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A visualized, non-expert version of this introductory chapter can 

be accessed using the following QR-code or hyperlink. Both link 

to a 3-minute, Dutch spoken video in which I explain the 

background and general aim of this thesis: Video Summary 

 

 

Memory, dementia, and Alzheimer’s 

At this very moment, whilst reading this text, your body is processing a 

tremendous amount of information unrelated to the reading to get a sense of what 

is happening on the inside and outside. Although the focus may be on the visual 

information coming from these words, other stimuli, for example tactile information 

coming from holding this booklet or electronic device, is constantly being sent to the 

brain. The brain receives all incoming information, but only focuses on those stimuli 

that are deemed important. Evolutionary, it is beneficial to be able to recognize and 

prioritize situations or states of being, that are deemed important, in order to 

respond to or handle them in a manner that ensures survival and/or the production 

of offspring. The ability to form and store memories ensures that experiences can be 

‘captured’ and that an individual can respond aptly to future, similar situations. One 

could argue that one’s memory, in part, creates one’s personality as it determines 

how someone behaves in and responds to specific similar or related situations. At 

the personal level, memory formation and storage allows to keep, in a literal sense, 

cheerful moments and loved ones in mind. If this information stays ‘out of mind’ 

(‘demens’ in Latin), a person may suffer from dementia. Clearly, memory impairments 

cause a tremendous burden on patients suffering from dementia, their family 

members, and caregivers. 

The most common cause of dementia is Alzheimer’s disease (AD). AD is 

associated with progressive memory impairments and is characterized by the toxic 

buildup and aggregation of amyloid-β (Aβ) and tau, the aggregates of which are 

referred to as plaques and tangles, respectively. While the pathological 

https://www.sciencefiguredout.be/alzheimers-disease-forget-about-it
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characteristics are similar, a distinction can be made between familial and sporadic 

AD. Familial AD typically develops earlier in life than sporadic AD and is associated 

with mutations in the amyloid precursor protein (APP) and presenilin (PSEN1 and 

PSEN2) genes (Bertram and Tanzi, 2008). In contrast, sporadic AD, which is more 

prevalent, is not associated with mutations in these genes, but can be linked to other 

genetic risk factors (described in detail by Bellenguez et al. (2022) and Bertram and 

Tanzi (2008)). Next to genetic aspects, environmental and lifestyle factors can 

influence the development and progression of AD (reviewed by Stozická et al. 

(2007)). Although the different forms of AD and the associated neuropathology can 

involve different underlying causal mechanisms, similar consequences are being 

observed within the brains of AD patients. Overall, Aβ plaques and tau tangles are 

associated with neuro-inflammation as the brain reacts to these neurotoxic buildups 

with an immunological response. This inflammatory environment and the plaques 

and tangles themselves negatively impact neuronal function and survival and the 

ability of neurons and other cell types to promote (neuro)plasticity. Neuroplasticity 

can be described as the brain’s ability to effectively respond and adapt to incoming 

stimuli by promoting mitosis (e.g. neurogenesis), phenotypic changes (e.g. cell 

differentiation), and morphological changes (e.g. the number of synaptic 

connections and the growth and/or extension of neuronal axons and dendrites). 

These neuroplasticity mechanisms are crucial for effective memory consolidation. In 

AD, neuroplasticity has been shown to be impaired as AD brains exhibit 

neurodegeneration and neurons with less complex morphologies (Teter and Ashford, 

2002). It has been widely found that Aβ exposure reduces neurite outgrowth in cell 

culture experiments, which indicates the direct effect of AD pathology on neuronal 

morphology (e.g. (Kwon et al., 2010)). Neurite outgrowth is just one process that is 

affected in AD, but also the number of dendrites, dendritic length, and dendritic spine 

density have been found to be reduced by Aβ exposure (Cui et al., 2019). 
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As AD progresses, the pathological Aβ plaques and tau tangles become 

more abundant and widespread throughout the brain causing increased neuro-

inflammation and impaired neuroplasticity (Braak and Braak, 1991). Brain regions 

important in memory functioning (e.g. the basal forebrain and hippocampus) appear 

to be particularly sensitive to AD-associated pathology (Brueggen et al., 2015; 

Schmitz et al., 2016). The hippocampus is a crucial brain structure in consolidating 

information in long-term memory. In addition, the basal forebrain signals to the 

hippocampus using the neurotransmitter acetylcholine to facilitate memory 

consolidation. Hence, degeneration of both the basal forebrain and hippocampus in 

response to AD-associated pathology has detrimental effects on the ability to store 

memories.  

Based on the rationale that acetylcholine signaling from the basal forebrain 

is diminished in AD, several types of medication have been developed in an effort to 

compensate for decreased cholinergic signaling. At the time of writing, five 

molecules have been approved for the treatment of AD: donepezil, rivastigmine, 

galantamine, memantine, and (in the United States only) aducanumab. The first three 

molecules belong to the class of acetylcholinesterase inhibitors (AChEI) and increase 

cholinergic signaling by inhibiting the enzymatic breakdown of acetylcholine. 

Memantine blocks the N-methyl-D-aspartate (NMDA) receptor and thereby can 

reduce neurotoxicity by preventing ‘overexcitation’ of neurons that may be caused 

by an imbalanced excitatory/inhibitory neuron ratio. Noteworthy, memantine has 

also been reported to block specific acetylcholine receptors (i.e. α7 nicotinic 

acetylcholine receptors) (Aracava et al., 2005), which is a mechanism that can also 

promote memory-enhancing effects as reported by myself and my research group, 

and others in cell and animal studies (Hahn et al., 2011; van Goethem et al., 2019). 

Aducanumab, which has only recently been approved by the Food and Drug 

Administration (FDA), yet rejected by the European Medicines Agency (EMA), has 

been developed to reduce Aβ plaques in the brain, but its clinical efficacy and safety 
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are, despite its approval, still under debate (Sevigny et al., 2016). Clearly, functional 

memory improvements of current AD medication are only modest and often 

associated with severe side effects, e.g. diarrhea (AChEI), obstipation (memantine), 

nausea and vomiting (AChI and memantine), or brain swelling and brain bleeding 

(aducanumab) (Casey et al., 2010; Seibert et al., 2021). Hence, novel approaches are 

crucial for efficacious and safe treatment of memory impairments in AD. 

 

‘Memory molecules’  

To facilitate the discovery and development of new pharmacological 

compounds, understanding the molecular signaling cascades underlying memory 

consolidation is essential. In other words, which molecules are important for memory 

formation? Fundamental insights into these ‘memory molecules’ have been gathered 

through the seminal work of Eric Kandel and Paul Greengard (Kandel, 2012; Walaas 

and Greengard, 1991). It has now been well-established that upon binding of 

neurotransmitters, specific signaling cascades can be initiated in neurons. Many of 

these cascades, including those elicited by cholinergic signaling, involve the 

conversion of adenosine triphosphate (ATP) into the signaling molecule cyclic 

adenosine monophosphate (cAMP) by the enzyme adenylate cyclase (AC). cAMP can 

then activate, among other molecules, protein kinase A (PKA), which by itself can 

induce changes by phosphorylating target proteins. For example, phosphorylation 

by PKA can lead to sensitization of neurotransmitter receptors, which facilitates the 

connectivity between two neurons. Particularly important for long-term memory 

formation is PKA-mediated phosphorylation of the transcription factor cAMP 

response element-element binding protein (CREB) (Kandel, 2012). Upon its 

phosphorylation, CREB induces the transcription of several genes that promote 

neuroplasticity. Through these transcription-dependent mechanisms, several 

changes that strengthen synaptic connections between neurons are being induced. 

These changes comprise, for example, physiological changes owing to the synthesis 



 

12 

of neurotransmitter receptors and morphological changes via the formation of axons 

and dendrites.  

Thus, the cAMP-PKA-CREB signaling cascade is of utmost important for 

functional memory consolidation. This notion is also supported by the observation 

that cAMP-PKA-CREB signaling is decreased in AD (reviewed in: (Kelly, 2018)). As 

such, pharmacological modulation of this pathway provides opportunities to restore 

memory functioning in AD. While the synthesis of cAMP occurs specifically by AC, its 

hydrolytic degradation is regulated exclusively via members of the superfamily of 

phosphodiesterase (PDE) enzymes. Hence, these PDEs provide interesting targets to 

specifically modulate cAMP levels and associated signaling. 

 The PDE superfamily consists of 11 gene families (PDE1-PDE11), which are 

categorized based on functional protein domains and substrate selectively (Baillie et 

al., 2019; Bender and Beavo, 2006; Chapter 2: Paes et al., 2021). Next to hydrolyzing 

cAMP, certain members of the PDE enzyme family degrade the closely related cyclic 

guanosine monophosphate (cGMP). In fact, the gene families PDE1, PDE2, PDE3, 

PDE10, and PDE11 can degrade both cAMP and cGMP. PDE5, PDE6, and PDE9 

specifically break down cGMP, whilst PDE4, PDE7, and PDE8 are selective towards 

cAMP. Given the importance of cAMP in memory consolidation signaling, the cAMP-

selective PDE families are interesting targets to modulate this signaling. By inhibiting 

these PDE enzymes in the brain, cAMP degradation can be diminished, leading to 

stimulation of memory consolidation processes.  

 

PDE4 enzymes and PDE4-macology 

Historically, most research has been conducted on the PDE4 family, as for a 

long time, no selective PDE7 and PDE8 inhibitors were available. In studies as early 

as in 1976, the archetypical PDE4 inhibitor rolipram was used to identify and inhibit 

cAMP-specific PDE activity (Schwabe et al., 1976). Rolipram was also found to be able 

to inhibit activity of the Drosophila enzyme encoded by the dunce gene, which plays 
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a pivotal role in learning and memory (Davis et al., 1989; Dudai, 1988). Subsequently, 

rolipram-sensitive PDE4 enzyme orthologues of dunce were discovered in rats and 

humans and observed to be expressed in brain tissue (Bolger et al., 1993; Davis et al., 

1989; Schwabe et al., 1976; Swinnen et al., 1989a; b). These findings, together with 

clinical studies using rolipram as a potential antidepressant, strongly suggested that 

PDE4 inhibition has effects in the mammalian brain. Accordingly, several studies 

found that PDE4 inhibition is able to preserve intact memory and restore impaired 

memory in rodents (Egawa et al., 1997; Rutten et al., 2007; Vanmierlo et al., 2016). In 

addition, PDE4 inhibition has been shown to reduce neuroinflammation and protect 

against neuronal death (Pearse and Hughes, 2016; Vilhena et al., 2021). As both 

neuroinflammation and neuronal death are hallmarks of AD, PDE4 inhibitors are 

promising candidates to prevent, slow down or halt the progression of AD (Guerriero 

et al., 2017). 

Consequently, the therapeutic potential of PDE4 inhibition to treat AD has 

been examined in preclinical studies. In different animal models of AD, inhibition of 

PDE4 was found to restore neuroplasticity, reduce neuroinflammation and/or 

improve memory performance (Gong et al., 2004; Guo et al., 2017; Shi et al., 2021; 

Vitolo et al., 2002; Zhang et al., 2004). Furthermore, the PDE4 inhibitor roflumilast 

was found to enhance verbal learning in both young and old healthy individuals 

(Blokland et al., 2019; Van Duinen et al., 2018). Despite these beneficial effects, clinical 

use of PDE4 inhibitors has been hampered so far due to the occurrence of adverse 

side effects including nausea, emesis, headache, and diarrhea (Compton et al., 2001). 

PDE4 enzymes, as pivotal regulators of cAMP signaling, are expressed in many 

organs and in different cell types, which can produce unwanted effects additional to 

the therapeutic actions in the brain. Hence, PDE4 inhibition as a therapeutic strategy 

should be optimized in order to improve efficacy and safety. 
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The memory-modulating PDE4D subtype  

 The PDE4 gene family comprises multiple members. Four different PDE4 

genes exist (PDE4A-D). These various genes encode subtypes of PDE4 enzymes with 

distinct amino acid sequences (Bolger et al., 1993; Bolger, 1994; Johnson et al., 2010; 

Milatovich et al., 1994). Hence, targeting specific PDE4 subtypes may provide a 

promising opportunity to enhance memory functioning while minimizing or 

preventing side effects. Using PDE4 subtype-selective inhibitors, Zhang et al. 

identified that inhibition of PDE4D, rather than PDE4B, displayed most potent 

memory-enhancing effects in rodents (Zhang et al., 2017). Additional support for a 

role of PDE4D in cognition has been provided by the fact that mutations in PDE4D 

are associated with the neurodevelopmental disorder acrodysostosis (Lee et al., 

2012). Moreover, genetic variation in the PDE4D gene has been associated with 

human cognitive performance (Gurney, 2019). In addition, expression of PDE4D was 

found to correlate negatively with cognitive performance in an aging study using 

monozygotic twins (Mohammadnejad et al., 2021). In patients suffering from mild 

cognitive impairment and AD, polymorphisms in the PDE4D gene were found to 

affect the functional network brain activity (Xiang et al., 2020). 

 Thus, given its involvement in cognition, PDE4D may provide a more specific 

target for pharmacological interventions to treat memory problems in AD. As a result, 

efforts have been made to develop PDE4D-selective inhibitors, which show pro-

cognitive effects in animal studies (Brullo et al., 2016; Bruno et al., 2011; Bruno et al., 

2009; Burgin et al., 2010; Ricciarelli et al., 2017; Sierksma et al., 2014; Wang et al., 

2020; Zhang et al., 2018). Despite the efficacy of PDE4D-selective inhibition, PDE4D 

inhibition seems to induce emetic side effects elicited through α2-adrenoceptor-

mediated mechanisms in the brainstem, which would hamper their clinical use 

(Robichaud et al., 2001; Robichaud et al., 2002). Recently, studies by the Richter 

laboratory have indicated that other side effects observed upon PDE4 inhibition (i.e. 

hypothermia and gastroparesis) are not predominantly mediated by PDE4D but are 
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rather a result of inhibition or more than one PDE4 subtype (Boyd et al., 2021; 

McDonough et al., 2020a; McDonough et al., 2020b). Thus, compared to the 

complete side effect profile of non-specific PDE4 inhibitors, PDE4D selective 

inhibitors may show fewer or less intense side effects. Indeed, certain PDE4D 

inhibitors have shown to be less emetic than non-specific PDE4 inhibitors (Bruno et 

al., 2011; Ricciarelli et al., 2017; Zhang et al., 2018), which may be a result of the fact 

that the PDE4D-selective inhibition elicits effects in the brainstem (emesis) but does 

not impact the stomach (gastroparesis). However, considering the role of PDE4D in 

brainstem-mediated emetic side effects, these side effects may have to be prevented 

or circumvented in order to fully exploit PDE4D inhibition as a safe and efficacious 

treatment strategy to ameliorate memory problems in AD. 

 

The importance of isoforms 

Interestingly, the PDE4D gene encodes different transcript variants that 

translate into different protein isoforms. As PDE4D subtypes and isoforms are 

expressed in a tissue-dependent and cell-type-specific manner (Miró et al., 2002a; 

Miró et al., 2002b; Pérez-Torres et al., 2000), inhibition of specific isoforms can 

produce different physiological and/or behavioral effects. Hence, inhibition of 

specific PDE4D isoforms may produce memory-enhancing effects while minimizing 

adverse PDE4-mediated side effects. 

 Although it has been well-established that different PDE4 subtypes and 

isoforms are cell-type specifically expressed and localize to specific intracellular 

compartments (Blackman et al., 2011), the role of specific PDE4D isoforms in memory 

processes has only sporadically been described. One study using very few samples 

has reported PDE4D isoform expression in post-mortem brain material of AD 

patients and healthy individuals (McLachlan et al., 2007). Another study found no 

difference in PDE4D expression in brain material of AD patients and controls, but in 

this study the expression of the individual PDE4D isoforms was not specified (Ugarte 
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et al., 2015). Therefore, it remains unknown which isoforms are important for memory 

processes and would thus be appropriate targets for the treatment of memory 

problems associated with AD. Identification of the PDE4D isoforms involved in 

memory processes (in AD) will allow for target specification so that treatment efficacy 

can be maintained whilst minimizing side effects.  

Alternatively, approaches to reduce the therapeutic dose of PDE4(D) 

inhibitors will decrease the risk of PDE4-mediated adverse side effects. Given the fact 

that multiple PDE gene families can degrade cAMP and that they localize to specific 

intracellular compartments, inhibition of PDE4(D) and other cAMP-degrading PDEs 

can have synergistic effects. Using this synergistic treatment, the therapeutic dose of 

PDE4(D) could be lowered, which would reduce the occurrence of possible side 

effects.  

 

Goals and outline of the thesis 

With the purpose of finding new treatment strategies to efficaciously and safely 

inhibit PDE4(D), in order to stimulate memory consolidation processes as a treatment 

for AD, the goals of this thesis are: 

 

 To identify which PDE4D isoforms are involved in neuroplasticity processes 

that are impaired by AD-associated pathology 

 To investigate the therapeutic potential of using combined treatments to 

reduce the therapeutic dose of PDE4(D) inhibitors 

 

By means of literature research and in vivo, in vitro, and in silico experimental 

approaches, these goals were pursued as outlined in the following chapters. 

 

Chapter 2 provides a comprehensive review on a myriad of aspects of PDE4 

enzymes as pharmacological targets. Firstly, all currently known PDE4 subtypes, 
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transcript variants, and isoforms in humans and rodents are defined. To determine 

which PDE4(D) isoform should be picked as optimal therapeutic target in AD, an 

understanding those PDE4(D) isoforms existing is crucial. Both in the scientific 

literature and in online databases, inconsistencies in classification appear. 

Specifically, mRNA molecules that are different in sequence, but stem from the same 

gene would be referred to as transcript variants. As these different mRNA species 

differ in sequence, they can encode for protein products with distinct amino acid 

sequences that would be referred to as (protein) isoforms. Difficulties arise in 

classifying and comparing these transcript variants and isoforms as online databases 

(e.g. Ensembl and NCBI Gene) use different annotations. Additional discrepancies 

exist in the naming of orthologues across species (e.g. the rodent equivalents of 

human PDE4A isoforms are named differently). Hence, it is crucial to have a proper 

understanding of how the four distinct PDE4 genes encode the different transcript 

variants that translate to different protein isoforms for different species. The obtained 

understanding of PDE4D gene, mRNA, and protein sequences is critical for 

translational experiments described in Chapter 3 and Chapter 4. Secondly, the 

effects of inherent, structural features of the different PDE4 isoforms on their 

enzymatic activity are being described. Furthermore, per isoform, the consequences 

of post-translational modifications and their interactions with other proteins, on 

enzyme activity and inhibitor binding are outlined. Specific post-translational 

modifications are investigated in silico in more detail in Chapter 5. This information 

is followed up by a detailed description of a large list of PDE4 inhibitors and their 

affinity for PDE4 subtypes, isoforms, and conformations. Insights acquired from this 

overview are then discussed in light of PDE4 inhibitor screening pipelines and are 

used to better put preclinical findings into context in Chapter 6. Next, strategies for 

target specification and approaches to develop subtype- and isoform-specific PDE4 

inhibitors are described. Lastly, PDE4 inhibitors are compared regarding their ability 
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to elicit side effects and potential molecular mechanisms underlying these side 

effects are pointed out. 

Chapter 3 presents an experimental study that investigated which PDE4D 

isoforms display altered transcriptional regulation in AD and may therefore be (more) 

suitable therapeutic targets. In this study, human post-mortem temporal lobe brain 

material of AD patients and healthy controls is used, in which the epigenetic 

signature of the PDE4D gene is measured. In addition, mRNA expression levels of 

PDE4D isoforms are determined. Both the epigenetic and transcriptional profiles are 

correlated with the degrees of AD-associated pathology in the tissue and the 

subject’s degree of cognitive decline. 

Complementing and following up on the previous chapter, Chapter 4 

demonstrates a series of experiments in which PDE4D isoform expression changes 

are determined in the hippocampus and frontal cortex of transgenic AD mice. 

Furthermore, the effects of pharmacological PDE4D inhibition on neurite outgrowth 

of neuronal cells in both the presence and absence of amyloid-β are described. Most 

importantly, the potential of PDE4D isoform-specific inhibition targeted at facilitating 

neurite outgrowth and protecting against amyloid-β is examined by means of in vitro 

CRISPR-Cas9-mediated knockout experiments. 

In Chapter 5, a computational model of PDE4 isoform-mediated cAMP 

signaling is presented. The model was used to simulate how different PDE4 isoforms 

dynamically control cAMP levels and downstream signaling over time. By 

implementing isoform-specific feedback mechanisms (as also reviewed in Chapter 

2), the importance of specific PDE4 isoform types in cAMP regulation is being 

highlighted. 

Beyond the context of AD and as an alternative to increasing treatment-

specificity by targeting PDE4D isoforms, Chapter 6 presents the potential of 

combined PDE2-PDE4 inhibition to promote neuroplasticity processes in vitro and 

enhance memory consolidation in vivo. It is revealed that PDE2 and PDE4 inhibitors 
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work synergistically, thereby requiring lower doses of each, which likely minimizes 

the occurrence of adverse side effects. 

In the concluding Chapter 7, the acquired insights from the previous 

chapters are being put into perspective, considering experimental strengths and 

limitations. Ultimately, an outlook is provided for future research to be explored in 

order to eventually let AD patients benefit from efficacious and safe (isoform-

specific) PDE4(D) inhibitors.  
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LIST OF NONSTANDARD ABBREVIATIONS: 

3’UTR – 3’ untranslated region 

5’UTR – 5’ untranslated region 

5HT4 – 5-hydroxytryptamine 4 

ADPKD – autosomal dominant polycystic kidney disease 

AIP – aryl hydrocarbon receptor-interacting protein 

AKA – also known as 

AKAP – A-kinase anchoring protein 

AMPK – AMP-activated protein kinase  

AP – area postrema 

ATF4 – activating transcription factor 4 

CaMKII – calcium/calmodulin-dependent kinase II  

cAMP – cyclic adenosine monophosphate 

cat dom – catalytic domain 

CDK5 – cyclin-dependent kinase 5  

CK1 – casein kinase I 

CREB – cAMP-response element binding protein 

CRISPR – clustered regularly interspaced short palindromic repeats 

DISC1 – disrupted in schizophrenia 1  

ERK – extracellular signal-regulated kinase  

GSK3β – glycogen synthase kinase 3β 

HARBS – high-affinity rolipram binding site 

HCN – hyperpolarized cyclic nucleotide-gated channel 

HSP20 – heat-shock protein 20 

IC50 – half-maximum inhibitory concentration 

IG – intragastric 

IP – intraperitoneal 

IV – intravenous 
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JNK – c-Jun N-terminal kinase  

LARBS – low-affinity rolipram binding site 

LR1 – linker region 1 

LR2 – linker region 2 

Mdm2 – Mouse double minute 2 homolog 

MITF – melanocyte inducing transcription factor 

MK2 – MAPK-activated protein kinase 2  

N-term – N-terminus 

NTS – nucleus tractus solitaries 

PDE – phosphodiesterase 

PHD2 – prolyl hydroxylase domain-containing protein 2 

PKA – protein kinase A 

PO – per os 

RACK1 – receptor of activated protein C kinase 1  

RyR – ryanodine receptor 

SC – subcutaneous 

SH3 – SRC Homology 3 Domain  
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ABSTRACT 

The phosphodiesterase 4 (PDE4) enzyme family plays a pivotal role in 

regulating levels of the second messenger cyclic AMP (cAMP). Consequently, PDE4 

inhibitors have been investigated as a therapeutic strategy to enhance cAMP 

signaling in a broad range of diseases, including several types of cancers, as well as 

in various neurological, dermatological and inflammatory diseases. Despite their 

widespread therapeutic potential, the progression of PDE4 inhibitors into the clinic 

has been hampered due to their related relatively small therapeutic window, which 

increases the chance of producing adverse side effects. Interestingly, the PDE4 

enzyme family consists of several subtypes and isoforms, which can be modified 

post-translationally or can engage in specific protein-protein interactions to yield a 

variety of conformational states. Inhibition of specific PDE4 subtypes, isoforms, or 

conformational states may lead to more precise effects and hence improve the safety 

profile of PDE4 inhibition. In this review, we provide an overview of the variety of 

PDE4 isoforms and how their activity and inhibition is influenced by post-

translational modifications and interactions with partner proteins. Furthermore, we 

describe the importance of screening potential PDE4 inhibitors in view of different 

PDE4 subtypes, isoforms, and conformational states rather than testing compounds 

directed towards a specific PDE4 catalytic domain. Lastly, potential mechanisms 

underlying PDE4-mediated adverse effects are outlined. In this review, we illustrate 

that PDE4 inhibitors retain their therapeutic potential in a myriad of diseases, but 

target identification should be more precise to establish selective inhibition of 

disease-affected PDE4 isoforms while avoiding isoforms involved in adverse effects. 
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SIGNIFICANCE STATEMENT 

Although the PDE4 enzyme family is a therapeutic target in an extensive 

range of disorders, clinical use of PDE4 inhibitors has been hindered due to adverse 

side effects. Here, we elaborately show that safer and more effective PDE4 targeting 

is possible by characterizing 1) which PDE4 subtypes and isoforms exist, 2) how PDE4 

isoforms can adopt specific conformations upon post-translational modifications 

and protein-protein interactions, and 3) which PDE4 inhibitors can selectively bind 

specific PDE4 subtypes, isoforms and/or conformations. 
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INTRODUCTION 

Since the discovery of cyclic AMP (cAMP) as a second messenger by 

Sutherland and Rall in 1958, its role in a wide variety of cellular processes, bodily 

functions, and pathologies has been thoroughly studied (Rall and Sutherland, 1958; 

Sutherland and Rall, 1958). Upon diverse extra- and intracellular cues, the second 

messenger cAMP is synthesized by adenylyl cyclases to relay signaling to adaptive 

changes in the cell. This notion indicates that cAMP is used as a single generic 

signaling molecule to convey and amplify information from different sources; a 

notion supported by the principle that evolution promotes utilizing the same 

machinery for different functions (Purvis and Lahav, 2013). Through precise 

regulation of the localization, abundance, and dynamics of cAMP, different signaling 

modes can be generated using the same generic molecule. Consequently, slight 

disturbances in cAMP regulation could promote pathophysiology in different cell 

types. Levels of cAMP are predominantly controlled through exclusive breakdown by 

the 3’,5’-cyclic nucleotide phosphodiesterase (PDE) enzyme family. This PDE enzyme 

family comprises 11 gene families (PDE1-11) which display different selectivity 

towards their substrates cAMP and cyclic GMP (cGMP). PDE4, PDE7 and PDE8 are 

cAMP-selective, whilst PDE5, PDE6 and PDE9 selectively degrade cGMP. The other 

gene families, PDE1, -2, -3, -10 and -11 can hydrolyze both cAMP and cGMP (Beavo, 

1995; Bender and Beavo, 2006). PDE4 enzymes comprise a majority of cAMP-

selective PDEs in different organs and cell types (Baillie et al., 2019; Lakics et al., 2010). 

