the expression and activity of PDE4 are extensively increased in neural 
cells, which subsequently lead to decreased level of cAMP and the inhibition of 
PKA/CREB and Epac/ERK1/2 signaling pathways. cAMP/PKA/CREB pathway 
plays a critical role in promoting the expression of BDNF, which is a potent 
factor triggering neuroplasticity. Activation of Epac/ERK1/2 and 
cAMP/PKA/CREB pathways inhibits the expression of pro-inflammtory factors, 
such as IL-1β, which are viewed as negative factors delaying the process of 
neuroplasticity, especially at the early stage of stroke. PDE4 inhibition is 
supposed to enhance neuroplasticity through increasing the levels of cAMP and 
BDNF, and decreasing the expression of pro-inflammatory factors. 

 
Secondly, PDE4-cAMP signaling pathway has 

been shown to play important roles in ischemic stroke 
and neuroplasticity. Therefore, targeting PDE4 would 
be a promising strategy in developing therapeutic 
agents for the treatment of stroke. However, most of 
the currently available PDE4 inhibitors produce 
serious side effects, such as nausea and vomiting 
[134]. So it is necessary to develop novel and selective 
inhibitors that affect individual subtypes and 
isoforms of PDE4 selectively and have little emetic 
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potential. The good news is that selective PDE4 
inhibitors without the dose-limiting side effects such 
as nausea and vomiting have been reported [135, 136]. 
We also reported some PDE4 inhibitors which show 
efficiency in the brain at non-emetic doses [119, 137]. 
Their effect for the treatment of stroke and their role 
in neuroplasticity after ischemia are being studied. 
Such information and tools will provide a better 
understanding of the development of drugs to treat 
ischemic stroke. 

 Finally, it is proposed that there are three 
pivotal processes implicated in neurorepair after 
stroke: angiogenesis, neurogenesis and synaptic 
plasticity [138]. Under the condition of stroke, 
vascular remodeling is significantly increased around 
the areas of newly-born neurons [138, 139]. The 
presence of vascular endothelial cells promotes 
neurogenesis and the survival of newly formed 
neurons through secreting growth factors and 
chemokines, such as erythropoietin (EPO) [139]. 
Interestingly, human vascular endothelial cells 
express high level of PDE4 [140], inhibition of PDE4 
by rolipram effectively attenuates angiogenesis and 
the expression of VEGF in a chronic subcutaneous 
inflammatory animal model [141]. This result was 
further verified by the finding that upregulation of 
PDE4 in human umbilical vein endothelial cells 
causes increased hydrolysis of cAMP and enhanced 
level of angiogenesis [142]. Currently, the roles of 
PDE4 on angiogenesis and the expression of related 
factors (such as EPO and VEGF) are largely unknown 
in the brain following stroke. As angiogenesis is 
pivotal for neurogenesis and neuroplasticity after 
stroke, it is worthwhile to systematically study the 
involvement of PDE4 in the production, proliferation 
and the biological functions of vascular endothelial 
cells during the process of cerebral ischemia. 
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