Hence, PDE4 enzymes are interesting pharmacological targets to specifically 

modulate cAMP signalling. Hence, inhibition of PDE4 has been and is clinically 

investigated as a therapeutic strategy in a multitude of disease areas, as also recently 

reviewed (Peng et al., 2020), including cognitive and affective disorders (e.g. 

Alzheimer’s disease [NCT03817684], Fragile X syndrome [NCT03569631], 

schizophrenia [NCT02539550], depression (Hebenstreit et al., 1989), substance 

dependency [NCT03489850]), autoimmune disorders (e.g. multiple sclerosis 
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[NCT01982942] (Schepers et al., 2019), rheumatoid arthritis, atopic dermatitis, Behçet 

syndrome [NCT02307513]), respiratory system diseases (e.g. chronic obstructive 

pulmonary disease and asthma (Lipworth, 2005)), dermatological conditions (e.g. 

psoriasis [NCT03022617]), and cancer (e.g. glioblastoma [NCT03782415]). 

Although inhibition of PDE4 shows widespread therapeutic potential in 

preclinical research, the progression of PDE4 inhibitors into the clinic has been held 

back by severe adverse effects including headaches, diarrhea, dizziness, nausea and 

vomiting (Spina, 2008). In fact, only three PDE4 inhibitors made it to the market due 

to their limited or reduced adverse effects, including roflumilast (Daliresp, Daxas), 

apremilast (Otezla) and crisaborole (Eucrisa), for chronic obstructive pulmonary 

disease, psoriasis, and moderate atopic dermatitis, respectively (Baillie et al., 2019). 

Interestingly, the PDE4 gene family consists of four paralogous genes which, 

correspondingly, encode PDE4 subtypes (i.e. PDE4A-D). Each of these genes 

generates a variety of transcript variants that translate into different protein isoforms 

(e.g. PDE4D1-9). As these PDE4 subtypes and isoforms show tissue- and cell type-

specific expression and intracellular compartmentalization patterns (Houslay, 

2010)(reviewed in: (Baillie et al., 2019)), more selective inhibition could reduce the 

abovementioned adverse effects while maintaining treatment efficacy. An additional 

layer of complexity is added by the fact that PDE4 enzymes can adopt different 

conformational states as a result of various post-translational modifications and 

interactions with partner proteins. Consequently, this allows for more selective 

targeting as PDE4 inhibitors will likely display different affinities towards different 

PDE4 subtypes, isoforms, and conformational states.  

This review aims to provide an overview of the variety of PDE4 subtypes and 

isoforms, and the mechanisms by which their cellular activity and inhibitor affinity is 

regulated through post-translational modifications and protein-protein interactions. 

Moreover, current advancements and strategies towards the development of PDE4 

subtype- and/or conformation-specific compounds are discussed. Lastly, several 
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mechanisms that potentially contribute to adverse side effect profiles of PDE4 

inhibition are outlined in order to support the development of new, more specific 

and safer PDE4-directed therapeutics. 

I. PDE4 SUBTYPES AND ISOFORMS 

Before the identification of the responsible enzymes, in 1987, rolipram was 

shown to inhibit cAMP-specific PDE activity (Reeves et al., 1987). As this activity was 

distinct from three other types of PDE activity already known at the time, it was 

coined PDE IV. In retrospect, earlier studies had already identified rolipram-sensitive 

PDE activity to be present in rat brain material and to be involved in gastric secretion 

(Puurunen et al., 1978; Schwabe et al., 1976). A rat orthologue of the Drosophila 

cAMP-PDE enzyme, encoded by the dunce gene, was found to produce an enzyme 

that can be inhibited by rolipram (Davis et al., 1989; Swinnen et al., 1989a; b).  

In mammals, four PDE4 genes can be distinguished, all of which show similar 

and evolutionarily conserved exon compositions, encoding the abovementioned 

PDE4 subtypes PDE4A, B, C, and D (Bolger et al., 1993; Bolger, 1994; Johnson et al., 

2010; Milatovich et al., 1994). Across species and among genes, there is particular 

sequence similarity in specific exons that encode the enzyme’s catalytic domain and 

two regulatory domains, upstream conserved region 1 and 2 (UCR1 and UCR2). Next 

to their sensitivity to rolipram, PDE4 enzymes can be distinguished from other PDEs 

by the presence of these UCR1 and UCR2 domains. Apart from the UCR1, UCR2 and 

catalytic domains, the amino acid sequences of human PDE4 subtypes differ notably 

in the linker region 1 (LR1, between UCR1 and UCR2), LR2 (between UCR2 and 

catalytic domain) and the C-terminals. These differences allow for subtype-specific 

modulation while maintaining core PDE4 regulation and functionality as discussed in 

the section PDE4 modification and interactions. 

Additional diversity is achieved at the gene level as each of the PDE4 genes 

contains alternative promoters that can generate distinct transcript variants by 
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incorporating unique exons and through recursive splicing mechanisms (Sibley et al., 

2015). Different promoters may contain distinct transcription response elements that 

allow for transcriptional regulation associated with a diversity of signaling pathways. 

For example, specific promoters of the PDE4D gene have been identified to contain 

regulatory elements for the transcriptions factors cAMP-response element binding 

protein (CREB) (D'Sa et al., 2002; Le Jeune et al., 2002; Vicini and Conti, 1997), 

melanocyte inducing transcription factor (MITF) (Khaled et al., 2010) or activating 

transcription factor 4 (ATF4) (Soda et al., 2013). These transcriptional control 

mechanisms allow for intricate transcriptional feedback loops that upregulate PDE4 

expression in order to terminate cAMP signaling associated with particular cascades. 

The activity of certain promoters is thus regulated by the presence of the various 

transcription factors, while the accessibility of the promoter may also be subject to 

epigenetic regulation. Indeed, epigenetic alterations at the level of DNA 

(hydroxy)methylation and histone modifications of the PDE4D gene have been 

associated with changes in expression on specific transcript variants (Paes et al., 

2020a; Tilley and Maurice, 2005). Although the exact responsiveness of the different 

PDE4 promoters remains to be explored further, prior findings already suggest that 

PDE4 transcription can be regulated in an intricately regulated manner enabling 

organ- and cell-specific expression patterns. 

Depending on the location of the promoter, PDE4 mRNA transcripts will 

include the exons encoding both UCR1 and UCR2, only UCR2, a truncated UCR2, or 

only exons that encode a part of the catalytic domain (Johnston et al., 2004; Nemoz 

et al., 1996). Based on the presence of these UCRs, the protein products of these 

transcripts can be categorized as long, short, and supershort isoforms, respectively. 

Transcripts encoding catalytically inactive isoforms are called dead-short (Houslay, 

2001). Based on deletion mutant studies, the UCR domains were found to regulate 

catalytic activity showing differential enzymatic kinetics for the different isoform 

categories (Jacobitz et al., 1996; Saldou et al., 1998). Via alternative promoters and 
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alternative splicing mechanisms, more than 20 human PDE4 transcript variants have 

been identified, allowing for tissue- and cell-specific expression regulation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Exon composition per human PDE4 transcript variant. For each of the PDE4 

genes (PDE4A-D), the exon composition is shown per transcript variant. Gray boxes depict 

exons and their nucleotide length. The protein isoform names and associated amino acid (aa) 

number per transcript are shown on the left. Start and stop codons are indicated by arrows 

and pins, respectively. The regions translating into UCR1, UCR2 and the catalytic domain are 

visualized by thick horizontal bars. *: as the transcripts PDE4DN1-3 have only been identified 

on the mRNA level, amino acids lengths are isoform categories are predictions based on in-

frame stop codons. This figure was established through analysis and cross-referencing of 

online databases (NCBI: https://www.ncbi.nlm.nih.gov/gene and Ensembl: 

http://www.ensembl.org/index.html) and original cloning studies (see references to studies 

per transcript variant in Section PDE4 subtypes and isoforms). An overview indicating which 

transcripts have counterparts in rodents or are only found in rodents is provided in the 

Supplementary Material. 

https://www.ncbi.nlm.nih.gov/gene
http://www.ensembl.org/index.html
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Figure 1 highlights the exon composition per human PDE4 transcript. As 

described below, certain PDE4 transcripts have been identified or characterized in 

humans or rodents only; Supplementary Table 1 provides an overview of which 

PDE4 transcript has been described per species. Human PDE4A encodes four long 

isoforms (PDE4A8 (Mackenzie et al., 2008), PDE4A4 which is named PDE4A5 in 

rodents (Bolger et al., 1993; Naro et al., 1996), PDE4A11 (Wallace et al., 2005), and 

PDE4A10 (Rena et al., 2001)), one supershort isoform (PDE4A1 (Sullivan et al., 1998)) 

and a dead-short, catalytically inactive, isoform (PDE4A7 (Johnston et al., 2004)) 

(Supplementary Table 1), 

For human PDE4B, two long (PDE4B1 (Bolger et al., 1993) and PDE4B3 

(Huston et al., 1997)), one short (PDE4B2 (McLaughlin et al., 1993)) and one 

supershort isoform (PDE4B5 (Cheung et al., 2007)) have been identified. In rodents, 

in addition, a long PDE4B4 isoform has been characterized, which was suggested to 

have no functional equivalent in humans due to in-frame stop codons (Shepherd et 

al., 2003). However, PDE4B antibodies can clearly detect an 85 kDa PDE4B species in 

human brain tissue corresponding to rodent PDE4B4, but the exact sequence 

remains to be determined (Fatemi et al., 2008) (Supplementary Table 1). 

The least well-characterized PDE4 subtype is PDE4C which comprises three 

long isoforms (PDE4C1 (Engels et al., 1995), PDE4C2 (Owens et al., 1997b), and 

PDE4C3 (Obernolte et al., 1997)), but likely generates additional variants through 

complex alternative splicing (Obernolte et al., 1997). Interestingly, despite relatively 

little insight into its function, several studies found that the DNA methylation 

signature of the PDE4C gene correlated with aging (e.g. (Marquez-Ruiz et al., 2020)). 

Lastly, the human PDE4D gene produces the highest number of isoforms, i.e. 

six long isoforms (PDE4D3, PDE4D4, PDE4D5 (Bolger et al., 1997), PDE4D7, PDE4D8 

(Wang et al., 2003), PDE4D9 (Gretarsdottir et al., 2003)), one short isoform (PDE4D1 

(Bolger et al., 1997)) and two supershort isoforms (PDE4D2 (Bolger et al., 1997) and 

PDE4D6 (Wang et al., 2003)) (Supplementary Table 1).  
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Moreover, alternatively spliced transcripts have been described for PDE4D3, 

-D4 and -D5 that do not translate the catalytic domain due to in-frame stop codons 

caused by exon deletions or insertions (Figure 1) (Miro et al., 2000). These variations 

of the ‘conventional’ PDE4D3, -D4, and -D5 isoforms have been respectively coined 

PDE4DN1, PDE4DN2, and PDE4DN3 and can be categorized as dead-short forms 

based on the absence of the catalytic domain. For PDE4DN1, all exons encoding 

UCR1 are skipped, creating a transcript that encodes the unique N-terminal of 

PDE4D3 followed by 31 frame-shifted codons of the UCR2 (Figure 1). Based on this 

sequence, PDE4DN1 may engage in similar protein-protein interactions as PDE4D3 

would using its N-terminal residues, but the exact functional role of PDE4DN1 

remains undetermined (see also section PDE4 modifications and interactions and 

Figure 2). In contrast to PDE4DN1, PDE4DN2 and PDE4DN3 do incorporate the 

UCR1-encoding exons in their transcripts (Figure 1). Similar to PDE4DN1, the unique 

N-termini as also present in PDE4D4 and PDE4D5 may allow PDE4DN2 and PDE4DN3 

to bind specific protein partners or putatively cause competitive binding for these 

binding sites with full-length PDE4D4 and PDE4D5, respectively. This competitive 

binding may subsequently induce altered distribution of full-length PDE4 forms 

causing distinct cellular cAMP dynamics. Intriguingly, the presence of UCR1 in these 

truncated forms may have functional consequences on full-length PDE4 forms. It has 

been demonstrated that a peptide fragment of the UCR1 can bind and activate full-

length long PDE4 forms (Wang et al., 2015). PDE4DN2 and PDE4DN3, containing the 

same sequence as this peptide fragment, may exert similar actions and could 

biologically be relevant by providing an additional mechanism to elevate cellular 

PDE4 activity. The existence of these truncated forms at the protein level and their 

putative activating effects on full-length long PDE4D forms, however, remain to be 

validated.  

Importantly, the existence of these truncated PDE4DN1-3 forms has a 

practical consequence for quantitative PCR (qPCR) measurements. Isoform-specific 
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PDE4D expression can be measured using qPCR primers that amplify part of the 

sequence of the isoform-unique exon (and the first UCR1 exon), but in case of 

PDE4D4 and PDE4D5 also the respective expression of PDE4DN2 and PDE4DN3 will 

be detected by qPCR. Hence, PCR and gel electrophoresis should be performed in 

parallel using appropriate primers to determine whether expression changes are 

found for both the full-length and truncated transcript or for only one of these 

transcripts. 

Recently, it has been described that PDE4D also encodes a highly stable, 

mainly cytoplasmic, circular RNA, circPDE4D, which is formed through circularization 

of exons 2-5 of the PDE4D gene (Figure 1) (Wu et al., 2021). The expression of 

circPDE4D and linear PDE4D mRNA was found not to be correlated indicating that 

distinct mechanisms produce these transcript types. Wu et al. identified regulatory 

regions in the flanking introns (i.e. upstream of exon 2 and downstream of exon 5) 

that are crucial for circPDE4D circularization. Through specific CRISPR-Cas9 editing, 

the authors were able to decrease circPDE4D expression and determine that QKI 

response elements (QRE) are involved in circularization of the PDE4D pre-mRNA (Wu 

et al., 2021). QREs bind the RNA-binding protein quaking (QKI), which has previously 

been shown to regulate the circularization of many pre-mRNAs (Conn et al., 2015). 

The functional role of circPDE4D remains largely to be determined, but Wu et al. 

identified that circPDE4D can bind specific microRNAs and thereby indirectly 

modulates the translation of mRNA that otherwise would be degraded by, the now 

scavenged, microRNA. In the same study, circPDE4D was found to be downregulated 

in osteoarthritic cartilage tissue and intra-articular injection of circPDE4D could 

mitigate impairments in a mouse model of osteoarthritis (Wu et al., 2021).  

As circPDE4D contains four exons that are also present in linear long-form 

PDE4D mRNA, it can be speculated that circPDE4D scavenges miRNAs that bind 

linear long form PDE4D mRNA and circPDE4D may therefore indirectly modulate 

PDE4D protein expression. Moreover, circRNAs can also directly regulate protein 
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function, protein scaffolding and protein localization, but these potential roles still 

remain to be determined for circPDE4D (Kristensen et al., 2019). These recent findings 

underline the complex transcriptional control of the PDE4D gene and warrant further 

investigation into non-protein-coding transcripts of the PDE4 gene family. 

For murine Pde4d, the additional long PDE4D11 and supershort PDE4D10 

isoforms have been described (Chandrasekaran et al., 2008; Lynex et al., 

2008)(Supplementary Table 1). Furthermore, additional murine PDE4D transcripts 

have been identified that all encode supershort PDE4D2, but which are generated 

through diverse exon incorporation resulting in diverse 5’UTR sequences and lengths 

(Chandrasekaran et al., 2008)(Supplementary Table 1). Regarding 5’UTR and 3’UTR 

lengths, discrepancies exist regarding the reported transcript lengths when 

comparing NCBI Gene and Ensembl databases. 5’UTR lengths can differ depending 

on where the transcriptional machinery binds the DNA and initiates transcription, as 

exemplified for mouse PDE4D1 (McLaughlin et al., 1993). Similarly, the PDE4 

transcript’s 3’UTR may differ in length as it contains multiple polyadenylation sites 

(Sullivan et al., 1998; Wang et al., 2003). According to this variability at the 5’UTR and 

3’UTR, certain gene databanks may show other lengths for the first unique and last 

common exons compared to those displayed in Figure 1. As 5’UTR and 3’UTR 

sequences have been found to function as ‘zip-codes’ for specific intracellular 

transcript transport, it can be speculated that variation in these PDE4 transcript 

sequences may contribute to specific intracellular localization patterns for the 

different PDE4 isoforms (Andreassi and Riccio, 2009; Chin and Lecuyer, 2017). Wang 

et al. identified 10 putative consensus polyadenylation signals in the 3’UTR of PDE4D 

mRNA, which indicates that multiple transcripts that differ in their 3’UTR length can 

be generated depending on which polyadenylation site is utilized (Wang et al., 2003). 

Subsequently, differences in 3’UTR length may give rise to mRNA transcripts that 

exhibit different recognition motifs for several RNA-binding proteins (Di Liegro et al., 

2014). For example, self-complementary sequences in mRNA can form secondary 
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structure hairpin loops that can be recognized and bound by RNA-binding proteins 

to regulate mRNA stability and transportation (Di Liegro et al., 2014). Depending on 

PDE4 3’UTR length, different secondary structures may be formed and bound by 

different transport proteins, which localize the transcript to distinct intracellular 

compartments. There, the specific PDE4 mRNA may be locally translated after which 

the PDE4 protein isoform can be anchored to other proteins or membranes through 

its (isoform-specific) amino acids (see section PDE4 modifications and 

interactions). Although the role of 5’UTR and 3’UTR sequence differences in mRNA 

transportation has not yet been explicitly demonstrated for PDE4 transcripts, these 

sequence differences could provide another mechanism through which PDE4 

subtypes and isoforms can display a distinct cell- and tissue-type specific intracellular 

distribution. 

The intracellular localization of PDE4 isoforms is particularly regulated via 

isoform-specific N-termini at the protein level, encoded by typical unique exon 

incorporation. These different N-termini permit PDE4 isoforms to interact with 

protein partners or membranes in specific intracellular compartments (Houslay et al., 

1995). In Aplysia, apPDE4 was found to require N-terminus residues for membrane 

binding, which indicates a conserved role for isoform-specific N-termini in PDE4 

localization (Jang et al., 2010). Likewise, different mammalian PDE4 subtypes (e.g. 

PDE4B and PDE4D) locate to different intracellular compartments (Blackman et al., 

2011). 

In addition to the scaffolding function, interactions with partner proteins can, 

as mentioned above, act upon the enzyme’s conformational state and hence affect 

its catalytic activity and inhibitor affinity. Similarly, PDE4 subtypes and isoforms are 

subject to post-translational modifications that differentially alter the conformation 

and activity of the enzyme. 

To develop more efficacious and safer PDE4 inhibitors for different diseases, 

it is crucial to identify which PDE4 subtypes and isoforms should be targeted in 
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disease-relevant tissues and cell types. Similarly, insight into which PDE4 subtypes 

and isoforms mediate adverse effects will determine which specific targets to avoid 

to improve the treatment’s safety profile. Additionally, understanding the 

conformational state of the isoform(s) involved in the compartmentalized signaling 

important to treat the disease at hand determines which compounds would be most 

potent. In the following section, an overview is provided on the different manners by 

which PDE4 activity and inhibitor affinity is influenced by post-translational 

modifications and interactions with partner proteins.  
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II. PDE4 MODIFICATIONS AND INTERACTIONS 

As mentioned before, catalytically active PDE4 isoforms can be categorized 

as long, short, or supershort based on the presence of UCR1 and UCR2 domains. 

Depending on the PDE4 subtype, isoform category, and unique N-terminal features, 

different post-translational modifiers and interaction partners can influence the 

conformation of the enzyme. These mechanisms allow for the dynamic regulation of 

the amount, localization, and activity of PDE4 enzymes in order to shape and respond 

to spatiotemporal cAMP signaling (as also recently reviewed for all PDE gene families: 

(Baillie et al., 2019)). The seminal work by Houslay and collaborators has provided a 

detailed understanding of which PDE4 amino acid residues are crucial for several 

modifications and interactions (Klussmann, 2016). Those post-translational 

modifications and protein-protein interactions for which involved PDE4 domains or 

specific amino acid residues have been identified are graphically represented in 

Figure 2. These and other modifications and interactions, for which involved regions 

have not been determined, are discussed below in more detail. Furthermore, the 

known functional consequences of several modifications and interactions on PDE4 

activity and inhibitor binding are elaborated upon in the following subsections and 

are summarized in Table 1. 

 

A. UCR1-UCR2 module, dimerization, and phosphorylation 

PDE4 activity is profoundly regulated by its own UCR domains as, in long 

isoforms, the C-terminal of UCR1 forms a module with the N-terminal of UCR2, which 

auto-inhibits its activity through the capping of the UCR2 alpha-helix 

NQVSE[F/Y]ISXTFLD across the catalytic domain (Beard et al., 2000; Houslay and 

Adams, 2010; Kovala et al., 1997; Lim et al., 1999) (see also Figure 3, Table 1 and 

Supplementary Video). Furthermore, the UCR1 and UCR2 domains enable long 

isoforms to homo- and heterodimerize, while short and supershort isoforms (lacking 

UCR1) exist as monomers (Xie et al., 2014). The UCR1-UCR2 module is disrupted 
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upon serine phosphorylation in the conserved protein kinase A (PKA) consensus 

motif RRES in UCR1 of all long PDE4 isoforms. The liberation of this UCR1-UCR2 

module attenuates the auto-inhibitory effect causing enzyme activation (Beard et al., 

2000; Hoffmann et al., 1998). As PKA is a direct downstream effector protein of cAMP, 

this modification serves as a negative feedback loop restoring cAMP levels through 

enhanced PDE4 activity. Although PKA phosphorylation can activate all long 

isoforms, the amplitude of PKA activation can differ among these isoforms as 

reported for long PDE4D isoforms (Richter et al., 2005). This indicates that additional 

regulatory mechanisms influence enzymatic activity. For example, the presence of 

additional PKA phosphorylation sites in PDE4D3 and PDE4D7, upon combined PKA 

phosphorylation, leads to differential effects in terms of catalytic activity (Byrne et al., 

2015; Collins et al., 2008; Sette and Conti, 1996). Indeed, unique phosphorylation in 

the N-terminal PDE4D7, but not at the unique site in PDE4D3, induces an inhibitory 

effect on activity as opposed to PKA phosphorylation at the conserved UCR1 site 

(Byrne et al., 2015). Although PKA phosphorylation provides a negative feedback 

loop to restore cAMP levels, this regulation can be influenced by other protein 

interactors as well. For example, when PDE4D is bound by the protein CC2D1, 

phosphorylation by PKA is prevented (Al-Tawashi and Gehring, 2013; Al-Tawashi et 

al., 2012). In addition to PKA, it was found that the same serine residue in UCR1 can 

be phosphorylated by Akt (Fang et al., 2015). Other conserved serine residues in the 

UCR1 also serve as phosphorylation sites for other kinases such as MK2, SIK1, CDK5, 

and AMPK, which may modulate PDE4 activity by similarly affecting UCR1-UCR2 

module formation/stabilization (Bolger, 2016; Houslay et al., 2019; Kim et al., 2015; 

MacKenzie et al., 2011; Plattner et al., 2015; Sheppard et al., 2014). Next to 

phosphorylation events, binding of phosphatidic acid or phosphatidylserine to the 

UCR1-UCR2 module increases PDE4 activity (Nemoz et al., 1997). The regulatory role 

of the UCR1-UCR2 module is further supported by the observation that several 

PDE4D mutations associated with the rare genetic disorder acrodysostosis localize 
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to these regions, causing either increased or decreased PDE4D activity (Briet et al., 

2017; Gurney et al., 2015; Kaname et al., 2014). 
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B. Phosphorylation at sites other than UCR1 

Through the use of multiple phosphorylation sites, PDE4 functionality can be 

modulated in a conditional manner requiring multi-phosphorylation as has been 

reported for the role of PDE4D9 in mitosis (Sheppard et al., 2014). Next to the UCR1, 

the N-terminal of the catalytic domain comprises phosphorylation sites for CaMKII 

and an ‘oxidative stress’ or ‘switch’ kinase. CaMKII phosphorylation is PDE4D-specific 

and induces enzyme activation in a manner distinct from PKA activation (Mika et al., 

2015). In response to oxidative stress, an as of yet unidentified ‘oxidative stress’ or 

‘switch’ kinase can increase PDE4 enzyme activity by switching the inhibitory effect 

of phosphorylation by extracellular signal-regulated kinase (ERK) to an activating 

effect (Bolger, 2016; Hill et al., 2006). Similarly, inhibition of PDE4D by ERK is 

diminished upon PIASy-mediated SUMOylation, while this SUMOylation augments 

PKA activation of PDE4A and PDE4D (Figure 2 and Table 1) (Li et al., 2010). 

Phosphorylation by ERK is established through the docking of ERK at the 

‘KIM’ and ‘FQF’ motifs that are located in catalytic domains and C-terminus, 

respectively (Figure 2) (Houslay and Baillie, 2003). Upon docking of ERK the 

consensus motif PXSP can be phosphorylated, which is present at the end of the 

catalytic domain in PDE4B, -4C and -4D. Although PDE4A phosphorylation at this 

motif has been detected, this is unlikely induced by ERK, given the absence of the 

consensus motif, or it does not result in changed PDE4A activity (Baillie et al., 2000; 

Lario et al., 2001). Phosphorylation by ERK reduces the catalytic activity of long and 

supershort PDE4B, -4C and -4D isoforms; presumably by intramolecular stabilization 

of the UCR2-capped configuration (Baillie et al., 2000; Houslay and Baillie, 2003). 

Conversely, short isoforms are activated upon ERK phosphorylation. However, 

removal of the UCR2 region in the short PDE4B2 form prevents an effect by 

phosphorylation by ERK, which supports the notion that UCR2-capping is required 

for ERK-mediated effects (Rocque et al., 1997b). Moreover, when ERK 

phosphorylation is paired with additional PKA or ‘switch’ kinase phosphorylation, 

enzyme activity will increase in long isoforms as well (Hill et al., 2006; Hoffmann et 
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al., 1999). Apart from these direct effects on PDE4 activity, phosphorylation by ERK 

may make PDE4 less prone to proteolysis (Lenhard et al., 1996). The PDE4D5 isoform 

may be minimally subjected to phosphorylation by ERK as its unique N-terminus 

binds the protein phosphatase B55α subunit, which dephosphorylates at the ERK site 

reversing its inhibition (Yun et al., 2019a). Furthermore, PDE4D5 specifically interacts 

with the proteins β-arrestin and RACK1, which can block the docking and 

phosphorylation by ERK, respectively (Table 1) (Bolger et al., 2006). Consequently, 

PDE4 activity can be increased upon these interactions, as reported for RACK1 (Bird 

et al., 2010; Bolger et al., 2006; Bolger et al., 2002; Yarwood et al., 1999) . Of note, 

binding of β-arrestin and RACK1 ablates dimerization, but they bind mutually 

exclusively due to overlapping binding residues in the PDE4D5 N-terminus (Bolger, 

2016). Additional Mdm2-mediated ubiquitination primes PDE4D5 to interact with β-

arrestin rather than RACK1 (Li et al., 2009). Although β-arrestin preferentially binds 

PDE4D5, when bound to the RXFP1 rector, it prioritizes binding PDE4D3 (Halls and 

Cooper, 2010). These findings indicate that, due to differential and combined 

interactions with partner partners, phosphorylation and binding events may be 

stimulated, prevented, or countered in an isoform-specific manner. 

The ERK-associated KIM docking motif can also be utilized by c-Jun N-

terminal kinase (JNK) (Houslay and Adams, 2003; Sharrocks et al., 2000). Intriguingly, 

the specific isoforms PDE4A8, PDE4B1, and PDE4D7 all contain an additional, 

evolutionary conserved, docking site for JNK in their unique N-terminal (Figure 2). 

Previously, it has been demonstrated that PDE4B1 can indeed bind JNK, but it 

remains to be verified whether JNK effectively phosphorylates PDE4 and whether this 

changes PDE4 enzymatic activity (Zeke et al., 2015). A putative JNK phosphorylation 

site can be found in the accessible LLSTPAL motif in the catalytic domain, which 

corresponds with the heptapeptidic consensus sequence surrounding the JNK 

phosphorylation site (Bogoyevitch and Kobe, 2006). 
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Table 1. Overview of modifications and interactions that influence PDE4 activity and the affinity of PDE4 inhibitors 

Effect on 

PDE4 activity 

Interaction/modif

ication 

Effect on inhibitor affinity Comments References 

Increase Akt -  (Fang et al., 2015) 

 B55α PP2a subunit - dephosphorylation at ERK site on PDE4D5  (Yun et al., 2019a) 

 Calcineurin - protects against degradation (Zhu et al., 2010) 

 CaMKII -  (Mika et al., 2015) 

 Caspase-3 cleavage -  (Huston et al., 2000) 

 CDK5 - possible synergistic activation by PKA (Plattner et al., 2015) 

 ERK - short isoforms of PDE4B, -4C and -4D only (Baillie et al., 2000; MacKenzie et al., 2000) 

 mAKAP/AKAP6 - presumably through mAKAP-sequestered PKA  (Carlisle Michel et al., 2004; Dodge et al., 2001) 

 Metal binding 

(Mg2+) 

increase (R-rolipram, S-rolipram, CDP-840, 

cilomilast, roflumilast, piclamilast, PMNPQ) 

 (Huang et al., 2007; Laliberte et al., 2000; Liu et al., 

2001; Saldou et al., 1998) 

 Oxidative stress 

'switch' kinase 

no effect (rolipram) switches ERK inhibition to activation, phosphomimetic 

mutation prevents dimerization 

(Bolger, 2016; Hill et al., 2006) 

 Phosphatidic acid - dimerization necessary for activation (Grange et al., 2000; Nemoz et al., 1997; Richter 

and Conti, 2004) 

 Phosphatidylserine -  (Nemoz et al., 1997) 

 PI3Kγ -  (D'Andrea et al., 2015; Ghigo et al., 2012) 

 PKA increase (rolipram, BPN14770, RS-25344, RS-

33793) 

 (Alvarez et al., 1995; Bolger, 2016; Hoffmann et al., 

1998; MacKenzie et al., 2002; Sette and Conti, 

1996; Zhang et al., 2018) 

 RACK1 increase (rolipram) ablates dimerization (Bird et al., 2010; Bolger et al., 2006; Bolger et al., 

2002; Yarwood et al., 1999) 

 Rheb - stabilizes PDE4D protein expression (Kim et al., 2010; Meng et al., 2017) 
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 SIK1 -  (Kim et al., 2015; Liu et al., 2020) 

Decrease CC2D1A - prevents activation by PKA (Al-Tawashi and Gehring, 2013) 

 DISC1 - PKA phosphorylation releases DISC1 (Cheung et al., 2007; Millar et al., 2005; Murdoch 

et al., 2007) 

 ERK - long and supershort isoforms of PDE4B, -4C and -4D only (Baillie et al., 2000; MacKenzie et al., 2000) 

 PHD2 - presumably induces PDE4 protein degradation (Huo et al., 2012) 

 PKA (PDE4D7 only)) -  (Byrne et al., 2015) 

 Smurf2 - ubiquitination and degradation of PDE4B (Cai et al., 2018) 

 SUMO E3 ligase 

PIASy 

- augments PKA phosphorylation, reduces ERK inhibition (Li et al., 2010) 

 UCR1-UCR2 

interaction 

no effect (IBMX, rolipram, piclamilast, RS-

25344) 

 (Beard et al., 2000; Saldou et al., 1998) 

 XAP2/AIP increase (rolipram)  (Bolger et al., 2003) 

None dimerization increase (R-rolipram), no effect (piclamilast) / 

no effect (rolipram) / increased (rolipram) 

dimerization enables UCR2 to bind rolipram (Bolger et al., 2015; Cedervall et al., 2015; Richter 

and Conti, 2004) 

 Lyn, Src increase for rolipram  (Beard et al., 2002; Beard et al., 1999; McPhee et 

al., 1999; O'Connell et al., 1996) 

 MK2 

phosphorylation 

- phosphomimetic mutation prevents dimerization; 

attenuation PKA activation and interaction with DISC1 

and AIP; enhances interaction of PDE4A4 with p75NTR 

(Bolger, 2016; Houslay et al., 2019; MacKenzie et 

al., 2011) 

 p75NTR -  (Houslay et al., 2019; Sachs et al., 2007) 

 PKA (PDE4D3-only) - upon phosphorylation PDE4D3 is released from Ndel1 (Collins et al., 2008; Sette and Conti, 1996) 

Not reported β-arrestin2 - ablates dimerization and preferentially binds monomeric 

PDE4D5 

(Baillie et al., 2007; Bolger, 2016; Bolger et al., 

2006) 
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Figure 3. Tertiary structure of dimerized PDE4B demonstrating capping of UCR2 across 

the catalytic domain and helices 10-11. Crystal structure was derived from Protein Data 

Bank (PDB: 4WZI, (Cedervall et al., 2015)). UCR1 and UCR2 regions of both monomers are 

indicated in purple and red, respectively. Catalytic domains are colored cyan and have the 

catalytic metals (i.e. Mg2+ and Zn2+) embedded as shown by the spheres. Wheat-colored 

helices form part of the linking region between catalytic domains and, non-modelled, C-

termini. A three-dimensional representation of the image is provided in Supplementary 

Video. 

 

C. Indirect regulation of PDE4 activity and interactions 

 Next to the aforementioned mechanisms, cellular PDE4 activity can be 

regulated through mechanisms distinct from phosphorylation. These regulatory 

https://pharmrev.aspetjournals.org/highwire/filestream/23057/field_highwire_adjunct_files/1/PR273_supplemental_video.mpg
https://pharmrev.aspetjournals.org/highwire/filestream/23057/field_highwire_adjunct_files/1/PR273_supplemental_video.mpg
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mechanisms may be therapeutically relevant for the disease of interest, as 

exemplified by the disrupted in schizophrenia 1 (DISC1) protein. DISC1 is a PDE4 

interaction partner and has been found to be a risk factor for the development of 

psychiatric diseases when mutated (Cheung et al., 2007; Millar et al., 2005; Soda et 

al., 2013). DISC1 can bind and inhibit both PDE4B and PDE4D through homologous 

amino acids causing occlusion of the catalytic domain, while additional subtype-

specific binding sites allow for a stronger interaction with PDE4B than with PDE4D 

(Figure 2)(Murdoch et al., 2007). Consequently, upon cAMP elevation, DISC1 

dissociates from PDE4D while retaining its interaction with PDE4B resulting in 

functionally distinct roles for these PDE4 subtypes (Murdoch et al., 2007). Hence, 

mutations in either DISC1 or PDE4, or both, can impair or enhance this inhibitory 

action of DISC1 leading to aberrant PDE4 activity.  

 Through regulation of PDE4 mRNA and protein stability, cellular PDE4 

activity can also be influenced. For example, cold-inducible RNA-binding protein 

(CIRP), which acts as a cellular stress regulator can stabilize PDE4B and PDE4D mRNA 

expression (Xie et al., 2020). Moreover, PDE4B mRNA was found to be stabilized by 

the common RNA modification N6-methyladenosine, providing another mechanism 

to regulate PDE4 translation and subsequent activity (Huang et al., 2020). At the 

protein level, PDE4 expression and activity were found to be decreased upon 

overexpression of the oxygen-sensing protein PHD2 through hydroxylation of a 

specific site in the catalytic domain (Figure 2) (Huo et al., 2012). PDE4D contains a 

phosphodegron motif in its C-terminus, which upon dual phosphorylation by casein 

kinase I (CK1) and glycogen synthase kinase 3β (GSK3β) induces PDE4D degradation 

(Figure 2). However, through binding of the serine/threonine protein phosphatase 

calcineurin, PDE4D can be protected against phosphodegron-mediated degradation, 

which would stabilize PDE4 activity (Zhu et al., 2010). Noteworthy, both calcineurin 

inhibitors and PDE4 inhibitors are used in the treatment of atopic dermatitis (Papier 

and Strowd, 2018). Based on the calcineurin-PDE4 interaction, these calcineurin 
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inhibitors may, at least in part, be effective through stimulation of PDE4 degradation. 

Likewise, the small GTPase Rheb stabilizes PDE4D protein expression and dissociates 

upon cAMP elevation to activate the mTOR pathway (Kim et al., 2010; Meng et al., 

2017). Lastly, PDE4B ubiquitination can be induced upon interaction with the E3 

ubiquitin ligase Smurf2 (Cai et al., 2018). Thus, PDE4 activity is indirectly regulated 

through control of its degradation. Conversely, when these regulatory mechanisms 

are affected in a disease state (e.g. in case of DISC1 mutations), PDE4 activity can 

consequently become dysregulated. 

 

D. Conformational states impacting upon PDE4 activity and inhibitor binding 

Upon modifications and interactions, PDE4 can exist in different 

conformational states. Historically, this has been recognized by PDE4 activity that 

could be distinguished based on different binding affinities for rolipram; a high-

affinity rolipram binding site (HARBS) and low-affinity rolipram binding site (LARBS), 

see also section PDE4 inhibitors below (Jacobitz et al., 1996; Rocque et al., 1997a; 

Rocque et al., 1997b; Souness and Rao, 1997). Multiple studies have demonstrated 

several factors that contribute to the existence of distinct conformers. For example, 

binding Mg2+ in the catalytic domain dose-dependently increases enzymatic activity 

but also increases the affinity to bind rolipram and other inhibitors (Table 1)(Alvarez 

et al., 1995; Laliberte et al., 2000; Wilson et al., 1994). Similarly, phosphorylation by 

PKA and RACK1 binding both increase PDE4 activity and induce an increase in 

rolipram affinity (MacKenzie et al., 2002; Zhang et al., 2018). However, the effect of 

phosphorylation by PKA on rolipram affinity can be different per long isoform 

(MacKenzie et al., 2002). Interestingly, increases in enzyme activity upon 

phosphorylation by PKA may actually be a consequence of an increase in Mg2+ 

sensitivity, which subsequently would facilitate cAMP catalysis as well as binding of 

certain inhibitors through water-mediated interactions (Laliberte et al., 2000; Saldou 

et al., 1998). Indeed, as proposed by Houslay and Adams, modifications at the N-

terminus may be relayed via conformational changes to the catalytic domain to 
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eventually influence enzyme activity (Houslay and Adams, 2003). For example, upon 

PKA phosphorylation and possibly also other PDE4-activating phosphorylation 

events in the UCR1 (Figure 2), the UCR1-UCR2 module and/or UCR2-catalytic 

domain interactions may be disrupted (Beard et al., 2000; Houslay and Adams, 2003). 

Subsequently, this altered conformation could change the orientation of helices 10 

and 11 in the catalytic domain that flank the catalytic metals, thereby impacting the 

way these metals are held in place. More specifically, helices 10 and 11 form a 

tweezer-like structure (Figure 4, dark blue helices) and are connected by a loop 

(Figure 4, orange) which may interact with UCR2 and/or LR2 residues (Figure 4). As 

such, N-terminal modifications and interactions can, directly or through modulation 

of this UCR2/LR2 stretch, alter the conformation of this connecting loop, thereby 

changing the way helices 10 and 11 stabilize catalytic metal binding. Consequently, 

catalytic activity and metal-mediated inhibitor binding will be influenced. Vice versa, 

inhibitor binding can impact the ability of PDE4 forms to engage in protein-protein 

interactions via ‘inside-out signaling’, which supports the notion that conformational 

changes are relayed between the catalytic domain and N-terminal regions. (Day et 

al., 2011; Terry et al., 2003). Interestingly, as the LR2 region is not conserved among 

PDE4 subtypes, its effect on metal coordination through interaction with the helix 

10-11 connecting loop may be different per PDE4 subtype. Indeed, deletion of the 

UCR2 and LR2 regions significantly decreases the sensitivity of PDE4D, but not PDE4A 

or PDE4B, to bind Mg2+ (Saldou et al., 1998). 

PDE4 enzymes exhibiting increased activity are not analogous to increased 

inhibitor affinity, as also interactions that do not increase PDE4 activity influence 

inhibitor binding. Binding of the proteins XAP2 and Lyn enhances the sensitivity to 

rolipram, but has a negative or no effect on PDE4 activity, respectively (Table 

1)(Bolger et al., 2003; McPhee et al., 1999). Furthermore, it has been postulated that 

the HARBS conformer constitutes of long isoforms since their dimerized state 

stabilizes HARBS (Richter and Conti, 2004). However, HARBS is not dependent on 
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dimerization or the presence of UCR1 but rather is formed by inhibitor-UCR2 

interactions indicating that (super)short isoforms can also exhibit HARBS (Jacobitz et 

al., 1996). Indeed, truncated proteins similar to supershort forms that do possess the 

inhibitory UCR2 helix exhibit both HARBS and LARBS, whilst further deletion of the 

entire UCR2 only displays LARBS (Rocque et al., 1997a; Rocque et al., 1997b). These 

findings correspond to the fact that UCR2/LR2 residues may bind the connecting 

loop between helices 10-11 to regulate catalytic metal ion coordination. Absence of 

these residues would ablate the ability to change metal coordination and the 

consequent change in enzyme activity and metal-engaging inhibitor binding. Thus, 

both HARBS and LARBS comprise different states that depend on dimerization, 

degree of metal binding, interaction with partner proteins, and phosphorylation but 

which display similar affinities to inhibitors. Selective inhibition of PDE4 forms in 

HARBS or LARBS conformation has been shown to yield distinct biological effects 

although the exact PDE4 isoforms and/or conformation-mediators remain to be 

specified. For example, inhibition of HARBS in the brain was found to produce 

antidepressant-like effects in rats (Zhang et al., 2006). Moreover, using PDE4 

inhibitors that selectively bind HARBS or LARBS, Boomkamp et al. identified that 

inhibition of HARBS, but not LARBS, mediates myelination and neurite outgrowth in 

vitro (Boomkamp et al., 2014).  

 The notion that inhibitors can display divergent affinities towards isoforms 

in different conformational states and that conformation-specific inhibition can exert 

different biological effects has implications for drug discovery and development. 

Hence, it is crucial to understand which isoforms, in what conformational state, 

should be targeted in the disease of interest that determine the most potent inhibitor 

(see also section PDE4 inhibitors).  
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Figure 4. Tertiary structure of dimerized PDE4B demonstrating helices 10-11 and its 

connecting loop. One monomer is colored dark gray while helices 10-11, flanking the catalytic 

metals, of the other monomer are now colored dark blue. The connecting loop between 

helices 10-11 is indicated in orange. The C-terminal of UCR2 (red loose end in the middle) is 

connected to the N-terminus of the catalytic domain (loose end in cyan in right-bottom 

corner) via LR2 which is not modeled, but which would fold across the helix 10-11 connecting 

loop. Modifications and interactions in the N-terminal are hypothesized to be relayed, via 

UCR2/LR2-associated changes, to the connecting loop of helices 10-11 to change catalytic 

metal ion coordination which subsequently impacts cAMP catalysis and affinity towards certain 

metal-interacting inhibitors.  
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E. Intracellular PDE4 localization and anchoring 

 1. A-kinase anchoring proteins (AKAPs) 

In addition to activity-altering interactions, PDE4 engages in protein-protein 

interactions that contribute to specific intracellular localization patterns. Accurate 

localization of PDE4 enzymes is crucial for the directed breakdown of 

compartmentalized cAMP. Many studies have indicated an essential role for A-kinase 

anchoring proteins (AKAP) in tethering signaling molecules regulating cAMP 

signaling, including PDE4 subtypes and isoforms (reviewed in e.g. (McConnachie et 

al., 2006; Omar and Scott, 2020; Wild and Dell'Acqua, 2018)). Through specific 

binding domains, the extensive collection of AKAPs allows the assembly of signaling 

modules consisting of PKA and PDE4 that are anchored to specific organelles, 

receptors (e.g. to the 5HT4b receptor (Weninger et al., 2014)), or cytoskeletal proteins 

(McConnachie et al., 2006)). Important to note is that phosphorylation of the 

PDE4D3-specific PKA site facilitates its binding to mAKAP, which localizes to the 

ryanodine receptor (RyR) (Carlisle Michel et al., 2004; Lehnart et al., 2005). 

Additionally, as PKA is bound to AKAPs as well, tethering PDE4D3 to mAKAP also 

promotes phosphorylation of the common PKA site causing PDE4 activation near the 

RyR (Dodge et al., 2001). Moreover, PDE4D3 can be brought into contact with IK 

channels through selectively binding AKAP9 (Terrenoire et al., 2009; Terrin et al., 

2012). Interestingly, the PDE4 residues involved in binding AKAP18δ are present in 

all isoforms, but tissue-specific expression causes only PDE4D3 and PDE4D9 to be 

associated with AKAP18δ (aka AKAP7) in the kidney, highlighting the importance of 

studying cellular, tissue- or disease-relevant PDE4 expression (Stefan et al., 2007). 

Furthermore, PDE4 has shown to associate with AKAP450 (aka AKAP350, CG-NAP, 

Hyperion or Yotiao) (McCahill et al., 2005; Tasken et al., 2001), AKAP95 (AKAP8) 

(Asirvatham et al., 2004; Clister et al., 2019), AKAP3 (does not bind PDE4D) (Bajpai et 

al., 2006), MTG16B (Asirvatham et al., 2004), AKAP149 (Asirvatham et al., 2004), 

AKAP5 (also known as AKAP79) (Choi et al., 2011; Kocer et al., 2012), and Gravin (also 
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called AKAP12, AKAP250 or SSeCKS; which binds PDE4D3 and PDE4D5) (Willoughby 

et al., 2006). Although direct effects of AKAP binding on PDE4 activity remain largely 

undetermined, it is known that myomegalin (PDE4DIP) utilizes the same PDE4 

residues that mediate UCR1-UCR2 interaction and dimerization, and hence could 

influence the conformational state and activity of the bound PDE4 (Uys et al., 2011; 

Verde et al., 2001). Moreover, interactions between specific PDE4 forms and specific 

AKAPs may only occur in specific cell types or organs as more specifically described 

elsewhere ((Baillie et al., 2019; Zaccolo et al., 2021)).  

 

2. Not AKAP-related 

Independently of AKAPs, certain PDE4 isoforms can bind to specific 

structures through subtype- or isoform-specific amino acids. For example, the 

PDE4D4 and PDE4A4 isoforms have been found to localize to specific organelles and 

the plasma membrane through interactions with SH3 domains of the tyrosine kinases 

Lyn, Src, and Fyn via their N-terminus proline residues that possibly affect inhibitor 

binding (Table 1) (Beard et al., 2002; Beard et al., 1999; Huston et al., 2000; McPhee 

et al., 1999; O'Connell et al., 1996). Additionally, PDE4D4 is anchored to the 

cytoskeleton via interaction with αII spectrin (Creighton et al., 2008). The PDE4D-

specific LR2 sequence allows interaction with integrin α5, which brings PDE4D in 

vicinity to a phosphatase that rectifies ERK-induced phosphorylation (Figure 2) (Yun 

et al., 2016; Yun et al., 2019a). The supershort PDE4A1 is membrane-bound via 

specific residues in its N-terminus (Baillie et al., 2002; Shakur et al., 1993), and similar 

observations have been made for the short PDE4B2 isoform (Lobban et al., 1994). 

Likewise, PDE4A4 is associated with the membrane, but upon cleavage by caspase-

3, it is redistributed within the membrane (Huston et al., 2000). Hence, post-

translational modifications can alter intracellular distribution and 

compartmentalization, which is also supported by the fact that phosphorylation 

events can translocate membrane-associated PDE4 to the cytosol (Liu and Maurice, 
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1999). Through interactions in UCR1 and UCR2, mainly long PDE4D forms have been 

found to interact with Shank2 (Lee et al., 2007). As Shank2 also binds cystic fibrosis 

transmembrane conductance regulator (CFTR), this may explain the association of 

PDE4 enzymes with CFTR (Blanchard et al., 2014; Lee et al., 2007). Lastly, PDE4 

enzymes can be intracellularly recruited to the p75NTR and neuropilin receptors, which 

are involved in neuronal growth (Ge et al., 2015; Houslay et al., 2019; Sachs et al., 

2007). Vice versa, PDE4 enzymes can modulate cellular signaling cascades through 

scaffolding other molecules away from their usual binding partners. This is 

exemplified by the fact that PDE4 can recruit LIS1 causing it to disassociate from 

dynein. Subsequently, dynein function will be impaired causing changes in 

microtubule transport and directed cell migration (Murdoch et al., 2011). As many 

interactions between PDE4 and partner proteins rely on isoform-specific amino acid 

stretches, these interactions can localize PDE4 isoforms to distinct subcellular 

compartments. Consequently, different PDE4 isoforms may regulate spatially distinct 

cAMP signaling cascades and isoform-specific PDE4 inhibition would enable more 

precise modulation of these different cAMP cascades. 
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III. PDE4 INHIBITORS 

As an important cellular regulator of cAMP levels and associated intracellular 

signal transduction, PDE4 has been investigated as therapeutic target in a wide 

variety of disorders. Based on promising observations upon treatment with non-

selective PDE inhibitors and the prototypical PDE4-selective inhibitor rolipram, PDE4 

inhibitors have been developed with improved potency. Despite increased potency, 

clinical progression of PDE4 inhibitors has been hampered primarily due to the 

occurrence of severe adverse side effects (see also below in section PDE4 side 

effects). Therefore, to improve treatment efficacy and safety, PDE4 inhibitor 

specificity next to potency may have to be considered. As discussed above, both the 

diversity in PDE4 isoforms that display distinct enzymatic properties, the amino acid 

differences among subtypes as well as isoform-specific N-termini allow for complex 

activity regulation by post-translational modifications and interactions with partner 

proteins. Eventually, this regulatory control can influence the enzyme’s activity 

through conformational changes. These specific interactions, non-conserved amino 

acids and distinct conformational states can provide the opportunity to target PDE4 

activity more specifically at the subtype and isoform level.  

This section will outline several aspects that should be considered when 

determining PDE4 inhibitor specificity towards subtypes or isoforms by providing an 

extensive overview of inhibitor screening literature. Furthermore, this section will 

summarize which PDE4 inhibitors have been developed to show more specific 

targeting of subtypes, isoform and/or conformations. 

 

A. PDE4 inhibitors and HARBS and LARBS 

As mentioned above, HARBS and LARBS represent different conformational 

states that exhibit different inhibitor affinities and that can be influenced through 

several mechanisms (e.g. metal binding, phosphorylation or binding of partner 

proteins). Based on the observation that preferential inhibition of HARBS was 
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correlated with adverse effects, efforts were made to develop PDE4 inhibitors with 

reduced HARBS binding (Barnette et al., 1995; Duplantier et al., 1996). Selective 

inhibition of HARBS or LARBS can produce distinct cellular effects, which provides 

additional support for improved therapeutic potential of conformation-specific 

inhibitors (Boomkamp et al., 2014; Zhang et al., 2006). However, HARBS and LARBS 

conformations can occur in all PDE4 subtypes and HARBS seems to require a part of 

the UCR2 domain, suggesting that both long and short PDE4 isoforms can exert 

HARBS (Souness and Rao, 1997). Thus, although HARBS and LARBS can be 

preferentially bound by certain inhibitors, selective binding of these conformations 

does not directly allow for PDE4 subtype or isoform selectivity. However, as described 

in subsection II.D., HARBS and LARBS conformations may, in part, be a consequence 

of differences in the orientation of two helices that flank the catalytic domain and 

that coordinate the catalytic metals (Houslay and Adams, 2003). The positioning of 

these helices is likely impacted by LR2 residues, which are non-conserved among 

PDE4 subtypes. Associated with these PDE4 subtype-specific LR2 residues, changes 

in metal orientation between HARBS and LARBS may be different among the PDE4 

subtypes, which is supported by subtype-specific sensitivities to Mg2+ depending on 

whether LR2 is present or not (Saldou et al., 1998). Hence, although highly 

speculative, it may be possible to alter PDE4 activity subtype-selectively by means of 

allosteric modulation in the LR2 region which subsequently modifies enzyme activity 

through changes in metal orientation. In support of this hypothesis, the kinases 

CaMKII and the ‘oxidative stress kinase’ both phosphorylate residues in the LR2 

region and have been shown to modulate PDE4 activity (Figure 2 and Table 1) (Hill 

et al., 2006; Mika et al., 2015). 

 As PDE4 subtypes and isoforms regulate distinct cellular and behavioral 

functions, PDE4 subtype-selective inhibition, rather than preferential binding of 

HARBS or LARBS, may show superior treatment efficacy compared to non-selective 

PDE4 inhibition (Blackman et al., 2011; Zhang et al., 2017).  
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B. Determining PDE4 inhibitor subtype- and isoform-selectivity in assays 

1. The influence of PDE4 construct and assay type on PDE4 

inhibitor screenings 

Given the importance of subtype-, isoform- or conformation-specific inhibition 

for treatment efficacy and safety, it is crucial to assess these properties of PDE4 

inhibitors. Initial high-throughput screenings often utilized the catalytic domain of a 

single PDE4 subtype only to determine the ability of a compound to inhibit PDE4 

activity. Since these catalytic domain constructs may not express UCR2 domains, 

these enzymes do not resemble cellular PDE4 activity as UCR2-mediated auto-

inhibition or capping is not possible. Furthermore, the lack of the UCR2 alters the 

Mg2+ sensitivity of the enzyme and could therefore skew screening results as both 

enzyme activity and Mg2+-mediated inhibitor binding may be impacted (Saldou et 

al., 1998). Hence, compound screening for PDE4 inhibitory activity using the catalytic 

domain of a single PDE4 subtype only will provide limited insight into the 

compound’s potential subtype-selectivity. Subtype-selectivity should therefore be 

assessed by using constructs of these different PDE4 subtypes and constituting a full-

length protein rather than the catalytic domain only. Linked to this, as catalytic 

domains show large similarity among PDE4 subtypes, selectivity can more likely be 

achieved through interactions with amino acid residues outside of the catalytic 

domain (Wang et al., 2007a). Thus, to determine potential subtype-selectivity of PDE4 

inhibitors, the use of full-length PDE4 constructs will provide a better understanding 

compared to using only PDE4 catalytic domains. 

PDE4 inhibitors can be tested in both cellular assays and assays utilizing purified 

PDE4, but affinity values cannot be directly compared across studies as they are 

dependent on the used assay. For example, affinity values derived from assays using 

purified PDE4 versus overexpressed PDE4 constructs in a cellular assay can show an 

80-fold difference (Wunder et al., 2013). Moreover, other studies showed that 

inhibitor affinity to isolated PDE4 enzymes does not reflect its potency in intact tissue 
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(Harris et al., 1989). Furthermore, differences exist regarding which cell lines and 

heterologous expression systems are used for cellular assays or purified protein 

assays, respectively, which prevents comparison across studies that using different 

methodologies. Although assays using purified protein can provide a detailed 

understanding on the affinity and potency of an inhibitor, these assays do not reflect 

dynamic changes in (subtype-specific) PDE4 conformational states and associated 

affinity changes that would occur in a cellular environment. Hence, when assessing 

potential subtype-specificity of PDE4 inhibitors, affinity values can only be compared 

within studies and the most accurate approximation of in vivo PDE4 inhibition can 

be assessed by using full-length enzymes that contain all regulatory elements. 

Table 2 provides a comprehensive overview of studies in which affinities of 

PDE4 inhibitors towards different PDE4 subtypes were assessed. As mentioned, 

affinity values, indicated as nanomolar concentrations that cause half-maximum 

inhibition (IC50), cannot be compared across studies as different assays may have 

been used. For each subtype construct, it is indicated whether a particular isoform 

was used and whether the construct entailed the full-length protein or was truncated. 

From this overview, it becomes evident that several studies have assessed compound 

selectivity for PDE4 subtypes by using constructs of different isoform categories (i.e. 

long, short, or supershort) per subtype. Several studies indicate that inhibitors can 

exhibit different affinities towards PDE4 subtypes. For example, cilomilast seems to 

show slightly higher affinity towards PDE4D, irrespective of whether truncated 

supershort or long isoforms are used (Asaka et al., 2010; Huang et al., 2007). 

Interestingly, many compounds show notable lower affinity towards PDE4C, whilst 

other compounds (e.g. UFM24) preferentially bind PDE4C (Tsai et al., 2017b). As 

PDE4C shows the least homology with the other subtypes, PDE4C-specific residues 

therefore may either promote or impede inhibitor binding, yielding PDE4C-specific 

or PDE4C-aversive binding, respectively.  
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Table 2. PDE4 inhibitors tested for their selectivity against different PDE4 subtypes 

Compound Study PDE4 form Construct category IC50 (nM) 

A-33 (Naganuma et al., 2009) PDE4B cat dom + C-terminus 15 

  PDE4D cat dom + C-terminus 1700 

 (Hagen et al., 2014) PDE4B1 long 55 

  PDE4D7 long 1997 

CDP840 (Perry et al., 1998) PDE4A4 long 3.5 

  PDE4B3 long 3.8 

  PDE4C2 long 30 

  PDE4D3 long 2.6 

 (Aoki et al., 2001b) PDE4A4 long 27 

  PDE4B1 long 10 

  PDE4C1 long 63 

  PDE4D3 long 14 

Cilomilast (Huang et al., 2007) PDE4A truncated (supershort) 42.9 

  PDE4B truncated (supershort) 40.7 

  PDE4C truncated (supershort) 160 

  PDE4D truncated (supershort) 6.9 

 (Asaka et al., 2010) PDE4A1 supershort 62 

  PDE4B1 long 56 

  PDE4C1 long 302 

  PDE4D3 long 19 

 (Pruniaux et al., 2010) PDE4A4 long 34 

  PDE4B2 short 70 

  PDE4C2 long 238 

  PDE4D3 long 7 

 (Huang et al., 2006) PDE4A truncated (supershort) 37 

  PDE4B truncated (supershort) 34 

  PDE4C truncated (supershort) 133 

  PDE4D truncated (supershort) 7 

CI-1044 (Pruniaux et al., 2010) PDE4A4 long 290 

  PDE4B2 short 80 

  PDE4C2 long 560 

  PDE4D3 long 90 

CT-2450 (Robichaud et al., 2002b) PDE4A truncated (supershort) 0.9 

  PDE4B truncated (supershort) 0.7 

  PDE4C truncated (supershort) 1.6 

  PDE4D truncated (supershort) 0.5 

EPPA-1 (Davis et al., 2009) PDE4A4 long 93.0 
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Compound Study PDE4 form Construct category IC50 (nM) 

EPPA-1  PDE4B2 short 45.7 

(cont.)  PDE4C1 long 142.2 

  PDE4D3 long 35.1 

GEBR4d (Brullo et al., 2020) PDE4B2 short 550 

  PDE4D3 long 1050 

GEBR5d (Brullo et al., 2020) PDE4B2 short 550 

  PDE4D3 long 1220 

GPD-1116 (Nose et al., 2016) PDE4A4 long 100 

  PDE4B2 short 500 

  PDE4C2 long 100 

  PDE4D3 long 50 

GPD-1133 (Nose et al., 2016) PDE4A4 long 40 

  PDE4B2 short 200 

  PDE4C2 long 63 

  PDE4D3 long 50 

Ibudilast (Huang et al., 2006) PDE4A truncated (supershort) 54 

  PDE4B truncated (supershort) 65 

  PDE4C truncated (supershort) 239 

  PDE4D truncated (supershort) 166 

L-454.560 (Huang et al., 2007) PDE4A truncated (supershort) 1.6 

  PDE4B truncated (supershort) 0.5 

  PDE4C truncated (supershort) 9.1 

  PDE4D truncated (supershort) 1.2 

L-826,141 (Claveau et al., 2004) PDE4A truncated (supershort) 1.26 

  PDE4B truncated (supershort) 0.38 

  PDE4C truncated (supershort) 2.38 

  PDE4D truncated (supershort) 0.26 

Moexipril (Cameron et al., 2013) PDE4A4 long 160 

  PDE4B2 short 38 

  PDE4D5 long 230 

PMNPQ (Bureau et al., 2006) PDE4A truncated (supershort) 0.1 

  PDE4B truncated (supershort) 0.1 

  PDE4C truncated (supershort) 0.1 

  PDE4D truncated (supershort) 0.1 

Roflumilast (Nose et al., 2016) PDE4A4 long 0.17 

  PDE4B2 short 0.27 

  PDE4C2 long 1 

  PDE4D3 long 0.15 
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Compound Study PDE4 form Construct category IC50 (nM) 

Roflumilast (Claveau et al., 2004) PDE4A truncated (supershort) 0.16 

(cont.)  PDE4B truncated (supershort) 0.11 

  PDE4C truncated (supershort) 0.61 

  PDE4D truncated (supershort) 0.11 

 (Huang et al., 2007) PDE4A truncated (supershort) 0.16 

  PDE4B truncated (supershort) 0.11 

  PDE4C truncated (supershort) 0.61 

  PDE4D truncated (supershort) 0.11 

Roflumilast 

N-oxide 

(Claveau et al., 2004) PDE4A truncated (supershort) 0.58 

  PDE4B truncated (supershort) 0.37 

  PDE4C truncated (supershort) 3.2 

  PDE4D truncated (supershort) 0.31 

 (Huang et al., 2007) PDE4A truncated (supershort) 0.58 

  PDE4B truncated (supershort) 0.37 

  PDE4C truncated (supershort) 3.2 

  PDE4D truncated (supershort) 0.31 

Rolipram (Aoki et al., 2001b) PDE4A4 long 690 

  PDE4B1 long 270 

  PDE4C1 long 1900 

  PDE4D3 long 260 

 (Asaka et al., 2010) PDE4A1 supershort 565 

  PDE4B1 long 402 

  PDE4C1 long 888 

  PDE4D3 long 234 

R-rolipram (Claveau et al., 2004) PDE4A truncated (supershort) 4.8 

  PDE4B truncated (supershort) 5.4 

  PDE4C truncated (supershort) 40.5 

  PDE4D truncated (supershort) 3.9 

 (Perry et al., 1998) PDE4A4 long 84.4 

  PDE4B3 long 69 

  PDE4C2 long 612 

  PDE4D3 long 84.3 

RP73401 (Aoki et al., 2001b) PDE4A4 long 0.9 

  PDE4B1 long 0.32 

  PDE4C1 long 4.8 

  PDE4D3 long 0.42 

TAS-203 (Asaka et al., 2010) PDE4A1 supershort 47 
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Compound Study PDE4 form Construct category IC50 (nM) 

TAS-203  PDE4B1 long 35 

(cont.)  PDE4C1 long 227 

  PDE4D3 long 43 

UFM24 (Tsai et al., 2017a) PDE4A1 supershort 7510 

  PDE4B2 short 8580 

  PDE4C1 long 1750 

  PDE4D2 supershort 3530 

YM976 (Aoki et al., 2001b) PDE4A4 long 3.5 

  PDE4B1 long 1 

  PDE4C1 long 13 

  PDE4D3 long 1.7 

9 (Hagen et al., 2014) PDE4B1 long 770 

  PDE4D7 long 5611 

29 (Hagen et al., 2014) PDE4B1 long 165 

  PDE4D7 long 7 

5 (Skoumbourdis et al., 2009) PDE4A1 supershort 12.9 

  PDE4B1 long 48.2 

  PDE4B2 short 37.2 

  PDE4C1 long 452 

  PDE4D2 supershort 49.2 

10 (Skoumbourdis et al., 2009) PDE4A1 supershort 0.26 

  PDE4B1 long 2.3 

  PDE4B2 short 1.6 

  PDE4C1 long 46 

  PDE4D2 supershort 1.9 

18 (Skoumbourdis et al., 2009) PDE4A1 supershort 0.6 

  PDE4B1 long 4.1 

  PDE4B2 short 2.9 

  PDE4C1 long 106 

  PDE4D2 supershort 2.1 

11r (Tang et al., 2019) PDE4B1 long 340 
 

 PDE4D7 long 380 

16a (Huang et al., 2019) PDE4B1 long 293 
 

 PDE4D7 long 312 

44 (Goto et al., 2014) PDE4B2 short 4.6 
 

 PDE4D2 supershort 620 

5a (Brullo et al., 2014) PDE4B2 short 1600 

  PDE4D3 long 660 
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Compound Study PDE4 form Construct category IC50 (nM) 

10b (Brullo et al., 2014) PDE4B2 short 18000 

  PDE4D4 long 210 

1 (Purushothaman et al., 2018) PDE4A4 long 45 

  PDE4B1 long 31 

  PDE4C1 long 77 

  PDE4D7 long 220 

2 (Purushothaman et al., 2018) PDE4A4 long 152 

  PDE4B1 long 15 

  PDE4C1 long 57 

  PDE4D7 long 108 

A (Manning et al., 1999) PDE4A4 long 6.46 

  PDE4B2 short 14.13 

  PDE4D3 long 39.81 

B (Manning et al., 1999) PDE4A4 long 100.00 

  PDE4B2 short 77.62 

  PDE4D3 long 13.49 

C (Manning et al., 1999) PDE4A4 long 33.11 

  PDE4B2 short 30.20 

  PDE4D3 long 295.12 

D (Manning et al., 1999) PDE4A4 long 1318.26 

  PDE4B2 short 316.23 

  PDE4D3 long 257.04 

E (Manning et al., 1999) PDE4A4 long 208.93 

  PDE4B2 short 173.78 

  PDE4D3 long 36.31 

F (Manning et al., 1999) PDE4A4 long 63.10 

  PDE4B2 short 57.54 

  PDE4D3 long 11.75 

G (Manning et al., 1999) PDE4A4 long 588.84 

  PDE4B2 short 389.05 

  PDE4D3 long 54.95 

H (Manning et al., 1999) PDE4A4 long 1.23 

  PDE4B2 short 1.51 

  PDE4D3 long 10.96 

I (Manning et al., 1999) PDE4A4 long 0.25 

  PDE4B2 short 0.69 

  PDE4D3 long 4.17 

J (Manning et al., 1999) PDE4A4 long 0.27 
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Compound Study PDE4 form Construct category IC50 (nM) 

J  PDE4B2 short 1.35 

(cont.)  PDE4D3 long 3.98 

 

Importantly, seemingly subtype-selectivity may be a result of or biased by 

preferred binding to an isoform of particular length rather than specificity to the 

PDE4 subtype. Since isoforms of different lengths exhibit different properties due to 

the presence or absence of regulatory domains (e.g. long forms can dimerize via 

UCR1-UCR2 interactions), isoform categories of the same PDE4 subtype may be 

preferentially bound by certain inhibitors. To reveal potential isoform-specific 

binding, Table 3 presents an overview of compounds that were tested, in the same 

assay, for their affinity towards PDE4 constructs of different lengths of the same PDE4 

subtype. Various compounds show increased affinity towards the long isoforms 

compared to its catalytic domain only, in which the regulatory UCR1, UCR2, and C-

terminus domains are deleted (e.g. (Wunder et al., 2013)). As these regulatory 

domains convey effects of post-translational modifications and interactions with 

partner proteins, these modifications and interactions themselves may exert an effect 

on inhibitor affinity within the same PDE4 isoform as explained earlier. Indeed, for 

example, PKA phosphorylation has been shown to profoundly impact inhibitor 

affinity (e.g. (Hoffmann et al., 1998)) which supports the notion that assays using 

purified, non-phosphorylated enzyme cannot be compared to cellular assays in 

which PDE4 activity is dynamically regulated (Wunder et al., 2013). As certain 

modifications or interactions can only occur in specific PDE4 subtypes or isoforms to 

induce conformational changes (Figure 2), these conformations provide actually 

other means of achieving more specific PDE4 inhibition. Therefore, it is crucial to 

understand how different conformational states, caused by modifications or 

interactions, impact inhibitor affinity. 
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Table 3. PDE4 inhibitors tested for their selectivity against different PDE4 isoforms or 

construct lengths of the same PDE4 subtype 

Compound Study Construct Construct 

category 

Truncation/Modification IC50 

(nM) 

CDP840 (Perry et al., 

1998) 

PDE4B2 short  1.9 

 PDE4B3 long  3.8 

 PDE4D2 supershort  2.9 

 PDE4D3 long  2.6 

Chlorbipram (Zhang et al., 

2013) 

PDE4B2 short  99300 

 PDE4B5 supershort  8320 

Cilomilast (Wunder et al., 

2013) 

PDE4D3  cat dom 20.5 

 PDE4D3 long  10.1 

Denbuylline (Owens et al., 

1997a) 

PDE4A4 long  295 

 PDE4A4 cat dom UCR1-UCR2 deleted 550 

D159153 (Wunder et al., 

2013) 

PDE4D3  cat dom 20500 

 PDE4D3 long  68.3 

D159404 (Wunder et al., 

2013) 

PDE4D3  cat dom 20000 

 PDE4D3 long  380 

Etazolate (Wunder et al., 

2013) 

PDE4D3  cat dom 143 

 PDE4D3 long  240 

GEBR-32a (Ricciarelli et 

al., 2017) 

PDE4D1 short  4970 

 PDE4D2 supershort  2890 

 PDE4D3 long  2420 

 PDE4D5 long  3180 

 PDE4D7 long  1140 

 (Prosdocimi et 

al., 2018) 

PDE4D cat dom cat dom, no C-term 2300 

 PDE4D3 long PKA-mimetic, ERK-ablative 1000 

(S)-(+)-GEBR-

32a 

(Cavalloro et 

al., 2020) 

PDE4D catdom cat dom, no C-term 19500 

 PDE4D3 long PKA-mimetic, ERK-ablative 2100 

(R)-(-)-GEBR-

32a 

(Cavalloro et 

al., 2020) 

PDE4D catdom cat dom, no C-term 31800 

 PDE4D3 long PKA-mimetic, ERK-ablative 15500 

GEBR-7b (Prosdocimi et 

al., 2018) 

PDE4D cat dom cat dom, no C-term 1600 

 PDE4D3 long PKA-mimetic, ERK-ablative 1100 

GEBR-20b (Prosdocimi et 

al., 2018) 

PDE4D cat dom cat dom, no C-term 800 

 PDE4D3 long PKA-mimetic, ERK-ablative 600 

GEBR-4a (Prosdocimi et 

al., 2018) 

PDE4D cat dom cat dom, no C-term 7000 
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Compound Study Construct Construct 

category 

Truncation/Modification IC50 

(nM) 

GEBR-4a  PDE4D3 long PKA-mimetic, ERK-ablative 2100 

GEBR-11b (Prosdocimi et 

al., 2018) 

PDE4D cat dom cat dom, no C-term 900 

 PDE4D3 long PKA-mimetic, ERK-ablative 400 

GEBR-26g (Prosdocimi et 

al., 2018) 

PDE4D cat dom cat dom, no C-term 17000 

 PDE4D3 long PKA-mimetic, ERK-ablative 3500 

GEBR-54 (Prosdocimi et 

al., 2018) 

PDE4D cat dom cat dom, no C-term 20000 

 PDE4D3 long PKA-mimetic, ERK-ablative 4600 

GEBR-18b (Prosdocimi et 

al., 2018) 

PDE4D cat dom cat dom, no C-term 16000 

 PDE4D3 long PKA-mimetic, ERK-ablative 4800 

GEBR-18a (Prosdocimi et 

al., 2018) 

PDE4D cat dom cat dom, no C-term 23000 

 PDE4D3 long PKA-mimetic, ERK-ablative 5000 

Lirimilast (Wunder et al., 

2013) 

PDE4D3  cat dom 3725 

 PDE4D3 long  54.3 

Oglemilast (Wunder et al., 

2013) 

PDE4D3  cat dom 0.5 

 PDE4D3 long  1.1 

Piclamilast (Wunder et al., 

2013) 

PDE4D3  cat dom 0.064 

 PDE4D3 long  0.12 

PMNPQ (Wunder et al., 

2013) 

PDE4D3  cat dom 115 

 PDE4D3 long  0.43 

Roflumilast (Wunder et al., 

2013) 

PDE4D3  cat dom 0.039 

 PDE4D3 long  0.076 

Roflumilast N-

oxide 

(Wunder et al., 

2013) 

PDE4D3  cat dom 0.079 

 PDE4D3 long  0.26 

Rolipram (Bruno et al., 

2009) 

PDE4D1 short  910 

 PDE4D2 supershort  1170 

 PDE4D3 long  550 

 (Wunder et al., 

2013) 

PDE4D3  cat dom 510 

 PDE4D3 long  72.8 

Rolipram (Zhang et al., 

2013) 

PDE4D4 long  470 

 PDE4D5 long  190 

 (Wang et al., 

2003) 

PDE4D6 supershort  57 

 PDE4D7 long  42 

R-rolipram (Perry et al., 

1998) 

PDE4B2 short  60.5 

 PDE4B3 long  69 

 PDE4D2 supershort  26.9 

  PDE4D3 long  84.3 
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Compound Study Construct Construct 

category 

Truncation/Modification IC50 

(nM) 

Ro20-1724 (Owens et al., 

1997a) 

PDE4A4 long  1450 

 PDE4A4 catdom UCR1-UCR2 deleted 4154 

YM976 (Wunder et al., 

2013) 

PDE4D3  cat dom 0.34 

 PDE4D3 long  0.73 

Zardaverine (Wunder et al., 

2013) 

PDE4D3  cat dom 163 

 PDE4D3 long  65.3 

4a (Bruno et al., 

2009) 

PDE4D1 short  7090 

 PDE4D2 supershort  9180 

 PDE4D3 long  2860 

4e (Liang et al., 

2020) 

PDE4B2 short cat dom 10 

 PDE4B1 long  8 
 

PDE4D2 supershort cat dom 17 
 

PDE4D7 long 
 

9 

 

Several studies have investigated these effects of conformational state on PDE4 

inhibitor affinity and these findings are summarized in Table 4. By means of 

mutations that mimic phosphorylation by PKA and ablate phosphorylation by ERK, 

the effects of PKA phosphorylation per se on inhibitor affinity can be simulated 

(Burgin et al., 2010; Hoffmann et al., 1998). This phosphorylation-mimicking mutation 

profoundly increases the affinity of rolipram and BPN14770 to bind the long form 

PDE4D7 (Zhang et al., 2018) (see Table 4), indicating that inhibitors can preferentially 

bind PKA-phosphorylated PDE4 states. Mechanistically, increased inhibitor affinity 

upon phosphorylation by PKA could be due to a more favorable positioning of UCR2, 

increased Mg2+ sensitivity to aid inhibitor binding, or a combination of both. 

Interestingly, although PDE4 phosphorylation by PKA also increases enzymatic 

activity as a biological feedback loop, this feedback mechanism would actually 

facilitate or strengthen binding of these inhibitors. Since PKA-phosphorylated PDE4 

displays higher enzymatic activity, preferential inhibition of this activated state may 

actually produce more potent effects on cAMP levels in an in vitro or in vivo setting. 

Conversely, as inhibitors may bind only the phosphorylated fraction of PDE4 forms, 

inhibition of non-phosphorylated PDE4 may be minimal, yielding only a partial 



 

78 

inhibition of total PDE4 activity. Therefore, it is essential to consider the potency of 

PDE4 inhibitors in addition to their affinity when determining which inhibitor, with its 

affinity profile against different PDE4 subtypes, isoforms and conformations, shows 

most therapeutic benefit in the disease of interest.  

In addition to specific PDE4 phosphorylation, PDE4 isoforms can show different 

affinities towards inhibitors depending on whether these isoforms are located in the 

cytosol or have complexed with other cellular structures, as elaborately investigated 

by Houslay and collaborators (Bolger et al., 1997; Huston et al., 1997; Huston et al., 

1996; Rena et al., 2001; Wallace et al., 2005). By subcellular fractionation, both 

cytosolic and particulate fractions of PDE4 forms can be separated, which can show 

differential affinities to inhibitors in an isoform-dependent manner (Table 4). Per 

cellular fraction, PDE4 isoforms may engage in different protein-protein interactions, 

which subsequently can alter their conformation leading to divergent effects on 

inhibitor affinity. Thus, based on its specific subcellular localization and local 

interactions or modifications, the same PDE4 isoform can adopt different 

conformations which may be preferentially bound by certain inhibitors (e.g. the 

different affinities of rolipram towards particulate and cytosolic PDE4A4 Table 4). As 

such, these inhibitors can modulate PDE4 activity with different potency at the 

subcellular level. 
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Table 4. PDE4 inhibitors tested for their selectivity against different PDE4 

conformational states or PDE4 isoforms in different cellular fractions. 

Compound Study Construct Construct 

category 

Mutation/Modification/ 

Cellular fraction 

IC50 (nM) 

A-33 (Fox et al., 

2014) 

PDE4B1 long PKA-mimetic, ERK ablative 32 

 PDE4B1 long L674Q, PKA-mimetic, ERK 

ablative 

2035 

 PDE4D7 long PKA-mimetic, ERK ablative 1569 

 PDE4D7 long Q594L, PKA-mimetic, ERK 

ablative 

21 

BPN14770 (Zhang et 

al., 2018) 

PDE4D7 long - 1018 

 PDE4D7 long PKA-mimetic, ERK-ablative 7.8 

 PDE4D3 long PKA-mimetic, ERK-ablative 7.4 

 PDE4D2 supershort ERK-ablative 127 

 PDE4B1 long PKA-mimetic, ERK-ablative 2013 

Cilomilast (Wallace 

et al., 

2005) 

PDE4A11 long cytosolic 34 

 PDE4A11 long particulate P2 34 

 PDE4A4 long cytosolic 61 

 PDE4A4 long particulate P2 59 

 PDE4A10 long cytosolic 130 

Denbufylline (Wallace 

et al., 

2005) 

PDE4A11 long cytosolic 250 

 PDE4A11 long particulate P2 310 

 PDE4A4 long cytosolic 560 

 PDE4A4 long particulate P2 460 

 PDE4A10 long cytosolic 590 

PMNPQ (Burgin et 

al., 2010) 

PDE4D7 long PKA-mimetic 5 

 PDE4D7 long PKA-mimetic, Phe196Ala 170 

 PDE4D7 long PKA-mimetic, Phe201Ala 310 

 PDE4D7 long PKA-mimetic, ERK ablative 0.52 

 PDE4D2 supershort ERK ablative 0.66 

 PDE4B1 long PKA-mimetic 4.4 

Roflumilast (Wallace 

et al., 

2005) 

PDE4A11 long cytosolic 4.8 

PDE4A11 long particulate P2 3.9 

 PDE4A4 long cytosolic 9.0 

 PDE4A4 long particulate P2 2.5 

 PDE4A10 long cytosolic 4.1 

Rolipram (Zhang et 

al., 2018) 

PDE4D7 long - 675 

 PDE4D7 long PKA-mimetic, ERK-ablative 32 

 PDE4D3 long PKA-mimetic, ERK-ablative 29 
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Compound Study Construct Construct 

category 

Mutation/Modification/ 

Cellular fraction 

IC50 (nM) 

Rolipram PDE4D2 supershort ERK-ablative 142 

(cont.) PDE4B1 long PKA-mimetic, ERK-ablative 175 
 

(Huston et 

al., 1996) 

PDE4A4 long particulate 195 
 

PDE4A4 long cytosolic 1600 
 

(Wallace 

et al., 

2005) 

PDE4A11 long cytosolic 720 
 

PDE4A11 long particulate P2 660 

 PDE4A4 long cytosolic 1310 

 PDE4A4 long particulate P2 260 

 PDE4A10 long cytosolic 64 

 (Rena et 

al., 2001) 

PDE4A10 long particulate P1 54 

 PDE4A10 long particulate P2 52 

 PDE4A10 long cytosolic 56 

 (Huston et 

al., 1997) 

PDE4B1 long particulate P1 100 

 PDE4B1 long particulate P2 50 

 PDE4B1 long cytosolic 80 

 PDE4B3 long particulate P1 140 

 PDE4B3 long particulate P2 100 

 PDE4B3 long cytosolic 50 

 PDE4B2 short particulate P1 180 

 PDE4B2 short particulate P2 210 

 PDE4B2 short cytosolic 20 

 (Bolger et 

al., 1997) 

PDE4D1 short particulate P2 n/a 

 PDE4D1 short cytosolic 50 

 PDE4D2 supershort particulate P2 n/a 

 PDE4D2 supershort cytosolic 50 

 PDE4D3 long particulate P2 320 

 PDE4D3 long cytosolic 140 

 PDE4D4 long particulate P2 50 

 PDE4D4 long cytosolic 60 

 PDE4D5 long particulate P2 590 

 PDE4D5 long cytosolic 80 

Ro 20-1724 (Wallace 

et al., 

2005) 

PDE4A11 long cytosolic 990 

 PDE4A11 long particulate P2 910 

 PDE4A4 long cytosolic 2930 

 PDE4A4 long particulate P2 2900 

  PDE4A10 long cytosolic 1240 

RS25344 PDE4D7 long PKA-mimetic 19 
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Compound Study Construct Construct 

category 

Mutation/Modification/ 

Cellular fraction 

IC50 (nM) 

RS25344 (Burgin et 

al., 2010) 

PDE4D7 long PKA-mimetic, Phe196Ala 4.1 

(cont.) PDE4D7 long PKA-mimetic, Phe201Ala 6.2 

 PDE4D7 long PKA-mimetic, ERK ablative 0.91 

 PDE4D2 supershort ERK ablative 0.81 

 PDE4B1 long PKA-mimetic 9.4 

 (Alvarez et 

al., 1996) 

PDE4D3 long - 3.16 

 PDE4D3 long PKA-mimetic 0.5 

RS33793 (Alvarez et 

al., 1996) 

PDE4D3 long - 39.8 

 PDE4D3 long PKA-mimetic 0.2 

 

2. Optimizing PDE4 inhibitor screenings 

The involvement of PDE4 in various cellular processes makes these enzymes 

attractive pharmacological targets, but simultaneously makes non-specific PDE4 

inhibition prone to modulating unwanted biological mechanisms. Hence, to optimize 

the efficacy and safety of PDE4 inhibitors, it is crucial to specify which PDE4 subtypes 

or isoforms are involved in the (disease-affected) cellular functions that are to be 

modified. In this subsection, we highlight how the choice of assay, target 

specification, and the use of ‘toolbox’ compounds that apply distinct binding 

mechanisms can guide drug development towards safe and efficacious PDE4 

subtype/isoform inhibition. 

Firstly, considering that PDE4 enzymes can dynamically adopt several 

conformational states that can show different affinities to inhibitors, screening assays 

using purified PDE4 constructs are limited in predicting the inhibitory potential of a 

compound as they assess affinities against a static, rather than a dynamic, enzyme. 

Hence, cell-based screening assays will more accurately indicate the PDE4 inhibitory 

potential of compounds when other influencing factors including phosphorylation 

events, interactor proteins and biological feedback mechanisms are present. When 

using cell-based assays, we argue it is essential to assess a PDE4-regulated 

phenotypical or physiological read-out that is relevant to a healthy or pathological 
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process of interest rather than an overall change in cAMP levels. Thus, the quality (i.e. 

cAMP elevation at the desired intracellular location) of PDE4 inhibition is more 

important than the quantity (i.e. profound cAMP elevation but not intracellularly 

confined) to achieve efficacious treatment while minimizing side effects. The use of 

cell-based assays that focus on a phenotypical or physiological read-out may also 

lead to discovery of efficacious PDE4 inhibitors with additional activity on other 

relevant targets, which would be undetectable in assays using solely purified PDE4 

enzymes. 

Using a cell-based, possibly disease relevant, assay, experiments can be 

conducted to specify which PDE4 subtypes and isoforms regulate the chosen 

phenotypical or physiological read-out. By means of genetic knockout (e.g. using 

CRISPR-Cas9) or shRNA-mediated knockdown, it can be specified which PDE4 

subtypes or individual PDE4 isoforms regulate the biological read-out process. 

Conveniently, the typical PDE4 gene structures allow for targeting of isoforms 

selectively as they each contain (parts of) a unique exon that can be targeted at the 

DNA level (e.g. using CRISPR-Cas9) or the transcript level (e.g. using shRNAs) (Figure 

1). Validation of the role of specific subtypes or isoforms in the chosen read-out can 

be performed by overexpressing the subtype/isoform in order to assess whether it 

induces an opposite effect on the read-out compared to subtype/isoform knockout. 

The involvement of specific isoforms in the process of interest can also be 

corroborated using a dominant-negative approach in which a catalytically inactive 

PDE4 form is being overexpressed. Subsequently, overexpressed inactive PDE4 

isoforms will (partly) displace endogenous, active PDE4 isoforms inducing local 

decreases in PDE4 activity. Functional roles of specific PDE4 isoforms have already 

been successfully identified using this approach (e.g. (Bolger et al., 2020; Campbell 

et al., 2017; Perry et al., 2002)). While dominant-negative PDE4 forms can isoform-

specifically displace endogenous forms, their overexpression may also cause 

excessive scaffolding of PDE4 interactions proteins that could alter cellular signaling. 
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Hence, depending of the biological mechanism of interest, validation of the role of 

specific PDE4 subtypes and isoforms may be best supported by a combination of the 

abovementioned strategies. Upon target specification and validation, drug design is 

suggested to be conducted in a structure-based manner. In case the functionally 

relevant PDE4 forms belong to a specific subtype, subtype-specific differences in 

PDE4 structure may be exploited to develop PDE4 subtype-selective inhibitors as 

described in the subsection ‘Mechanisms for PDE4 subtype selectivity: interactions 

with regulatory domains’. 

Since there already exist PDE4 inhibitors that preferentially bind certain 

subtypes, isoforms and/or conformations (Tables 2-4), these compounds can be 

used as ‘toolbox’ compounds to determine which binding mechanism induces the 

most prominent effect on the assay read-out. Parallel insights from the target 

validation approaches and use of ‘toolbox’ compounds would eventually provide the 

insight and understanding to develop PDE4 inhibitors that apply a particular binding 

mode to selectively bind and inhibit the most relevant PDE4 forms to subsequently 

efficaciously attenuate a biological dysfunction of interest. 

 

C. Mechanisms for PDE4 subtype selectivity: interactions with regulatory 

domains 

1. Interactions with the UCR2 

Although the different subtypes possess highly similar catalytic domains, subtle 

amino acid differences exist in regulatory regions (i.e. UCR2 and C-terminus) that can 

be positioned across the catalytic pocket. When the UCR2 is capped, certain residues 

can interact with inhibitors as their side chains extent into the catalytic domain 

(Figure 3 and Supplementary Video). UCR2 capping is postulated to occur via 

intermolecular actions in long, dimerized PDE4 isoforms where the UCR2 of one 

monomer folds across the catalytic domain of the other monomer (Cedervall et al., 

2015). As the UCR2 also is auto-inhibitory in monomeric, short PDE4D1, 

intramolecular UCR2-capping may also occur (Kovala et al., 1997). Irrespective of 

https://pharmrev.aspetjournals.org/highwire/filestream/23057/field_highwire_adjunct_files/1/PR273_supplemental_video.mpg
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whether UCR2 capping occurs in trans (intermolecularly) or in cis (intramolecularly), 

inhibitors can engage in interactions with UCR2 residues. Intriguingly, in primates, a 

polymorphism has occurred in PDE4D leading to the expression of a phenylalanine 

instead of tyrosine in the UCR2 region. This subtype-specific difference has been 

successfully exploited, and validated by mutation studies, to generate PDE4D-

selective inhibitors (e.g. BPN14770) that interact with the PDE4D-specific 

phenylalanine in the UCR2 region (Table 4) (Burgin et al., 2010). Interestingly, Gurney 

et al. have shown that certain compounds that utilize UCR2 for binding, like 

BPN14770, behave as partial inhibitors (Gurney et al., 2019). It is hypothesized that, 

in dimerized PDE4, through inhibitor-UCR2 interactions at one monomer the other 

UCR2 cannot effectively trans-cap the other monomer. Since this UCR2-capping is 

involved in compound binding, inhibitor binding at this monomer will be reduced, 

resulting in overall partial inhibition. Conversely to binding the UCR2 phenylalanine, 

inhibitors can preferentially interact with the tyrosine residue in PDE4A-C, producing 

PDE4D-sparing actions, as reported for ABI-4 (PF‐06266047) (Hedde et al., 2017). 

Notably, several classes of PDE4 inhibitors have found to stabilize a UCR2-capped 

state as elaborately indicated by Day and colleagues (Day et al., 2011). While PDE4 

modifications and protein-protein interactions can influence inhibitor affinity by 

influencing UCR2-capping, stabilization of UCR2-capping by certain inhibitors can, 

conversely, also alter the conformation of regulatory domains that affect PDE4 

modifications and interactions (Terry et al., 2003). In the case of PDE4A4, stabilization 

of UCR2 capping by inhibitor binding causes its intracellular redistribution, 

demonstrating that inhibitor binding can induce additional cellular changes next to 

elevation of local cAMP levels (Day et al., 2011). This use of UCR2 by certain 

compounds makes their affinity also dependent on post-translational modifications 

and interactions with partner proteins as they can influence the UCR2 capping state 

as explained before.  
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2. Interactions with the C-terminus 

Similar to the use of UCR2 residues to achieve subtype selectivity, amino acid 

differences in the C-terminus can be employed to achieve subtype-specific inhibitor 

binding. Through interactions with residues unique to the PDE4B C-terminus, PDE4B-

selectivity has been achieved for the compounds A33 and a 

tetrahydrobenzothiophene inhibitor (see Table 4) (Fox et al., 2014; Kranz et al., 2009; 

Naganuma et al., 2009). The C-terminus is capped across the catalytic domain in an 

intramolecular manner as the linker region between C-terminus and the catalytic 

domain is too short to achieve capping the other monomer in a PDE4 dimer. 

Inhibitors that employ C-terminus residues may therefore preferentially bind capped 

over uncapped states producing a degree of conformation-dependent binding. As 

both UCR2 and C-terminus capping are dependent on multiple cellular events 

including phosphorylation or interactions with partner proteins, conformation-

dependent inhibitors may bind PDE4 in a selective spatial and/or temporal manner. 

 

D. Stereoisomerism and metabolites of PDE4 inhibitors 

 In 1983, it had already been described that the enantiomer (R)-rolipram and 

racemic rolipram are more potent in increasing cerebral cAMP levels than (S)-

rolipram (Schneider, 1984; Wachtel, 1983a; b). Accordingly, several studies have 

indicated that (R)-rolipram shows higher PDE4 affinity than (S)-rolipram (Barnette et 

al., 1996; Laliberte et al., 2000; Torphy et al., 1992). This suggests that 

stereoisomerism of PDE4 inhibitors can influence the inhibitor’s affinity depending 

on whether a racemic mixture or purified enantiomer is tested. Both (R)-rolipram and 

(S)-rolipram seem to exhibit similar binding modes in PDE4D2 crystal structures, but 

increased affinity of (R)-rolipram may be conveyed via other isoforms and/or 

conformational states than those captured by the reported crystal structures (Huai 

et al., 2003). Indeed, rolipram can adopt a slightly different conformation in crystals 

that include UCR2 domains (Cedervall et al., 2015). For another set of enantiomeric 
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inhibitors (L-869298 and L-869299), stereochemistry does change the binding mode 

in a Mg2+-interacting manner which is concurrent with differences in affinity (Huai et 

al., 2006). Next to the aforementioned enantiomeric inhibitors, also for the PDE4D-

selective inhibitor GEBR32a, different affinities are reported for its enantiomers 

(Table 3) (Cavalloro et al., 2020). Hence, in case of racemic inhibitors, it has to be 

considered that enantiomers can exhibit different binding modes and affinities for 

specific PDE4 conformations. Consequently, certain enantiomers may display 

favorable pharmacological properties superior to its racemic mixture. Enantiomer-

specific effects can provide important insights into the molecular binding modes 

crucial for efficacy and can subsequently facilitate pharmacophore determination 

and inhibitor optimization. 

 Similar to the use of racemic PDE4 inhibitor mixtures, metabolism of 

administered PDE4 inhibitors can produce multiple metabolites that each show 

differences in their binding mode and affinity. For example, the PDE4 inhibitor 

roflumilast is metabolized into roflumilast N-oxide which shows distinct subtype-

selectivity compared to roflumilast itself (Tables 2 and 3) (Claveau et al., 2004; Huang 

et al., 2007; Wunder et al., 2013). The inhibitory potential of inhibitor metabolites on 

PDE4 activity should therefore be taken into account as combined actions of PDE4 

inhibitors and its metabolites may cause certain PDE4 subtypes, isoforms or 

conformations to be more potently inhibited in vivo, resulting in a more favorable or 

unfavorable pharmacological profile. 

 

E. Modulators of PDE4 activity 

 Next to PDE4 inhibitors, molecules have been described that influence PDE4 

activity in a non-inhibiting manner. For example, atropine, a muscarinic acetylcholine 

receptor antagonist, has been described to allosterically inhibit PDE4 while also 

potentiating rolipram binding (Perera et al., 2017). These effects correspond to those 

of modulation by several intracellular factors as discussed above in the section PDE4 

modifications and interactions. In contrast to allosterically inhibiting molecules, 
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PDE4 activity can also be stimulated through allosteric binding. For example, early 

studies by the Conti and coworkers showed that binding of antibodies targeting the 

UCR2 auto-inhibitory domain increased PDE4 activity similar to phosphorylation by 

PKA (Conti et al., 1995; Lim et al., 1999).  

 More recently, also small molecules have been described that increase PDE4 

activity through allosteric binding (Omar et al., 2019). More specifically, these 

compounds bind and activate long, dimerized PDE4 and thereby mimic the activating 

actions of PKA. This mechanistic similarity of activation is further supported by the 

inability of these small molecules to increase activity in PKA-mimicking PDE4 

mutants. Hence, these small molecule allosteric activators have therapeutic utility in 

disorders in which cAMP signaling is aberrantly increased. For example, in autosomal 

dominant polycystic kidney disease (ADPKD), elevated cAMP levels promote the 

formation of cysts. Omar et al. have demonstrated that the use of allosteric activators 

can successfully diminish cyst formation in cell models of ADPKD. It can be 

speculated that allosteric PDE4 activators also have therapeutic applicability in other 

disorders displaying elevated cAMP signaling, such as the genetic condition 

McCune–Albright syndrome in which gain-of-function Gs alpha subunit mutations 

lead to exaggerated cAMP synthesis (Innamorati et al., 2018; Levine, 1999). Hence, 

PDE4 enzymes have therapeutic utility as pharmacological targets both in conditions 

displaying reduced and heightened levels of cAMP.  

Lastly, PDE4 peptide fragments have been developed which can either stimulate 

PDE4 activity (Wang et al., 2015), or reduce activation by ‘scavenging’ the PDE4-

activating phosphorylation by Cdk5 (Plattner et al., 2015). 
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IV. ADVERSE EFFECTS OF PDE4 INHIBITION 

Although PDE4 inhibition shows therapeutic potential in a variety of disease 

areas, clinical exploitation of PDE4 inhibitors has often been held back by dose 

limitations caused by adverse side effects. Side effects upon PDE4 inhibitor 

administration are mainly gastro-intestinal in nature (i.e. nausea, vomiting and 

diarrhea), but also headaches and dizziness have been reported (e.g. (Compton et 

al., 2001)). These side effects may be overcome by more precise targeting of PDE4 

subtypes, isoforms or conformational states. Accordingly, subtype-selective PDE4 

inhibitors have been developed which exploit subtle sequence differences and 

distinct conformational states that may result from different PDE4 lengths and 

specific interactions and modifications (e.g. (Burgin et al., 2010; Fox et al., 2014; 

Hedde et al., 2017)). While this allows for more precise targeting, insight into which 

PDE4 subtypes or isoforms mediate unwanted effects is therefore crucial to 

understand which subtypes/conformations not to target. This section will discuss 

PDE4 expression and functionality in brain and bodily areas, and potential molecular 

mechanisms related to the different PDE4-mediated side effects. In addition, an 

overview is provided of those PDE4 inhibitors that have been tested for possible 

adverse side effects. 

 

A. Hypothermia 

Several preclinical studies using mice, rats and guinea pigs have demonstrated 

that PDE4 inhibitors can induce hypothermia (McDonough et al., 2020b; Wachtel, 

1983a; b; c). These effects seem to be regulated via PDE4-mediated dopamine 

signaling in the hypothalamus which is supported by the fact that PDE4 inhibitors 

that difficultly enter the brain have less profound effects on body temperature 

(McDonough et al., 2020b). Whilst not explicitly described as adverse side effect in 

humans, hypothermia may contribute to uncomfortable feelings during treatment 

with PDE4 inhibitors. 
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B. Dizziness  

PDE4 inhibition has also been reported to cause dizziness (Blokland et al., 2019). 

In cochlear and vestibular nuclei in the brainstem, PDE4D was found to be highest 

expressed compared to other PDE4 subtypes (Iwahashi et al., 1996; Perez-Torres et 

al., 2000). More specifically, PDE4D1, PDE4D2, and PDE4D3 mRNA was expressed in 

the rat dorsal cochlear and vestibular nuclei (Miro et al., 2002b). As the cochlear and 

vestibular nuclei relay signaling from the inner ear, altered cAMP modulation by 

PDE4 inhibition in these areas may provoke feelings of dizziness and, through 

subsequent signaling to other brains stem areas, promote nausea and emesis. 

Interestingly, in the vestibular apparatus in the inner ear itself, PDE4D is expressed 

and rolipram induces endolymphatic hydrops in the mouse, which is associated with 

feelings of dizziness (Degerman et al., 2017; Nakashima et al., 2016).  

 

C. Gastro-intestinal 

1. Diarrhea 

Concerning effects of PDE4 inhibition on the gastro-intestinal system, diarrhea 

has been reported as an adverse effect. Through PKA-dependent activation of the 

cystic fibrosis transmembrane conductance regulator (CFTR), PDE4 inhibition may 

cause diarrhea by elevating intestinal Cl- secretion (Chao et al., 1994). Specifically, 

PDE4D may mediate this effect upon PDE4 inhibition as PDE4D has been found to 

be recruited to CFTR via binding the scaffolding protein Shank2 (Lee et al., 2007). 

Moreover, PDE4 inhibition can facilitate 5HT4 receptor-mediated acetylcholine 

release causing contraction of large intestinal circular smooth muscle (Pauwelyn et 

al., 2018). Specifically, the PDE4D3 and PDE4D5 isoforms have been found to 

associate with 5HT4(b) receptors and may, therefore, be involved in gastrointestinal 

effects caused by PDE4(D) inhibition (Weninger et al., 2014). Despite the fact that 

diarrhea has been reported as a PDE4-mediated adverse event, it is striking that 

roflumilast has actually been found to exhibit antidiarrheal effects in mice which may 
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be associated with antispasmodic actions of roflumilast in the jejenum (Rehman et 

al., 2020). 

 

2. Nausea and emesis 

Regarding nausea and emesis, PDE4 actions within both the central nervous and 

gastro-intestinal system seem to be involved. In an early study, intravenous 

administration of rolipram and Ro20-1724 were found to increase gastric acid and 

pepsin secretion in anesthetized rats (Puurunen et al., 1978). Correspondingly, 

Lamontagne et al. suggested that, in the stomach, pepsinogen-releasing chief cells 

primarily express the PDE4D subtype while acid-releasing parietal cells expressed 

PDE4A (Lamontagne et al., 2001). Moreover, binding of specifically HARBS 

configurations in gastric glands showed strong correlation with the degree of gastric 

acid secretion (Barnette et al., 1995). Interestingly, gastric transit was found to be 

more strongly inhibited by roflumilast than by a selective PDE4B inhibitor, which may 

suggest PDE4B inhibition contributes relatively little to gastric side effects (Suzuki et 

al., 2013). Recently, it was shown that non-selective PDE4 inhibition induces 

gastroparesis (i.e. delayed gastric transit) in mice (McDonough et al., 2020a). More 

importantly, this study showed that genetic ablation of any of the four PDE4 subtypes 

does not affect gastroparesis or protect against inhibitor-induced gastroparesis, 

which suggests that two or more PDE4 subtypes contribute to PDE4-mediated 

gastroparesis. As gastroparesis is strongly associated with nausea and emesis in 

humans, this physiological effect of PDE4 inhibition warrants further investigation as 

a possible predictive measure for the side effect profile of PDE4 inhibitors (Grover et 

al., 2019). 

Although PDE4 inhibition causes profound local gastric effects, emesis is 

eventually effectuated through signaling in brainstem nuclei such as the nodose 

ganglion, area postrema (AP), and nucleus tractus solitarius (NTS) (du Sert et al., 2012; 

Miller and Leslie, 1994). In the nodose ganglion of the squirrel monkey, cell bodies 
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of gastric vagal nerve fibers can be found in which predominantly PDE4D is present 

compared to lower expression levels of PDE4C or long PDE4A forms (Lamontagne et 

al., 2001). Similarly, the AP and NTS were found to mainly express PDE4D and to a 

smaller extent PDE4B, in the mouse (Cherry and Davis, 1999), rat (Iwahashi et al., 

1996; Perez-Torres et al., 2000; Takahashi et al., 1999) and human brain (Mori et al., 

2010). PDE4D expression was also found in medulla oblongata neurons that are 

innervated by substance P, which has been reported to be involved in emetic 

responses upon PDE4 inhibition (Lamontagne et al., 2001; Robichaud et al., 1999). At 

the PDE4D transcript variant level, mRNA of PDE4D1 and PDE4D4 showed high 

expression in the rat AP compared to lower levels of PDE4D2 and PDE4D5, and 

absence of PDE4D3. Furthermore, low levels of PDE4D2, PDE4D4 and PDE4D5 were 

detected in the NTS (Miro et al., 2002b). Strikingly, in another study by Miró and 

colleagues, no PDE4D4 mRNA was detected in the rat AP (Miro et al., 2002a). Human 

data regarding PDE4D mRNA content in the AP also suggests that PDE4D4 is not 

abundantly present, while the highest expression was found for PDE4D3 and PDE4D9 

(VANMIERLO, 2019). 

In addition to localization studies showing high expression of PDE4D in 

emesis-related brainstem areas, mechanistically, PDE4D also seems to mediate 

emetic responses. In a study by Robichaud et al., PDE4D, but not PDE4B, knockout 

mice displayed reduced sleeping time under xylazine/ketamine-induced anesthesia, 

a measure of emetic-like behavior. Furthermore, the PDE4 inhibitor PMNPQ did 

reduce anesthesia duration in wild-type and PDE4B-deficient mice but not in PDE4D-

deficient mice which again indicates an involvement of PDE4D in emetic-like 

behavior (Robichaud et al., 2002b). Xylazine/ketamine-induced anesthesia assesses 

emetic-like behavior in non-vomiting species through α2-adenergic receptor 

antagonism (Nelissen et al., 2019; Robichaud et al., 2002a; Robichaud et al., 2001). 

The involvement of PDE4D in this mechanism corresponds with the expression of 

both α2 adrenoceptor and PDE4D mRNA in the NTS (Lamontagne et al., 2001; 
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Scheinin et al., 1994). However, also PDE4A and PDE4B seem to mediate α2-

dependent signaling, at least in retinal rod bipolar cells (Dong et al., 2014). PDE4 

inhibitors may enhance neuronal firing in both the AP and NTS of rats as higher 

expression of the neuronal activity marker Fos was observed in these regions upon 

administration of rolipram or PMNPQ in rats (Bureau et al., 2006). Accordingly, AP 

neurons could be excited by cAMP, which would be elevated upon inhibitor 

administration (Carpenter et al., 1988). Noteworthy, AP neurons exhibit a 

hyperpolarization-activated cation current (Ih) that acts as pacemaker current and 

which is found to be activated through stimulation of cAMP signaling (Funahashi et 

al., 2003). Consequently, PDE4 inhibition may increase the frequency of this 

pacemaker current leading to an increased firing rate. Actually, the influence of PDE4 

on pacemaker currents has already been demonstrated in the sinoatrial node of the 

heart (St Clair et al., 2017). The xylazine/ketamine-induced anesthesia test suggests 

that PDE4 inhibition alters AP activity through antagonizing α2-adenergic receptor 

signaling (Nelissen et al., 2019). Accordingly, α2-adrenergic receptor stimulation was 

shown to inhibit cAMP and close hyperpolarized cyclic nucleotide-gated (HCN) 

channels (Wang et al., 2007b). Vice versa, PDE4 inhibition could enhance cAMP, open 

HCN channels, increase Ih currents and increase the firing rate of AP neurons leading 

to an emetic response. Anesthesia induced by injecting an α2 adrenergic agonist into 

the locus coeruleus, which innervates the AP, of rats could be reversed by rolipram. 

However, pretreatment of a PKA inhibitor blocked the effects of rolipram, suggesting 

emetogenic effects by PDE4 inhibitors are mediated through actions requiring 

cAMP-PKA signaling (Correa-Sales et al., 1992). Moreover, phosphorylation of PKA 

and ERK, downstream kinases of cAMP, was found to be highest during peak emesis 

in AP neurons (Zhong and Darmani, 2017).  

These findings support the notion that PDE4-mediated cAMP signaling and 

its downstream effectors contribute to emetic behavior. Still, the exact mechanism 

underlying these adverse side effects caused by PDE4 inhibitors remains to be 
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resolved. Since the AP may in part be outside of the blood-brain barrier, emetic 

effects can be dependent on both peripheral and central actions (Miller and Leslie, 

1994). Based on the gene deletion and localization studies discussed above, PDE4D 

seems to be involved in central and peripheral actions leading to the induction of 

emesis. However, emetic(-like) effects cannot be attributed entirely to PDE4D as the 

PDE4D-selective inhibitors GEBR32a, V11294A and BPN14770 appear to be well-

tolerated in animals and/or healthy volunteers [NCT02648672][NCT02840279] (Gale 

et al., 2003; Gale et al., 2002; Ricciarelli et al., 2017; Rogers and Giembycz, 1998; 

Sutcliffe et al., 2014). It is likely that multiple PDE4 subtypes and isoforms in different 

bodily tissues contribute collectively to PDE4-associated side effects, as also 

suggested by Richter and colleagues (McDonough et al., 2020a). Hence, subtype- or 

isoform-selective PDE4 inhibitor may yield less severe side effects. As PDE4 subtypes 

and isoforms have non-redundant roles and show specific intracellular localization, 

certain subtypes or isoforms may be specifically involved in mechanisms that 

eventually evoke unwanted effects. The potency of the inhibitor to inhibit these 

particular isoforms would then explain their potency to induce adverse effects. 

However, which exact PDE4 subtypes and isoforms mediate these processes remains 

to be determined. Another explanation may lay in the differential affinities of the 

compound to different PDE4 conformational states. Indeed, correlations have been 

found between the degree of binding HARBS and emetic effects (Christensen et al., 

1998; Duplantier et al., 1996; Hirose et al., 2007). Inhibitors that preferentially target 

LARBS or show no preference would therefore be safer, which is supported by the 

relatively low emetogenicity of cilomilast and roflumilast (Davis et al., 2009). In 

contrast, the PDE4D-selective inhibitor BPN14770 preferentially binds HARBS but 

appears to be well-tolerated in humans [NCT02648672][NCT02840279](Tetra, 2016). 

Although BPN14770 can bind HARBS, its relatively low emetogenicity may be 

explained by its PDE4D-selective inhibition and/or the fact that it acts as a partial 

inhibitor (see section PDE4 inhibitors (Burgin et al., 2010)). Thus, the occurrence of 
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adverse effects may not fully attributed to preferential binding of HARBS or LARBS, 

or to PDE4D-selective inhibition, but rather is more complex involving inhibition of 

specific PDE4 subtypes and/or isoforms in different central and peripheral tissues. 

Thus, it has been shown that it is possible to develop PDE4 inhibitors with 

safer pharmacological profile compared to the prototypical rolipram. In Table 5, an 

overview is provided of several compounds that have been tested for their ability to 

elicit PDE4-associated side effects compared to rolipram. Because of discrepancies 

among studies regarding the type of test, species and administration routes used, 

results can mainly be compared within studies using the same procedures. Table 5 

indicates that multiple PDE4 inhibitors induce emetic and emetic-like effects at doses 

more than 30-fold of those induced by rolipram (e.g. CT-2450 and D159687), whilst 

some compounds require lower doses than rolipram (e.g. PMNPQ and D157140). 

Since adverse side effects are often assessed in non-primate species (e.g. mice, rats, 

dogs and ferrets), it should be considered that these tests do not accurately reflect 

the potential emetic effects of PDE4 inhibitors that exploit the primate PDE4D-

specific phenylalanine in the UCR2 region. In addition, rodents cannot vomit and 

therefore require an indirect emesis test like the xylazine/ketamine test or pica 

feeding test. Despite the fact that several compounds can be used safely at higher 

doses than rolipram, their therapeutic potential is also dependent on the doses 

required for the desired therapeutic effect. As such, the eventual therapeutic 

windows of these compounds, i.e. the range of doses that elicit therapeutic, yet no 

adverse, effects may still be similar to those of rolipram for a specific disease 

indication. Nevertheless, a wide variety of PDE4 inhibitors has been developed with 

improved affinities to specific subtypes and/or conformational states (Tables 2-4) 

and minimized emetogenicity compared to rolipram (Table 5). Thus, to establish 

safer and more efficacious PDE4 inhibition for a disease, it should be determined 

which PDE4 subtypes, isoforms, or conformations have to be targeted to determine 

which inhibitor displays the broadest therapeutic window. 
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D. Strategies to minimize PDE4-mediated adverse side effects 

 Although PDE4 inhibition can produce several adverse side effects as 

described above, multiple strategies can be exploited to minimize or prevent these 

unwanted responses while retaining efficacy. Most notably, more selective inhibition 

of PDE4 forms may be pursued to improve treatment efficacy and/or avoid inhibiting 

PDE4 forms mediating adverse side effects. Regardless, a mechanistic understanding 

of which PDE4 subtypes, isoforms and/or conformational states mediate adverse 

effects will aid in the development of new-generation PDE4 inhibitors that then 

should actually avoid potently inhibiting these forms. Several PDE4 inhibitors already 

exist that preferentially bind non-conserved amino acids and different 

conformational states (see Table 4). Moreover, partial inhibitors may provide a safer 

pharmacological profile compared to full inhibitors through distinct potencies for 

different PDE4 conformations and/or subtypes (Gurney et al., 2011). In case PDE4 

inhibition is desired in peripheral organs rather than the central nervous system, 

PDE4 inhibitors with limited brain penetrance may minimize the occurrence of side 

effects that are mediated through central actions (Aoki et al., 2001a). Likewise, 

depending on the target organ, a particular route of administration can be chosen 

to minimize systemic exposure (e.g. intranasal or topical administration, or via 

inhalation) (Tralau-Stewart et al., 2011). More precise targeting of PDE4 inhibitors has 

also been achieved by using inhibitor-antibody conjugates, which are internalized 

specifically by cells that express the antibody’s antigen (Yu et al., 2016). Systemic 

exposure can also be minimized by using PDE4 inhibitors that are quickly degraded, 

as recently reported (Larsen et al., 2020). 

 Finally, combination treatments may reduce the severity of PDE4-mediated 

side effects. For example, it has been described that diarrhea caused by high doses 

of roflumilast can be attenuated when paired with a cyclooxygenase inhibitor (Peter 

et al., 2011). Furthermore, inhibition of different PDE families (e.g. PDE4 and PDE5 or 

PDE2 and PDE4) can produce synergistic effects which enables to use lower doses, 

with reduced chances of adverse effects, to produce the same treatment effect 
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(Bollen et al., 2015; Gulisano et al., 2018; Paes et al., 2020b). Lastly, the treatment of 

certain diseases, in which cAMP elevation is desired, may benefit from dual 

PDE4/PDE7 inhibitors which may subsequently reduce PDE4-selective inhibition and 

its associated side effects (Rucilova et al., 2020; Sharma et al., 2019). 
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Table 5. PDE4 inhibitors tested for their potential to induce emesis-like behavior (rodents) or emesis compared to rolipram 

Compound 

 

Emetic(-like) 

dose (µg/kg) 

Emetic(-like) dose 

ratio to rolipram 

Adm. route Species Test Study 

Rolipram 300 - IP mouse xylazine/ketamine/ anaesthesia test (Vanmierlo et al., 2016) 

Roflumilast 3000 10     

R-rolipram 100 - SC mouse xylazine/ketamine/ anaesthesia test (Robichaud et al., 2002b) 

S-rolipram 1000 10     

PMNPQ 1 0.01     

CT-2450 >30,000 >300     

Rolipram 100 - IV mouse xylazine/ketamine/ anaesthesia test (Burgin et al., 2010) 

D157140 10 0.1     

D158681 >1000 >10     

D159153 100 1     

D159382 30 0.3     

D159404 >3000 >30     

D159687 >3000 >30     

Rolipram 30 - SC mouse xylazine/ketamine/ anaesthesia test (Ricciarelli et al., 2017) 

GEBR32a >3000 >100     

Rolipram 30 - SC mouse xylazine/ketamine/ anaesthesia test (Bruno et al., 2011) 

GEBR7b 300 10     

Rolipram 500 - IG mouse xylazine/ketamine/ anaesthesia test (Zhou et al., 2017) 

10j >1500 >3     

Rolipram 800 - PO dog emesis incidence (Zhou et al., 2017) 

10j >800 >1     
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Compound 

 

Emetic(-like) 

dose (µg/kg) 

Emetic(-like) dose 

ratio to rolipram 

Adm. route Species Test Study 

Rolipram 400 - PO rat pica feeding (Davis et al., 2009) 

Roflumilast 1570 >3.5     

Cilomilast 6410 >16     

EPPA-1 24260 >60     

Rolipram 500 - PO dog emesis incidence (Zhang et al., 2013) 

Chlorbipram >1000 >2     

Chlorbipram HCl >1070 >2     

Rolipram <100 - PO dog emesis incidence (Nose et al., 2016) 

Roflumilast 500 >5     

GPD-1116 1000 >10     

Rolipram 3000 - PO ferret emesis incidence (Aoki et al., 2001b) 

YM976 30000 10     

RP73401 3000 1     

CPP840 30000 10     

Rolipram 10000 - PO ferret emesis incidence (Gale et al., 2003) 

V11294 >30000 >3     

Rolipram 40 - IP mouse acute gastric retention measurement (McDonough et al., 2020a) 

Piclamilast 200 5     

YM976 1000 25     

Abbreviations: Adm. route, administration route; IP, intraperitoneal; IV, intravenous; SC, subcutaneous; IG, intragastric; PO, per os. 
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V. OUTLOOK 

As important regulators of cAMP signaling in the entire body, the PDE4 

enzyme family presents an interesting and promising pharmacological target in a 

broad range of disease areas. Accordingly, PDE4 inhibition has preclinically shown 

therapeutic potential for many diseases, yet its non-selective inhibition is associated 

with severe adverse effects which has seriously hampered its translation to the clinic. 

To increase efficacy and avoid adverse effects more selective targeting is required. 

This is actually possible as PDE4 enzymes consists of multiple similar, but different, 

subtypes that each comprise different isoforms. In this review it is summarized how 

these subtypes and isoforms can, through PDE4-inherent regulation, post-

translational modifications, and interactions with other proteins, adopt different 

conformational states to which PDE4 inhibitors can selectively bind. Since PDE4 

subtypes and isoforms are expressed in specific tissue-, cell type-, and intracellular 

expression patterns, selective PDE4 subtype/isoform inhibition will enable a more 

directed modulation of cAMP signaling in the target organ of interest. To further 

improve PDE4 inhibitor treatment efficacy and safety, it should also be investigated 

which PDE4 subtypes and isoforms contribute most to the organ’s disease-specific 

aberrant cAMP signaling. Additionally, upon PDE4 specification, the conformational 

state of these enzymes in their disease context would have to be determined to 

choose or develop the most efficacious inhibitors (Figure 5). Consequently, it is 

crucial to determine preferential binding of PDE4 inhibitors to specific subtypes, 

isoforms and conformations rather than testing their affinity towards PDE4 catalytic 

domains only. Moreover, a deeper insight into the mechanisms underlying PDE4-

mediated unwanted effects in organs is also warranted to facilitate the development 

and use of safe PDE4 inhibitors to treat diseases. In conclusion, specification and 

subsequent selective inhibition of PDE4 subtypes, isoforms or conformations grants 

the opportunity to effectively and safely modulate aberrant cAMP signaling in a 
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myriad of diseases. This will increase the chance of success of more PDE4 inhibitors 

reaching the patient eventually. 

 

Figure 5. PDE4 as a pharmacological target in a variety of disease areas. In a broad range 

of diseases PDE4 inhibition shows therapeutic potential. Non-selective PDE4 inhibition is 

associated with adverse effects, but the existence of PDE4 subtypes (PDE4A-D) and associated 

isoforms allows for more specific targeting. PDE4 subtypes and isoforms can undergo 

conformational changes upon post-translational modifications and interactions with partner 

proteins. PDE4 inhibitors can display different affinities towards PDE4 subtypes, isoforms and 

conformations. Disease-specific determination of which PDE4 isoform(s) should be inhibited 

will facilitate the development of safe and efficacious PDE4 inhibitors. Abbreviations: P, 

phosphorylation; SUMO, SUMOylation. This figure was created with BioRender.com.  
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Supplementary Table 1 

Human 

isoform 

Reference Rodent 

isoform 

Reference Comments 

PDE4A8 (Mackenzie et al., 2008) Pde4a8 (Bolger et al., 1996) homology at the nucleotide level, but encoding proteins with different N-termini 

PDE4A4 (Mackenzie et al., 2008) Pde4a5 (Naro et al., 1996) human isoform is named PDE4A4 whilst rodent equivalent is named PDE4A5 

PDE4A11 (Wallace et al., 2005) Pde4a11 (Wallace et al., 2005) 
 

PDE4A10 (Rena et al., 2001) Pde4a10 (Rena et al., 2001) 
 

PDE4A1 (Sullivan et al., 1998) Pde4a1 (Olsen and Bolger, 2000) 
 

PDE4A7 (Johnston et al., 2004) x x dead-short isoform, not (yet) identified in rodents 

x x Pde4a7 (Naro et al., 1996) long form found in rat testis, not (yet) characterized in human 

PDE4B1 (Bolger et al., 1993) Pde4b1 (Huston et al., 1997) 
 

PDE4B3 (Huston et al., 1997) Pde4b3 (Huston et al., 1997) 
 

x x Pde4b4 (Shepherd et al., 2003) not (yet) identified in humans, but a protein of similar weight as rodent PDE4D4 

has been detected in immunoblots of human brain tissue (Fatemi et al., 2008) 

PDE4B2 (McLaughlin et al., 1993) Pde4b2 (Swinnen et al., 1991) 
 

PDE4B5 (Cheung et al., 2007) Pde4b5 (Cheung et al., 2007) 
 

PDE4C1 (Engels et al., 1995) x x only partial clones have been obtained of rat PDE4C (Owens et al., 1997) 

PDE4C2 (Owens et al., 1997) x x only partial clones have been obtained of rat PDE4C (Owens et al., 1997) 

PDE4C3 (Obernolte et al., 1997) x x only partial clones have been obtained of rat PDE4C (Owens et al., 1997) 

PDE4D7 (Wang et al., 2003) Pde4d7 (Richter et al., 2005) 
 

PDE4D4 (Bolger et al., 1997) Pde4d4 (Richter et al., 2005) 
 

PDE4D5 (Bolger et al., 1997) Pde4d5 (Richter et al., 2005) 
 

PDE4D3 (Bolger et al., 1997) Pde4d3 (Richter et al., 2005) 
 

PDE4D8 (Wang et al., 2003) Pde4d8 (Richter et al., 2005) 
 

PDE4D9 (Gretarsdottir et al., 2003) Pde4d9 (Richter et al., 2005) 
 

x x Pde4d11 (Lynex et al., 2008) identical human genomic sequence identified in silico but not validated in vitro 

on the mRNA or protein level 

PDE4D1 (Bolger et al., 1997) Pde4d1 (Richter et al., 2005) 
 

PDE4D2 (Bolger et al., 1997) Pde4d2v2 (Chandrasekaran et al., 2008) 
 

x x Pde4d2v1 (Chandrasekaran et al., 2008) different 5'UTR sequence to PDE4D2v2, but same coding sequence as PDE4D2; 

not (yet) identified in humans 

x x Pde4d2v3 (Chandrasekaran et al., 2008) different 5'UTR sequence to PDE4D2v2, but same coding sequence as PDE4D2; 

not (yet) identified in humans 

x x Pde4d10 (Chandrasekaran et al., 2008) probably non-existing in humans 

PDE4D6 (Wang et al., 2003) Pde4d6 (Richter et al., 2005) 
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ABSTRACT 

Pharmacological phosphodiesterase 4D (PDE4D) inhibition shows therapeutic 

potential to restore memory function in Alzheimer’s disease (AD), but will likely evoke 

adverse side effects. PDE4D encodes multiple isoforms and therefore targeting of 

specific PDE4D isoforms may improve treatment efficacy and safety. Here, we 

investigated whether PDE4D isoform expression and PDE4D DNA methylation is 

differentially affected in AD and whether expression changes are associated with 

severity of pathology and cognitive impairment. In post-mortem temporal lobe brain 

material from AD patients (n=42) and age-matched controls (n=40), we measured 

PDE4D isoform expression and PDE4D DNA (hydroxy)methylation using qPCR and 

Illumina 450k Beadarrays, respectively. Linear regression revealed increased 

expression of PDE4D1, -D3, -D5 and -D8 in AD cases with concurrent 

(hydroxy)methylation changes in associated promoter regions. Moreover, increased 

PDE4D1 and -D3 expression was associated with higher levels of tau and plaque 

pathology, higher Braak stages and more severe cognitive impairment. Future 

studies should indicate functional roles of specific PDE4D isoforms and the efficacy 

and safety of their selective inhibition to restore memory function in AD. 
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INTRODUCTION 

Impaired memory function in Alzheimer’s disease (AD) patients has a 

debilitating effect on daily activities and, consequently, negatively affects the quality 

of life of patients, their caretakers, and family (Schneider et al., 1999). The second 

messenger cyclic adenosine monophosphate (cAMP) is crucial in the molecular 

signaling cascades underlying memory function (Kandel, 2012). Intracellular cAMP 

levels are mainly controlled through degradation by the phosphodiesterase 4 (PDE4) 

enzyme family (Houslay, 2010). Accordingly, previous studies have shown that PDE4 

inhibition can improve memory consolidation processes in rodents (Vanmierlo et al., 

2016). In humans, the PDE4 inhibitor roflumilast was found to enhance verbal 

learning in young adults and old healthy volunteers (Blokland et al., 2019; Van Duinen 

et al., 2018). Thus, PDE4 inhibition seems to hold clinical potential as a treatment to 

enhance memory functioning. The therapeutic potential in AD is supported by the 

finding that PDE4 inhibition can restore memory impairments induced by intra-

hippocampal injections with amyloid β in rats (Cheng et al., 2010). Moreover, in a 

mouse model of tauopathy, the number of tau aggregates was reduced after 

administration of the non-selective PDE4 inhibitor rolipram (Myeku et al., 2016). 

Despite these promising results, progression of new PDE4 inhibitors into the clinic is 

hampered by the occurrence of dose-limiting side effects; mainly nausea and emesis. 

More selective inhibition of PDE4 subtypes or isoforms may circumvent these 

adverse effects. In the present study, we investigated whether expression regulation 

of PDE4D isoforms is altered in AD brain material to identify potential targets for 

more selective PDE4 inhibition. The PDE4 family consists of four genes (PDE4A-D) of 

which PDE4D seems to be mostly involved in the modulation of cognitive functions 

(Zhang et al., 2017). Hence, inhibitors selective for PDE4D have been developed to 

investigate their cognition-enhancing potential. These new selective PDE4D 

inhibitors have been found to enhance memory performance in rodents, including 

models of AD (Ricciarelli et al., 2017; Zhang et al., 2018). The procognitive effects of 
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PDE4D-specific inhibition are supported by PDE4D knock-down studies (Baumgartel 

et al., 2018). The memory-enhancing potential of PDE4D inhibition has also been 

tested in Phase I clinical trials (ClinicalTrials.gov Identifier: NCT02648672 and 

NCT02840279) and currently, preparations are under way to initiate a Phase II trial in 

patients with early-stage AD (ClinicalTrials.gov Identifier: NCT03817684). Notably, 

PDE4D inhibition is also hypothesized to induce emetic side effects given its 

expression in brain areas involved in emesis, i.e. the area postrema, and based on 

gene deletion studies (Mori et al., 2010; Robichaud et al., 2002). The human PDE4D 

gene gives rise to multiple protein isoforms, i.e. PDE4D1-9, through alternative 

promoters and alternative splicing. These isoforms regulate a multitude of different 

processes and are localized to specific compartments within the cell owing to specific 

amino acids in the N-terminal domain (Houslay, 2010; Houslay et al., 2007). Hence, 

by inhibiting specific PDE4D isoforms, it can be argued that memory-enhancing 

effects could be retained without evoking side effects (Schepers et al., 2019). Despite 

the potential of PDE4D isoform-specific inhibition as a safe and efficacious treatment 

strategy in AD, the role of PDE4D isoforms in the context of specific brain functions 

or AD has only sporadically been described (McLachlan et al., 2007; Perez-Torres et 

al., 2000; Ugarte et al., 2015).  

PDE4D isoforms showing high or increased expression in AD could be 

interesting targets, as these isoforms may contribute largely to cAMP hydrolysis and 

consequently impede memory functioning. PDE4D isoform expression is likely 

controlled by epigenetic mechanisms to regulate e.g. isoform-specific promoter 

accessibility. Previous research indicated that epigenetic modifications at the histone 

level influence promoter accessibility in the PDE4D gene and consequently affect 

isoform-specific expression in vascular smooth muscle cells (VSMCs) (Tilley and 

Maurice, 2005). At the nucleotide level, epigenetic processes can reversibly influence 

transcription through conversion of unmethylated cytosines (UC) into methylated 

(5mC) or hydroxymethylated (5hmC) cytosines. Specific changes in DNA methylation 
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and hydroxymethylation have previously been associated with AD (Smith et al., 2019). 

Recently, PDE4D was found those genes displaying differentially methylated in AD in 

an epigenome-wide association study (Lardenoije et al., 2019).  

To investigate whether PDE4D isoform expression is altered in AD and 

whether this is associated with epigenetic changes at specific positions in the PDE4D 

gene, we established PDE4D expression and epigenetic profiles of human post-

mortem brain material of AD patients and age-matched controls. Since AD is a 

progressive disease, we also explored whether changes in expression were 

associated with region-specific plaque and tau load, Braak stage and the degree of 

cognitive impairment.  

 

METHODS 

Brain material and study cohort 

Informed consent was obtained from all individual participants included in 

the study. Human post-mortem brain material from the middle temporal gyrus 

(MTG) of AD patients and neurologically healthy controls was obtained from the 

Banner Sun Health Research Institute (BSHRI) in Sun City, AZ, USA. For every sample 

information on Mini-Mental State Examination (MMSE) score (Folstein et al., 1975), 

gender, age, post-mortem interval (PMI), APOE ε4 possession, amyloid-β plaque 

load, tau tangle load, Braak stage and diagnosis was documented and tissue was 

prepared by standardized procedures (Beach et al., 2015). Braak staging was 

evaluated as previously described (Braak and Braak, 1991). AD diagnostic criteria 

followed guidelines for the National Institute on Aging (NIA)-Reagan Institute criteria 

(The National Institute on Aging, and Reagan Institute Working Group on Diagnostic 

Criteria for the Neuropathological Assessment of Alzheimer's Disease, 1997) 

combined with clinical diagnosis reports. Samples collected after a PMI of more than 

5 hours and samples from patients with comorbidities were excluded. A total of 82 
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samples were included from AD patients (n=42) and age- and gender-matched 

neurologically healthy controls (n=40) with an average PMI of 2.8 hours. For 

subsequent analysis investigating associations between expression and MMSE score, 

cases for which cognitive performance in the MMSE was assessed longer than 36 

months before death were excluded, leaving a subset of 41 cases. A detailed 

description of the cohort demographics can be found in Table 1. 

Table 1. Demographic characteristics of the cohort 

 

RNA isolation, cDNA synthesis and qPCR 

Total RNA was isolated from frozen MTG tissue using the TRIzol® Plus RNA 

Purification Kit (Life Technologies, Carlsbad, CA) following the manufacturer’s 

protocol. Isolated RNA pellets were dissolved in RNAse-free water and assessed for 

quantity and quality (average RIN: 9.1) using a Nanodrop ND-1000 

spectrophotometer (Thermo Scientific, DE, USA) and Bioanalyzer (Agilent). Then, 

cDNA was synthesized using the Revert Aid First Strand Synthesis Kit (Thermo 

Scientific, Landsmeer, Netherlands) according to the manufacturer’s protocol.  

TaqMan based qPCR primers were used for the following PDE4D isoforms: 

PDE4D2, PDE4D4, PDE4D5, PDE4D6, PDE4D8 and PDE4D9 (Applied Biosystems, 

Foster City, California, USA). PDE4D2 could not be detected. Primers were designed 

for PDE4D1, PDE4D3 and PDE4D7 as no TaqMan-based qPCR primers were available 

for these isoforms (SIGMA Life Science). Housekeeping gene expression of EIF4A2 

and TOP1 showed the most stable expression based on geNorm criteria and was 

Characteristic Non-demented controls AD patients 

Gender (male/female) 20/20 19/23 

APOE ε4 (present/absent) 9/31 27/15 

Braak stage (I-II/III-IV/V-VI) 16/24/0 0/14/28 

Age mean (SD) 84.3 (5.81) 85.1 (6.49) 

PMI mean (SD) 2.77 (0.75) 2.75 (0.73) 
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used for normalization (Vandesompele et al., 2002). TaqMan probe and primer 

sequences are listed in Table 2. TaqMan based qPCR was performed using TaqMan 

Assay 20x and TaqMan Universal Master Mix II, with UNG 2x (Applied Biosystems, 

Foster City, California, USA) following the manufacturer’s protocol. For qPCR using 

primers, SensiMix 2X (Bioline), was used according to the manufacturer’s protocol. 

All reactions were performed using 6 ng cDNA on a LightCycler 480 (Roche).  

Table 2. TaqMan probe and primer sequences. 

Isoform Forward primer (5’-3’) Reverse primer (5’-3’) 

PDE4D1 AGAACTGAGTCCCCCTTTCC TGAGCTCCCGATTAAGCATC 

PDE4D3 CCACGATAGCTGCTCAAACA GTGCCATTGTCCACATCAAA 

PDE4D7 GAACATTCAACGACCAACCA TTCCGGGACATAGACTTTGG 

EIF4A2 GGTCAGGGTCAAGTCGTGTT CCCCTCTGCCAATTCTGTGA 

TOP1 CCCTGTACTTCATCGACAAGC CCACAGTGTCCGCTGTTTC 

Isoform TaqMan probe sequence (5’-3’) TaqMan Assay ID 

PDE4D2 TCCGAGCATGGCGGGAGGAGGCCTA Rn01494075_g1 

PDE4D4 TTCCAGGGACTCAGGCGTTTTGATG Hs01588302_m1 

PDE4D5 CACATACATGTTTTGATGTGGACAA Hs01588303_m1 

PDE4D6 ATAAAGTTTAAAAGGATGCTTAATC Hs01572151_m1 

PDE4D8 GTTTCTCAAAGTCCTACAGTTTTGA Hs00938323_m1 

PDE4D9 GCAGTTTGTTTTGATGTGGACAATG Hs01572149_m1 

 

Tissue preparation for (hydroxy)methylomic profiling 

DNA was isolated from the MTG at the BSHRI. From 81 of the 82 subjects, a 

total of 76 mg of frozen tissue was obtained(Beach et al., 2015). Tissue was digested 

at 55oC in lysis buffer (100 mM Tris HCl pH 8.5, 200 mM NaCl, 5 mM EDTA, 100 µg/ml 

Proteinase K [Sigma-Aldrich, St. Louis, Missouri, USA], and 0.2% SDS) and 

homogenized in a pellet mixer (Kontes). After addition of RNase (Qiagen, Valencia, 
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California, USA), DNA was isolated by means of phenol/chloroform (Sigma) 

extraction followed by ethanol precipitation and resuspension in TE buffer (pH 8.0). 

Ultimately, DNA samples were quantified and checked for purity by means of 

spectrophotometry. 

 

Oxidative bisulfite conversion and DNA (hydroxy)methylation assay 

The (oxidative) bisulfite conversion procedures and HumanMethylation450 

BeadChip array were carried out at ServiceXS (ServiceXS B.V., Leiden, the 

Netherlands), in accordance to the manufacturer’s protocols and as described 

previously (Lardenoije et al., 2019). Briefly, A TrueMethylTM 24 kit version 2.0 by 

CEGXTM (Cambridge Epigenetix Limited, Cambridge, UK) was used to convert the 

isolated genomic DNA (gDNA) by bisulfite (BS) or oxidative bisulfite (oxBS) 

treatments to detect and localize 5mC and 5hmC marks at single-base resolution. 

Before conversion, gDNA quality was assessed using a PicoGreen assay (Invitrogen, 

Carlsbad, California, USA) and high molecular weight gDNA (HMW-gDNA) was 

quantified by gel-electrophoresis. Upon purification and denaturation, HMW-gDNA 

(0.5 µg per treatment) was used for DNA oxidation or mock DNA oxidation 

treatments followed by bisulfite conversion. DNA yield was assessed by Qubit ssDNA 

assay (Invitrogen) and qualitative assessment of 5hmC oxidation and bisulfite 

conversion was performed using a restriction quality control. Then, 8 µl of each DNA 

sample was used for amplification and hybridization on the HumanMethylation450 

BeadChip (Illumina, Inc., San Diego, CA, U.S.A.) according to the Illumina ‘Infinium II 

Methylation Assay Manual’ protocol. Eventually, the Illumina iScan was used to scan 

the samples. 

 

Processing of DNA (hydroxy)methylation assay data 

For (hydroxy)methylomic profiling, data was processed and analyzed using 

R statistical programming language (version 3.5.3)(R Development Core Team, 2019) 

and RStudio (version 1.2.1335)(RStudio Team, 2019). The minfi package (version 
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1.28.4) was used to load raw IDAT files from the Illumina iScan(Aryee et al., 2014). 

Probes that cross-hybridize, locate to X and Y chromosomes and probes binding 

within 10 bp of a common SNP location were removed (Chen et al., 2013). Remaining 

probes were filtered using the ‘pfilter’ function of the wateRmelon package (version 

1.26.0) (6,414 probes were removed)(Pidsley et al., 2013). Data from 397,160 

remaining probes were split into two sets of beta values according to the oxBS and 

BS arrays, representing 5mC and 5mC+5hmC, respectively. These data were dasen 

normalized using the wateRmelon package (Pidsley et al., 2013). The maximum 

likelihood methylation levels (MLML) method was used, by means of the ‘MLML’ 

function within the MLML2R package (version 0.3.2), to calculate the proportions of 

5mC, 5hmC and UC by combining the signal from the BS and oxBS arrays as 

input(Kiihl et al., 2019; Qu et al., 2013). Subsequently, probes showing either a 5hmC 

value of zero in at least half of the cases or BS beta value lower than 0.1 were filtered 

out (112,697 5hmC values were excluded). Data distributions of raw and normalized 

beta values per sample were visualized in boxplots and density plots to identify 

outliers (3 samples were excluded due to clear deviation from the other samples; 

data not shown). Data were processed again upon removal of these outliers.  

After data processing, 78 samples remained, with 397,160 remaining probes 

for 5mC and UC, and 284,463 5hmC probes. Data were split into two sets of beta 

values according to the oxBS and BS arrays, representing 5mC and 5mC+5hmC, 

respectively. 

 

Statistical Analysis 

Raw expression data from the LightCycler 480 were analyzed using 

LinRegPCR to determine logarithmic fluorescence values at cycle zero (Ruijter et al., 

2009). qPCR reactions that did not show fluorescent signal amplification were 

excluded from further analysis. Logarithmic fluorescence values were normalized 
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against the average expression of reference genes TOP1 and EIF4A2. Normalized 

data followed a Gaussian distribution and were used for statistical analysis. 

For expression data, linear regression analyses were performed using IBM 

SPSS Statistics for Windows, Version 25.0 (IBM Corp., Armonk, United States) with 

normalized starting fluorescence values per isoform as dependent variable and 

diagnosis (control = 0,  AD = 1, respectively), plaque load in the temporal lobe (0-3), 

tangle load in the temporal lobe (0-3), Braak stage level (Braak I-II =0, Braak III-IV = 

1, and Braak V-VI = 2) or MMSE score (0-30) as independent variable. Age, gender, 

PMI, APOE ε4 possession and qPCR plate were included as covariates. 

Unstandardized regression coefficients were exponentially transformed to calculate 

the fold expression change in AD. P values were Bonferroni-corrected by multiplying 

P values by the number of dependent variables (i.e. expression of isoforms) tested 

per model, and values smaller than 0.05 were considered statistically significant. 

For (hydroxy)methylomic data, a surrogate variable (SV) analysis was done 

with the sva package (version 3.30.1)(Leek et al., 2012) on an initial linear regression 

model with beta values as dependent variable, diagnosis as independent variable, 

and age, gender, PMI and APOE ε4 possession as covariates. To adjust for 

unobserved confounders, the first five SVs of the SV analysis were included in the 

regression model. Linear regression was performed using the limma package 

(version 3.38.3)(Ritchie et al., 2015). Adjustment for bias and inflation of test statistics 

was done with the bacon package (version 1.10.1)(van Iterson et al., 2017). To explore 

whether isoform-specific expression changes could be mechanistically explained by 

specific epigenetic changes, only probes that locate closest to PDE4D isoform 

promoters showing significant expression changes (i.e. PDE4D1, -D3, -D5 and -D8) 

were selected (24 probes). Nominal significance for DNA methylation changes 

between AD cases and controls was set at P-value < 0.05. Diagnosis-associated 

methylation changes were investigated further by follow-up linear regression 

analyses using the same model, but instead of diagnosis, using plaque load in the 
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temporal lobe (0-3), tangle load in the temporal lobe (0-3), Braak stage level (Braak 

I-II =0, Braak III-IV = 1, and Braak V-VI = 2) or MMSE score (0-30) as predictor 

variable. False discovery rates (FDR) for these predictors’ P values were determined 

by the Benjamini-Hochberg procedure. 

RESULTS 

Increased PDE4D isoform expression in Alzheimer’s disease 

Linear regression analyses revealed that AD diagnosis was significantly 

associated with increased expression levels of PDE4D1, -D3, -D5, and -D8, in the 

range of 2.56-3.85 fold increased expression (P < 0.05; Table 3).  

Table 3. PDE4D isoform expression in MTG tissue from AD patients compared to controls. 

Isoform 

expression 

N Diagnosis 

standardized coefficient 

P-value 

Bonferroni-corrected 

Fold change 

in AD 

PDE4D1 82 0.383 0.013 2.99 

PDE4D3 82 0.435 0.002 3.85 

PDE4D4 67 0.259 0.487 2.14 

PDE4D5 67 0.356 0.040 2.56 

PDE4D6 77 0.267 0.257 2.90 

PDE4D7 82 0.309 0.091 2.82 

PDE4D8 62 0.394 0.045 3.85 

PDE4D9 77 0.249 0.212 2.24 

Linear regression analyses were performed according to the following formula: Expression = Intercept + Diagnosis + 

Gender + Age + APOE ε4 possession + PMI + qPCR plate. Significance levels are Bonferroni-corrected for the number of 

dependent variables tested. P values and fold changes are rounded to three and two decimals, respectively.  
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Differential epigenetic signatures in PDE4D promoter regions in 

Alzheimer’s disease 

As PDE4D was found to be differentially methylated in AD in an epigenome-

wide association study using the same tissue (Lardenoije et al., 2019), as an 

exploratory approach, we investigated whether CpG sites within the promoter 

regions of differentially expressed PDE4D1, -D3, -D5, -D8 were subject to 

methylation differences. Twenty-four of the EWAS assay probes located to these 

promoters and allowed the assessment of the methylation status (5mC, 5hmC or UC) 

of specific CpG sites. Linear regression analyses revealed diagnosis-dependent 

methylation status differences in each of the promoters. The CpG sites for which 

methylation status was associated with diagnosis are shown in Table 4. AD-

associated effects on methylation status appear to be different per promoter region. 

For example, in the PDE4D3 promoter, at position cg13112511, AD diagnosis was 

associated with decreased 5mC (fold change [FC] = .9818, P < 0.05) and increased 

5hmC (FC = 1.0197, P < 0.05) levels. Contrastingly, increased 5mC (FC = 1.0144, P < 

0.01) and decreased 5hmC (FC = .9812, P < 0.05) levels were found in the PDE4D8 

promoter at cg23987137 in AD cases. Within the PDE4D5 promoter, effects with 

opposite directionality were found; increased 5mC and decreased UC levels were 

detected in AD cases at position cg03653541 (5mC: FC = 1.0023, P < 0.05 and UC: 

FC = .9972, P < 0.05), while position cg14784398 indicated decreased 5mC (FC = 

.9958, P < 0.05) and increased UC (FC = 1.0035, P < 0.05) levels. These findings 

suggest that AD is associated with PDE4D DNA (hydroxy)methylation changes that 

are promoter- and site-specific, concomitant with expression changes of the 

corresponding isoforms. 
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Table 4. CpG sites in PDE4D promoter regions showing altered methylation status in AD. 

Promoter N CpG probe Status Fold change in AD Mean t df P-value 

PDE4D1 78 cg19539826 UC 0.9871 0.5871 -2.363 67 0.018 

PDE4D3 78 cg13112511 5mC 0.9818 0.3211 -2.571 67 0.010 

78 cg13112511 5hmC 1.0197 0.0537 2.299 67 0.022 

PDE4D5 78 cg03653541 5mC 1.0023 0.0729 2.402 67 0.016 

78 cg14784398 5mC 0.9958 0.1267 -2.330 67 0.020 

78 cg12519013 5mC 0.9965 0.0849 -1.970 67 0.049 

78 cg14784398 UC 1.0035 0.8722 2.098 67 0.036 

78 cg03653541 UC 0.9972 0.9178 -2.010 67 0.044 

PDE4D8 78 cg23987137 5mC 1.0144 0.3957 2.833 67 0.006 

78 cg23987137 5hmC 0.9812 0.1765 -2.391 67 0.017 

78 cg17584009 5hmC 1.0162 0.2300 1.961 67 0.050 

Linear regressions were performed according to the following formula: Methylation status = Intercept + Diagnosis + Gender + Age + APOE ε4 possession + PMI + five surrogate variables. 

Abbreviations: df, degrees of freedom; UC, unmethylated cytosine; 5mC, 5-methylcytosine; 5hmC, 5-hydroxymethylcytosine. 
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PDE4D isoform expression is associated with AD pathology and 

cognitive impairment 

For isoforms showing different expression between AD and controls (i.e. 

PDE4D1, -D3, -D5 and -D8), linear regression analyses were performed to investigate 

whether expression was associated with the degree of pathology or cognitive 

impairment. Higher levels of plaque pathology in the temporal lobe were associated 

with increased PDE4D1 and -D3 expression (P < 0.05), while tangle pathology in the 

temporal lobe was associated with increased expression of PDE4D1 (P < 0.05), 

PDE4D3 (P < 0.01) and PDE4D5 (P < 0.05; Table 5 and Figure 1). In addition, Braak 

staging associated significantly with increased expression of PDE4D1 (P < 0.05) and 

PDE4D3 (P < 0.001). Additionally, we examined the association between isoform 

expression and the level of cognitive impairment as assessed by the MMSE. Lower 

MMSE scores were significantly associated with increased expression of PDE4D1 (P 

< 0.01), PDE4D3 (P < 0.01) and PDE4D5 (P < 0.05; Table 5 and Figure 1). These results 

indicate that increased expression, of mainly the PDE4D1 and PDE4D3 isoforms, 

correlates with higher pathology levels and more severe cognitive impairment. 

 

Table 5. Association of pathology and cognitive impairment level with PDE4D isoform 

expression. 

Dependent 

variable 

Standardized coefficient per pathology 

variable 

Standardized coefficient 

for MMSE 

Isoform  N Plaque 

load 

Tangle load Braak stage N MMSE 

PDE4D1 82 0.313* 0.352* 0.445* 41 -0.577** 

PDE4D3 82 0.332* 0.374** 0.508*** 41 -0.610** 

PDE4D5 67 0.207 0.344* 0.315 33 -0.475* 

PDE4D8 62 0.211 0.203 0.178 32 -0.448 

Linear regressions were performed according to the following formula: Expression = Intercept + Pathology variable (i.e. 

plaque load, tangle load, Braak) or MMSE + Gender + Age + ApoE allele ε4 possession + PMI + qPCR plate. Cases for 

which MMSE scores were assessed more than 36 months before death were excluded. Significance levels Bonferroni-

corrected for the amount of dependent variables tested; *: p < 0.05, **: p < 0.01, ***: p < 0.001. 
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Figure 1. Association of pathology and cognitive impairment level with PDE4D isoform expression. 

A) Partial regression plots visualizing the associations between PDE4D isoform expression and the degree 

of pathology (plaque and tangle load in the temporal lobe, and Braak stage level) or cognitive impairment 

(MMSE score), corrected for gender, age, ApoE allele ε4 possession, PMI and qPCR plate. Marker types 

reflect the diagnosis status of the cases (blue circles: controls, red squares: AD cases). B) Overview of slope 

values (β) and squared correlation coefficients of the regression lines in the partial regression plots in 

panel A. β values correspond to the unstandardized coefficients of pathology and MMSE variables in the 

regressions according to the formula described in Table 5. Significance levels Bonferroni-corrected for the 

amount of dependent variables tested; *: p < 0.05, **: p < 0.01, ***: p < 0.001.  
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PDE4D promoter methylation is associated with AD pathology and 

cognitive impairment 

The diagnosis-dependent methylation changes as determined in Table 4 

were investigated further for their potential association with the degree of pathology 

or cognitive impairment by means of linear regression analyses. These analyses 

revealed significant associations between methylation status changes and pathology 

or cognitive impairment in accordance to the directionality of changes observed 

between AD cases and controls. In the PDE4D3 promoter, both decreased 5mC 

(hypomethylation) and increased 5hmC (hyperhydroxymethylation) at CpG site 

cg13112511 were found to associate with an increased plaque load and a higher 

Braak stage (Table 6). Contrarily, in the PDE4D8 promoter, increased 5mC and 

decreased 5hmC at position cg23987137 was associated with increased pathology 

levels. Methylation status in the PDE4D5 promoter also associated with levels of 

pathology but the directionality of methylation status change was different per CpG 

site (e.g. cg03653541 shows increased 5mC, whilst cg12519013 shows decreased 

5mC with higher levels of pathology; Table 6). Lastly, lower MMSE scores were 

associated with increased 5mC levels in the PDE4D5 promoter (cg03653541) and 

PDE4D8 promoter (cg23987137).
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Table 6. Significant associations of PDE4D promoter methylation status with pathology and cognitive impairment. 

Promoter CpG probe Status N Variable Fold change Mean t df P-value FDR 

PDE4D3 cg13112511 5mC 78 Plaque 0.9917 0.3211 -2.561 67 0.010 0.017 

  78 Braak 0.9858 0.3211 -2.929 67 0.003 0.008 
 

5hmC 78 Plaque 1.0095 0.0537 2.456 67 0.014 0.042 

   78 Braak 1.0167 0.0537 2.674 67 0.007 0.011 

PDE4D5 cg03653541 5mC 78 Tangle 1.0010 0.0729 2.805 67 0.005 0.025 

  78 Braak 1.0014 0.0729 2.104 67 0.035 0.035 

  39 MMSE 0.9997 0.0732 -3.533 28 <0.001 0.001 

 UC 78 Plaque 0.9984 0.9178 -2.533 67 0.011 0.034 

cg14784398 5mC 78 Tangle 0.9983 0.1267 -2.363 67 0.018 0.030 

  78 Braak 0.9972 0.1267 -2.200 67 0.028 0.035 

 UC 78 Plaque 1.0015 0.8722 2.175 67 0.030 0.044 

cg12519013 5mC 78 Plaque 0.9980 0.0849 -2.612 67 0.009 0.022 

   78 Tangle 0.9985 0.0849 -2.157 67 0.031 0.039 

   78 Braak 0.9973 0.0849 -2.202 67 0.027 0.046 

PDE4D8 cg23987137 5mC 78 Plaque 1.0063 0.3957 2.791 67 0.005 0.026 

  78 Tangle 1.0047 0.3957 2.384 67 0.017 0.043 

  78 Braak 1.0108 0.3957 3.034 67 0.002 0.012 

  39 MMSE 0.9987 0.4035 -4.126 28 <0.001 <0.001  

 
5hmC 78 Plaque 0.9922 0.1765 -2.178 67 0.029 0.044 

  78 Braak 0.9851 0.1765 -2.735 67 0.006 0.019 

Linear regressions were performed according to the following formula: Methylation status = Intercept + Pathology variable (i.e. plaque load, tangle load, Braak) or MMSE + Gender + 

Age + APOE ε4 possession + PMI + five surrogate variables. Cases for which MMSE scores were assessed more than 36 months before death were excluded. Abbreviations: df, degrees 

of freedom; FDR, false discovery rate (Benjamini–Hochberg); UC, unmethylated cytosine; 5mC, 5-methylcytosine; 5hmC, 5-hydroxymethylcytosine. 
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DISCUSSION 

Inhibition of PDE4D has been shown to hold promise as an effective strategy 

to enhance memory in humans (clinical trials NCT02648672 and NCT02840279), but 

is also assumed to contribute to possible emetic side effects upon non-selective 

PDE4 inhibition (Giembycz, 2002; Mori et al., 2010). The PDE4D gene encodes 

multiple isoforms that, e.g. by specific intracellular localization, can regulate different 

compartmentalized pools of cAMP (Houslay et al., 2007). Hence, targeting specific 

PDE4D isoforms may provide a safer and more efficacious treatment strategy to 

alleviate memory deficits in AD without evoking side effects (Schepers et al., 2019). 

To investigate which specific PDE4D isoform(s) is/are altered in terms of expression 

in AD, we established PDE4D isoform expression profiles in post-mortem MTG tissue 

derived from AD patients and healthy non-demented controls by means of isoform-

specific qPCR. 

Regression analyses revealed that AD was associated with increased 

expression of PDE4D1, -D3, -D5 and –D8. Expression of these isoforms was increased 

in the range of 2.56-3.85 fold. Previous studies have indicated that 3-4 fold increased 

PDE4D (isoform) mRNA expression results into similar increases in both PDE4D 

protein expression and PDE4 activity (Levallet et al., 2007; Peter et al., 2007). 

Therefore, the 2.59-3.85 fold expression increases likely increase PDE4 activity. To our 

knowledge, the number of studies investigating PDE4D expression in light of AD is 

limited. Ugarte et al. did not find a difference in overall PDE4D expression in temporal 

lobe material from AD patients (n=7) and controls (n=8) (Ugarte et al., 2015). 

McLachlan et al. investigated hippocampal PDE4D isoform expression in material 

from a single patient with advanced AD and three control cases and found a 2.62-

fold increase in PDE4D1 expression, while the expression of other isoforms was 

reduced or unaffected (McLachlan et al., 2007). Our study, making use of a much 

larger sample size, shows, in addition to a similar increase in PDE4D1 expression, 
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increased expression of PDE4D3, -D5 and –D8. The current findings imply that PDE4D 

expression is affected in AD in an isoform-specific manner.  

Since AD is a progressive disease, we also inspected whether PDE4D isoform 

expression increases with higher degrees of pathology or more severe cognitive 

impairment. Expression of PDE4D1 and PDE4D3 was associated with temporal plaque 

load, temporal tangle load, Braak staging as well as cognitive impairment. PDE4D5 

expression was found to be only associated with temporal tangle load and cognitive 

impairment, while PDE4D8 expression was not associated with any pathology 

measure or cognitive impairment. These findings suggest that mainly PDE4D1 and 

PDE4D3 expression changes as the disease progresses and cognitive impairment 

worsens. The observation that PDE4D3 transcription is increased in presence of 

higher amyloid-β plaque load corresponds to earlier findings. Hippocampal 

injections of Aβ1-42 in mice caused memory deficits and increased protein expression 

of PDE4D3, which was reversed upon non-selective PDE4 inhibition by resveratrol 

(Wang et al., 2016). Interestingly, Oláh et al. found a direct interaction between 

oligomeric Aβ and PDE4D (Olah et al., 2011). Whether this interaction occurs in vivo 

and how this interaction affects PDE4D enzymatic activity remains to be determined. 

From a potentially therapeutic perspective, it would be interesting to identify 

whether inhibition of PDE4D1 and/or PDE4D3 specifically can delay disease 

progression and improve cognitive functioning. 

As the PDE4D gene, with its various isoforms embedded, contains multiple 

promoter regions, epigenetic mechanisms are likely involved in its isoform-specific 

expression regulation, e.g. by influencing promoter accessibility (Maunakea et al., 

2010; Tilley and Maurice, 2005). Here, we found that DNA (hydroxy)methylation 

signatures in the promoter regions of PDE4D1, -D3, -D5 and –D8 were altered in the 

same tissue as used for the expression profiling. Results showed differentially 

methylated CpG sites in these promoters that were associated with AD diagnosis. 

Moreover, methylation status was also associated with the degree of pathology and 
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cognitive impairment for several CpG sites. Various effects were observed, i.e. both 

increased and decreased 5mC, 5hmC and UC levels. Differences in methylation and 

hydroxymethylation can be linked to altered gene expression by affecting the 

binding of transcription factors and chromatin proteins to the DNA (Suzuki and Bird, 

2008; Yin et al., 2017). As such, decreased methylation and increased 

hydroxymethylation in AD in the PDE4D3 promoter might explain, at least in part, 

the observed pathology- and AD-associated increased expression of PDE4D3. In 

contrast, in the PDE4D8 promoter, cg23987137 displayed AD-associated 

hypermethylation and hypohydroxymethylation. However, cytosine methylation can 

have differential effects on transcription factor binding and subsequent gene 

expression. Interestingly, cg23987137 is located 14 nucleotides downstream of an 

AP-1 binding site (Farre et al., 2003). The transcription factor AP-1 is usually described 

as a transcriptional activator, but can also act as transcriptional repressor (Brellier et 

al., 2004). Moreover, it has been shown that methylation adjacent to, but not within, 

the AP-1 binding site can hamper AP-1 binding and consequently induce 

transcription (Fujimoto et al., 2005). Although purely speculative, a similar 

mechanism might affect transcription near the PDE4D8 promoter resulting in 

increased expression upon CpG site hypermethylation. Similarly, epigenetic changes 

observed in the other promoters can, by influencing binding of transcriptional 

activators and repressors, induce increased expression of the associated isoforms. 

Interestingly, increased methylation at cg23987137 PDE4D8 promoter was 

associated with worse cognitive performance whilst PDE4D8 expression did not 

associate with cognitive performance. This discrepancy may suggest that DNA 

methylation may not solely influence expression via its closest located promoter but 

may also regulate expression of other isoforms which do show associations with 

cognitive performance (i.e. PDE4D1, -D3 and –D5). 

The current findings show that in AD, expression of specific PDE4D isoforms 

is altered with concurrent changes (hydroxy)methylation changes in associated 
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promoters of the PDE4D gene. Although PDE4D isoforms locate to specific cellular 

compartments, the role of individual PDE4D isoforms in specific cellular processes is 

still largely unknown. The mouse orthologue of PDE4D1 is reported to localize to the 

nucleus (Chandrasekaran et al., 2008). With 95.6% homology in the N-terminal, 

human PDE4D1 may share a similar localization signal and hence could be involved 

in the regulation of nuclear cAMP levels which may directly affect PKA-CREB 

mediated transcription crucial for memory consolidation(Kandel, 2012). Transgenic 

overexpression of PDE4D1 in specific neurons was found to decrease Ca2+ 

oscillations, which may imply a specific role for this isoform in neuronal firing 

(Yoshida et al., 2003). Increased PDE4D1 expression in AD may therefore decrease 

neuronal firing rates that subsequently impacts neuronal plasticity and memory 

formation processes.  

Specific interactions have been reported between PDE4D3 and A-kinase 

anchoring proteins (AKAPs), e.g., AKAP9 and mAKAPα, through which PDE4D3 can 

locally degrade cAMP pools(Boczek et al., 2019; Terrenoire et al., 2009). Disrupting 

the perinuclear PDE4D3- mAKAPα signaling complex promoted survival and axon 

growth in neurons (Boczek et al., 2019). Vice versa, increased PDE4D3 expression as 

observed in the current study could hamper these effects, thereby likely impairing 

neuronal plasticity and memory processes in AD. 

Similar to PDE4D3-AKAP interactions, the scaffolding protein β-arrestin was found to 

preferentially interact with PDE4D5 (Baillie et al., 2007). β-arrestin is recruited to G-

protein coupled receptors (GPCRs) upon activation, which places PDE4D5 in close 

proximity to sites where cAMP is produced, i.e. close to GPCRs and activated adenylyl 

cyclases that produce cAMP (Baillie et al., 2003; Houslay and Baillie, 2005). Increased 

PDE4D5 levels may therefore excessively degrade cAMP at the site of synthesis. Vice 

versa, downregulation of PDE4D5 may stimulate cAMP signaling, which is supported 

by the interesting finding that knockdown of PDE4D4 or PDE4D5 can improve 

memory performance in mice (MacKenzie et al., 2011; Wang et al., 2013). In addition 
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to cytosolic interactions, it was found that PDE4D5 also regulates cAMP levels in 

nuclear signaling complexes, indicating that a specific isoform can regulate cAMP 

levels in spatially distinct compartments (Clister et al., 2019). 

Regarding PDE4D8, most insights have been gathered through 

cardiovascular research. In cardiomyocytes, PDE4D8 is located near the β1-

adrenergic receptor through a SAP97-mediated interaction and dissociates upon 

receptor stimulation (Fu et al., 2014; Richter et al., 2008). As SAP97 is a synapse-

associated protein that scaffolds multiple receptors, including AMPA receptors 

crucial for memory processes, similar interactions may occur in the brain (Zhang et 

al., 2015). Moreover, PDE4D8 is found to localize in leading-edge structures of 

migrating vascular smooth muscle cells and affects actin organization upon 

overexpression (Raymond et al., 2009). Actin-rich leading edges in neuronal or glial 

cells may also be affected by increased PDE4D8 levels and consequently induce 

dysfunctional migration and growth, possibly contributing to impaired cognitive 

functioning eventually.  

Through their specific localizations, the isoforms PDE4D3, -D5 and -D8 have 

all been reported to modulate downstream signaling of β-adrenergic 

receptors(Baillie et al., 2003; De Arcangelis et al., 2009; Richter et al., 2008). As 

adrenergic signaling is involved in cognitive functioning and can be affected in AD 

(Gannon et al., 2015), changes in expression of PDE4D isoforms may disrupt 

downstream β-adrenergic signaling leading to cognitive dysfunction. In sum, 

upcoming studies will have to indicate isoform-specific roles in memory processes, 

so local cAMP compartments can be targeted and treatment efficacy can be 

increased. 

Lastly, the current findings represent PDE4D isoform expression and DNA 

(hydroxy)methylation in homogenized brain tissue, meaning no conclusions can be 

drawn yet on potential cell type-specific effects. Hence, follow-up studies will have 

to indicate whether the current findings can be linked to changes in specific cell types 
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(e.g., neurons, microglia, astrocytes, oligodendrocytes, endothelial cells). Also, 

whether increased PDE4D expression is causal to or a consequence of worsening 

pathology remains to be specified. Nevertheless, these findings highlight isoform-

specific PDE4D inhibition as a potential strategy to aid in delaying disease 

progression with associated procognitive effects.  

CONCLUSION 

Taken together, regulation of PDE4D transcription is affected in AD as 

indicated by differences in gene (hydroxy)methylation and expression levels. 

Moreover, the specific isoforms PDE4D1 and PDE4D3 show a significant association 

with the degree of pathology and cognitive impairment. In line with the fact that 

PDE4D isoforms regulate specific intracellular processes, this implies that targeting 

specific PDE4D isoforms may provide a more efficacious treatment strategy with less 

adverse effects in different stages of the disease. For this purpose, future studies will 

have to reveal which PDE4D isoforms regulate mechanisms underlying memory 

enhancement and do not show adverse effects upon inhibition in the context of brain 

function in both health and AD. 
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Chapter 4 

Ablation of specific long PDE4D isoforms 

increases neurite elongation and conveys 

protection against amyloid-β pathology 
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ABSTRACT 

Inhibition of phosphodiesterase 4D (PDE4D) enzymes has been investigated 

as a therapeutic strategy to treat memory problems in Alzheimer’s disease (AD). 

Although PDE4D inhibitors are effective in enhancing memory processes in rodents 

and humans, severe side effects may hamper their clinical use. PDE4D enzymes 

comprise different isoforms, which, when targeted specifically, can increase 

treatment efficacy and safety. The role of PDE4D isoforms in AD and in molecular 

memory processes per se has remained unresolved. Hippocampus and prefrontal 

cortex were harvested from APPswe/PS1dE9 transgenic mice. Differences in PDE4D, 

PKA and pCREB protein levels and PDE4 activity were assessed by means of Western 

blot and activity assays, respectively (two-tailed t-test). The effect of amyloid-β 

exposure on PDE4D isoform expression was evaluated using qPCR in the ex vivo 

mouse brain material and in mouse hippocampal neurons. Moreover, using these 

neurons, the effects of the PDE4D-selective inhibitor GEBR32a and PDE4D isoform 

knockdown using CRISPR-Cas9 on neurite outgrowth were assessed, both with and 

without exposure to amyloid-β (Dunnett’s post hoc t-test). We report the 

upregulation of specific PDE4D isoforms in transgenic AD mice and hippocampal 

neurons exposed to amyloid-β. Furthermore, by means of pharmacological inhibition 

and CRISPR-Cas9 knockdown, we demonstrate that inhibition of the long-form 

PDE4D3, -D5, -D7, and -D9 isoforms enhances neuronal plasticity and conveys 

resilience against amyloid-β induced decreases in neuroplasticity in vitro. These 

results indicate that isoform-specific ablation, next to non-selective PDE4D inhibition 

is efficient in promoting neuroplasticity in an AD context. Therapeutic effects of non-

selective PDE4D inhibitors are likely achieved through actions on long isoforms. 

Future research should identify which long PDE4D isoforms should be specifically 

targeted in vivo to improve treatment efficacy and reduce side effects.  
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INTRODUCTION 

Memory consolidation deficits associated with Alzheimer’s disease (AD) 

cause severe impairment in AD patients, and place a tremendous burden on their 

caretakers and family members. Hence, pharmacological interventions that stimulate 

the molecular machinery underlying memory consolidation would improve the 

quality of life of AD patients and people close to them. Cyclic adenosine 

monophosphate (cAMP) plays a pivotal role as second messenger in signaling 

cascades that regulate memory consolidation (Kandel, 2012). Enzymatic degradation 

of cAMP predominantly occurs by phosphodiesterase 4 (PDE4) enzymes (Houslay, 

2010). Consequently, inhibition of PDE4 would promote cAMP signaling and 

associated memory consolidation processes (Blokland et al., 2019a). Accordingly, 

PDE4 inhibition has been found to enhance memory functioning in both rodents and 

healthy humans (Blokland et al., 2019b; Van Duinen et al., 2018; Vanmierlo et al., 

2016). In addition, PDE4 inhibition has shown pro-cognitive effects in AD animal 

models (Ashour et al., 2021; Cheng et al., 2010; Feng et al., 2019; Myeku et al., 2016; 

Schepers et al., 2019; Wang et al., 2020).  

Despite the therapeutic potential of PDE4 inhibitors to restore memory 

functioning in AD, clinical use is hindered due to severe side effects such as nausea 

and emesis (Paes et al., 2021). Interestingly, the PDE4 enzyme family is encoded by 

four genes (PDE4A-D), each producing a sub-family comprising of several isoforms 

(e.g. PDE4D1-9). By specific inhibition of PDE4 sub-families or isoforms rather than 

non-selective PDE4 inhibition, adverse effects may be minimized or prevented (Bhat 

et al., 2020; Blokland et al., 2019a; Paes et al., 2021). The PDE4D subtype has shown 

to be a promising target for memory enhancement. In a recent exploratory study, 

PDE4D expression in blood was found to negatively correlate with cognitive function 

in monozygotic twins (Mohammadnejad et al., 2021). Moreover, PDE4D gene 

variants affect functional brain networks in patients with mild cognitive impairment 

and AD (Xiang et al., 2020). In rodents, inhibition of PDE4D, rather than PDE4B, was 
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found to enhance memory functioning (Zhang et al., 2017). Moreover, in AD mouse 

models, pharmacological inhibition or shRNA-mediated knockdown of PDE4D has 

been reported to restore amyloid-β (Aβ) induced memory deficits (Cui et al., 2019; 

Shi et al., 2021b; Sierksma et al., 2014; Zhang et al., 2014). 

While PDE4D is a promising target to restore AD-associated memory deficits, 

inhibition of the PDE4D sub-family has been associated with the onset of side effects 

similar to those caused by non-specific PDE4 inhibitors when compared to non-

specific PDE4 inhibition (Mori et al., 2010; Paes et al., 2021; Robichaud et al., 2002). 

Hence, even more specific targeting, i.e. of individual PDE4D isoforms, may be 

needed for an efficacious and clinically safe treatment strategy. Previously, we 

reported that PDE4D expression is isoform-specifically altered in post-mortem brains 

of AD patients and that this expression correlates with the degree of pathology and 

cognitive decline (Paes et al., 2020a). Specific PDE4D isoforms may therefore 

contribute more to AD-associated memory deficits and thus be more promising 

pharmacological targets. Strikingly, the different isoforms encoded by the PDE4D 

gene localize to different intracellular compartments and regulate distinct cAMP 

signaling domains (Baillie, 2009; Baillie et al., 2019; Houslay, 2010; Paes et al., 2021). 

Neuronal plasticity, which is modulated by cAMP and involves dynamic neurite 

growth, is crucial for proper memory consolidation (Batty et al., 2017; Mingorance-

Le Meur and O'Connor, 2009). In AD, neuronal plasticity is found to be heavily 

impaired (Mesulam, 1999). Non-selective PDE4 inhibition promotes neuronal 

plasticity and can restore Aβ-induced plasticity impairments (Shrestha et al., 2006). 

Moreover, genetic ablation of PDE4D appears to specifically increase the number of 

neurites in vivo (Shelly et al., 2010). These findings indicate that PDE4D regulates 

cAMP signaling domains involved in neuronal plasticity. Therefore, it is crucial to 

understand which specific PDE4D isoforms control these processes to identify safe 

pharmacological targets for memory enhancement in AD.  
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Here, we investigated how PDE4D isoform expression levels and downstream 

cAMP-PKA-CREB signaling are affected in transgenic AD mouse brains and in Aβ-

exposed mouse hippocampal neurons. Furthermore, by means of pharmacological 

inhibition and CRISPR-Cas9-mediated knockdown, we determined which individual 

PDE4D isoforms regulate neuronal plasticity in vitro and whether ablation of specific 

isoforms can convey resilience against Aβ toxicity.  
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METHODS 

Animals and behavioral testing 

All experimental procedures were approved by the local ethical committee 

of Hasselt University for animal experiments and met governmental guidelines. 

Eighteen female wild-type (C57bl/6 OlaHsd) and twenty-two female transgenic 

Alzheimer mice (APPswe/PS1dE9) were used. Mice were genotyped by PCR analysis 

of ear biopsies. At the age of 7 months, animals were housed individually in standard 

cages on sawdust bedding in an air-conditioned room (about 20°C). They were kept 

under a reversed 12/12 h light/dark cycle (lights on from 20.00 to 08.00) and had free 

access to food and water. Mice were housed and tested in the same room. A radio, 

which was playing softly, provided background noise in the room. The object location 

task and Y-maze spontaneous alterations were performed as previously described 

(Sierksma et al., 2014; Sierksma et al., 2013). 

 

Brain and stomach tissue processing 

Mice were sacrificed by intracardial perfusion using PBS and heparin solution 

for 10 minutes under deep pentobarbital anesthesia (200 mg/kg). Stomachs (n=8 of 

wild-type mice) and brains (n=14/genotype) were removed and hippocampus and 

prefrontal cortex were dissected, snap-frozen in liquid nitrogen and stored at −80 °C 

until further processing. 

 

Cell culture 

Neuro2a (N2a) mouse neuroblastoma (CCL-131™, ATCC, Wesel, Germany) 

and HT22 mouse hippocampal cell lines (kind gift from Dr. Amalia Dolga, 

Rijksuniversiteit Groningen) (Davis and Maher, 1994; Morimoto and Koshland, 1990) 

were cultured in DMEM/F-12 supplemented with GlutaMAX™ (Gibco), 10% fetal 

bovine serum and penicillin/streptomycin. For treatment with GEBR32a (European 

patent EP2907806A1) and/or amyloid-β1-42 (Aβ1-42; AS-24224, Eurogentec), 
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compounds were dissolved in 100% dimethyl sulfoxide (DMSO) and diluted into 

culture medium at a final concentration of 0.1% DMSO. 

 

Brain PDE4 activity 

PDE activity was measured using a radioactive cAMP hydrolysis assay as 

described previously (Marchmont and Houslay, 1980). Specific PDE4 activity was 

determined as pmol cAMP hydrolyzed/min/mg protein as the activity that was 

ablated by inclusion of 10 µM rolipram (PDE4 inhibitor). Background readings were 

determined in control tubes where no protein was added. Background values were 

subtracted before values were normalized to pmol cAMP hydrolyzed/min/mg 

protein. 

 

Quantitative PCR 

RNA was extracted from hippocampal and prefrontal cortical tissue, HT22 

cells (treated with 0.1% DMSO or 1 µM Aβ1-42 for 24h) and mouse stomach tissue 

using standard TRIzol-chloroform procedure (TRIzol, Invitrogen). Subsequently, 

complementary DNA (cDNA) was synthesized using qScript™ cDNA SuperMix 

(QuantaBio) according to the manufacturer’s protocol. Quantitative PCR (qPCR) was 

performed using the primers listed in Table 1 in combination with SensiMix 2X 

(Bioline) according to the manufacturer’s protocol. All qPCR reactions were 

performed in duplicate using 12.5 ng sample cDNA and the LightCycler 480 (Roche). 

The reaction protocol consisted of a polymerase activation cycle (95 °C for 10 min), 

40 amplification cycles (95°C for 15 s, primer-specific annealing temperature (Ta; 

Table 1) for 15 s and 72°C for 15 s), followed by a melting curve cycle (95°C for 5 s 

and 70°C for 1 min) and cooling cycle (40°C for 30 s). Raw expression data from the 

LightCycler 480 were analyzed using LinRegPCR to determine logarithmic 

fluorescence values at cycle zero (Log10 start fluorescence) (Ruijter et al., 2009). qPCR 

reactions that did not show fluorescent signal amplification were excluded from 

further analysis. Logarithmic fluorescence values were normalized against the 
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average expression of the reference genes that showed most stable expression based 

on geNorm criteria (i.e. Ywhaz and Ppia for hippocampus; Ywhaz and 18s for frontal 

cortex; Ppia for HT22; Gapdh and Ppia for stomach) (Vandesompele et al., 2002). 

Normalized data were used for statistical analysis. 

 

Table 1. Primer sequences and annealing temperatures used for qPCR. 

Transcript Forward primer (5’-3’) Reverse primer (5’-3’) Ta (°C) 

Pde4d1 GTCAAGCTGGAGCATCTCAGCC TTCGTAAGCGCTTCACGGG 63 

Pde4d3 GCTCAAACCAGAGTGTTGGG TTCGCAGCTCTTCCGTCATT 58 

Pde4d4 GAGCGCTACCTGTACTGCCG ATGGGATCCAAGGGACTCCG 58 

Pde4d5 AATGGCTCAGCAGACGACAA GGGGAGAGCTTGGGAGAAAC 58 

Pde4d6 AGCTGCTGAATTCCGTTCCA GCCATTCAGGGTGTGGGAAT 58 

Pde4d7 CTCACCACCTGCCCTCAAAT AGGCTCTCCTCACTCTCTCC 58 

Pde4d8 CCAGGACCATCTCCAAGAACTA GCTGTCAGATCGGTACAGGAA 58 

Pde4d9 GTTCCCTGAGGACAACGGAG TGCTTGGAGAATCAGCCCAG 58 

18s ACGGACCAGAGCGAAAGCAT TGTCAATCCTGTCCGTGTCC 55 

Ppia GCGTCTCCTTCGAGCTGTT AAGTCACCACCCTGGCA 55 

Ywhaz GCAACGATGTACTGTCTCTTTTGG GTACACAATTCCTTTCTTGTCATC 49 

Gapdh ACCACAGTCCATGCCATCAC TCCACCACCCTGTTGCTGTA 58 

 

Genetic knockdown of PDE4D isoforms 

Single guide RNAs (gRNA) targeted against murine Pde4d isoform-specific 

DNA sequences (Table 2) were designed with the Zhang‐lab online webtool 

(http://crispr.mit.edu) and  cloned as annealed oligos into the pSpCas9(BB)‐2A‐GFP 

(PX458) vector (kindly provided by Feng Zhang; Addgene plasmid #48138 ; 

http://n2t.net/addgene:48138; RRID:Addgene_48138) as described previously (Ran et 

al., 2013). Briefly, purchased E. coli (Stabl) expressing the PX458 vectors were cultured 

in LBwith 100 ng/μl ampicillin. PX458 vectors were isolated and purified using a 

NucleoSpin Plasmid EasyPure kit (Macherey-Nagel). Purified DNA was quantified 

using a NanoDrop™ 2000 Spectrophotometer (ThermoFisher) and used for 

restriction using the FastDigest BpiI (IIs class) restriction enzyme (FD1014, Thermo 

Scientific). Digestion was validated by means of agarose gel electrophoresis and cut 

vector was excised from the agarose gel using a NucleoSpin Gel and PCR Clean-up 

kit (Macherey-Nagel). Annealed gRNA oligos were ligated into the restricted and 

http://n2t.net/addgene:48138
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purified PX458 vector using T4 DNA Ligase (EL0014, Thermo Scientific). Correct 

incorporation of the gRNA and vector integrity were validated by means of Sanger 

sequencing and restriction analysis. One Shot Stbl3 chemically competent E. coli 

(Invitrogen) were transformed with the ligated vectors by means of heatshock and 

then cultured in ampicillin-containing LB agar plates for subsequent colony selection. 

Colonies were picked and cultured, followed by vector isolation and purification 

using a NucleoBond Xtra Midi EF kit (Macherey-Nagel, Düren, Germany). Purified 

PX458 containing the gRNAs complementary to PDE4D isoform-specific sequences 

were used to transfect HT22 cells using NeuroMag reagent (Oz Biosciences). 

Unrestricted vector with a short scrambled gRNA sequence was used as a negative 

control vector. The expected frameshift frequencies upon CRISPR-induced DNA cuts 

(Table 2) were calculated using the inDelphi machine-learning algorithm established 

by David K. Gifford, Jonathan Yee-Ting Hsu and Max Walt Shen (Shen et al., 2018).  

 

Table 2. Oligonucleotide sequences to be annealed and ligated in the PX458 vector as gRNA 

against PDE4D isoforms. 

Isoform Forward gRNA (5’-3’) Reverse gRNA (5’-3’) Frameshift 

frequency 

Pde4d1 CACCGCATCCGAGCATGGCGGGGTA AAACTACCCCGCCATGCTCGGATG 67,7% 

Pde4d3 CACCGTACATGCAACATAGGAGACG AAACCGTCTCCTATGTTGCATGTAC 89,4% 

Pde4d4 CACCGCCCGGGCGGTCAGCGAAGA AAACTCTTCGCTGACCGCCCGGGC 61,6% 

Pde4d5 CACCGAAGTGGATAATCCGCATGT AAACACATGCGGATTATCCACTTC 61,5% 

Pde4d6 CACCGTATTTATTGTCAGTGTCTTG AAACCAAGACACTGACAATAAATA 80,5% 

Pde4d7 CACCGATCTCGTACGGCGACTTTCT AAACAGAAAGTCGCCGTACGAGAT 85.9% 

Pde4d8 CACCGAGAACTAGAACAAGATTGCG AAACCGCAATCTTGTTCTAGTTCTC 73,7% 

Pde4d9 CACCGGTCTACAAGTTCCCTGAGG AAACCCTCAGGGAACTTGTAGACC 57,5% 

 

Following the functional experiments, a selection of sgRNAs were validated 

for their effective targeting of the predicted site. DNA from HT22 cells was isolated 

with the DNeasy Blood & Tissue kit (Qiagen) according to manufacturer’s 
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instructions. A cell-free cleavage assay was performed using the Guide-It sgRNA In 

Vitro Transcription and Screening System (Takara Bio) according to manufacturer’s 

instructions. Primer sequences and results are described in Supplementary Table 1, 

Supplementary Table 2, and Supplementary Figure 1. 

 

Western blotting 

Mouse hippocampal (HIP) and prefrontal cortex (PFC) tissues were 

homogenised and reconstituted in lysis buffer (25 mM Tris–HCl, 150 mM NaCl, 0.5% 

sodium deoxycholate, 1% NP-40, 1 mM DTT, 0.1% SDS; pH 7.5), supplemented with 

complete protease inhibitor and PhosSTOP phosphatase inhibitor (Roche). Protein 

extracts were diluted in SDS sample buffer (10% SDS, 300mM Tris-HCl, 0.05% 

bromothymol blue, 10% β-mercaptoethanol) and combined to create three 

replicates of 12.5 µg total protein per condition per tissue type. Cell extracts were 

resolved in 4-12% gradient SDS-PAGE and transferred onto nitrocellulose 

membranes (Bio-Rad Laboratories). Membranes were blocked in TBS-based 

Intercept Blocking Buffer (Li-Cor) for 1h at room temperature, followed by incubation 

in Total Protein stain (Li-Cor, 926-11011) to confirm appropriate transfer. Membranes 

were then destained as per manufacturer’s instructions (Li-Cor) and incubated 

overnight in rabbit anti-phosphoCREB (Ser133) (1:1000, #9191, Cell Signaling 

Technology), rabbit anti-CREB (1:1000, #9192, Cell Signaling Technology), rabbit 

anti-PKA phospho-substrate (1:1000, # 9621, Cell Signaling Technology), rabbit anti-

Pan PDE4D (1:3000, Abcam, ab171749) and mouse anti-GAPHD (1:3000, Abcam, 

ab8245) at 4oC, and subsequently incubated with donkey anti-rabbit IRDye 800nm 

(1:10.000, Li-Cor, 926-33213) and donkey anti-mouse IRDye 700nm (1:10.000, Li-Cor, 

926-68072) for 1h at room temperature.  

For western blots of N2a cell extracts, cells were lysed using 3T3 lysis buffer 

(25 mM HEPES, 25 mM EDTA, 50 mM NaCl, 50 mM NAF, 30 mM sodium 

pyrophosphate, 10%  glycerol, 1% Triton-X; pH 7.5) supplemented with protease 

inhibitor mix and PhosSTOP phosphatase inhibitor (Roche). Cell extracts (12.5 µg 
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total protein) were resolved in 10% SDS polyacrylamide gel electrophoresis and then 

transferred onto nitrocellulose membranes (Bio-Rad Laboratories). The membranes 

were blocked (50% Odyssey blocking buffer in PBS; Li-Cor, Lincoln, NE) for 1h at 

room temperature, followed by overnight incubation rabbit anti-phosphoCREB 

(Ser133) (1:1000, #9198, Cell Signaling Technology), mouse anti-CREB (1:1000, 

#9104, Cell Signaling Technology) and mouse anti-GAPDH (1:1,000,000, #10R-

G109A; Fitzgerald Industries, Acton, MA) at 4°C. Membranes were subsequently 

incubated with goat anti-rabbit IRDye 800 (1:10.000, Li-Cor, 926-32211) and donkey 

anti-mouse IRDye 680 (1:10.000, Li-Cor, 926-68072) for 1h at room temperature.  All 

immunoblots were visualized using the Odyssey CLx scanner, and protein bands were 

quantified using ImageJ by means of densitometry (Schneider et al., 2012). 

 

Neuronal morphology assessment 

To assess neuronal morphology of N2a and HT22 cells, cells were seeded in 

24- or 48-wells plates to be treated with GEBR32a and/or Aβ1-42 or to be transfected. 

N2a cells were treated with DMSO or 0.1-1.0 µM GEBR32a for 48h (n=6/condition). 

HT22 cells were incubated with DMSO (n=12/condition) or 0.01-1.0 µM GEBR32a 

(n=6/condition). In another set of experiments, HT22 cells were treated with 0.5-1.0 

µM Aβ1-42 alone and GEBR32a (1 µM) and Aβ1-42 (1 µM) and incubated for 24h 

(n=6/condition). For transfection experiments, HT22 cells were cultivated for 48h 

upon transfection or exposed to 1 µM Aβ1-42 for 24h, one day post-transfection (n=9-

12/condition). To visualize and quantify neuronal morphology, the Neurite 

Outgrowth Staining Kit (A15001, Invitrogen) was used to fix and membrane-stain the 

cells according to the manufacturer’s protocol. Pictures (20x magnification) were 

taken with an Olympus IX81 inverted microscope connected to an ORCA-fusion 

digital CMOS camera (C14440-20UP, Hamamatsu) using the MicroManager open 

source software (Edelstein et al., 2010; Edelstein et al., 2014). Per well, three images 

were captured and used for neurite outgrowth analysis by the NeuronJ plugin for 

ImageJ (Meijering et al., 2004; Schneider et al., 2012). Average neurite length per 
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condition was normalized against the control conditions (i.e. DMSO-treated or 

control-transfected cells). 

 

cAMP determination in cultured cells 

 To evaluate the effect of PDE4D-inhibition by GEBR32a on global intracellular 

cAMP levels, N2a and HT22 cells were seeded in 12 well plates at 106 cells per well. 

Cells were treated with DMSO or GEBR32a 0.01-3 µM (n≥4/condition) and 1 µM of 

the adenylyl cyclase activator forskolin (MedChemExpress, HY-15371) for 1h and 

subsequently lysated in 0.1M HCl. Concentrations of cAMP were measured using the 

Cyclic AMP ELISA Kit (Cayman Chemical Company, 581001) according to 

manufacturer’s instructions. Results are depicted as fold change over DMSO control.  

 

Immunocytochemisty 

To investigate PDE4D protein localization, HT22 cells were seeded on 12mm 

glass coverslips (VWR, 631-1577) coated with 100 μg/mL Poly-L-Ornithine (Sigma, 

P4957) and 1 μg/mL laminin (Sigma, L2020) and grown for 24h. After fixation in 4% 

paraformaldehyde, cells were permeabilized using 0.1% TritonX-100. After blocking 

with 10% BSA for 1h, cells were incubated with rabbit anti-PDE4D (1:250; ab14613, 

Abcam) overnight at 4°C. Then, cells were incubated with goat anti-rabbit Alexa647 

(1:250; Invitrogen) for 1h at room temperature. Finally, nuclei were counterstained 

with Hoechst (1:500; Sigma).  

For immunocytochemistry following transfection experiments in HT22, the 

same protocol was used except for the antibodies used. Mouse anti-FLAG primary 

antibodies (1:1000; M2 clone, Sigma-Aldrich) and donkey anti-mouse Alexa488-

conjugated secondary antibody (1:250; Invitrogen) were used to determine which 

cells were successfully transfected and expressed the FLAG-encoding PX458 plasmid. 

PDE4D localization was imaged after mounting the coverslips on microscope glasses 
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using a disc spinning unit (DSU) microscope (Olympus). Morphology assessment of 

transfected, FLAG-positive HT22 cells was performed as described above.  

 

Gene ontology (GO) term enrichment analysis 

Determining the involvement of PDE4D in specific biological processes was 

approached by examining whether known PDE4D interaction proteins are enriched 

in these processes. The list of known PDE4D interactors was retrieved from BioGRID 

(https://thebiogrid.org/)(Stark et al., 2006) and used for gene ontology (GO) term 

enrichment analysis using ToppGene Suite with default settings 

(https://toppgene.cchmc.org/)(Chen et al., 2009). The complete GO analysis output of 

significantly enriched Biological Process GO terms can be found in Table 3. 

 

Statistical analysis 

For the OLT and Y-maze behavioral tasks, memory performance of WT and 

APPswe/PS1dE9 was assessed statistically by performing two-tailed paired t-tests 

between genotypes and comparing performance of each genotype against chance 

performance (i.e. 0 for OLT and 50% for Y-maze). Likewise, normalized qPCR, PDE4 

activity, and WB values were used to compare expression/activity differences 

between genotypes by means of two-tailed t-tests. For in vitro studies on neurite 

length, CREB phosphorylation, and cAMP concentration, one-way ANOVAs were 

performed with Dunnett’s post-hoc t-tests using the DMSO condition as control. 

Differences in PDE4D isoform mRNA expression between DMSO- and Aβ-treated 

HT22 cells were investigated by means of two-tailed t-tests. The effect of genetic 

knockdown of PDE4D isoforms on neuronal morphology was analyzed by means of 

one-way ANOVA of normalized neurite lengths followed by Dunnett’s post-hoc t-

tests. The effect of genetic knockdown of PDE4D isoforms in combination with Aβ 

exposure was compared to control-transfected conditions with and without 

exposure to Aβ by means of one-way ANOVA followed by Dunnett’s post-hoc t-tests. 

  

https://thebiogrid.org/
https://toppgene.cchmc.org/
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Table 3. GO analysis output of significantly enriched terms of PDE4D interactors. 

ID Name q-value 

Bonferroni 

Hit # 

Query 

Hit # 

Genome 

GO:0031175 neuron projection development 4,46E-07 19 1151 

GO:0090087 regulation of peptide transport 8,55E-07 17 867 

GO:0120036 plasma membrane bounded cell projection organization 8,91E-07 22 1790 

GO:0030030 cell projection organization 1,37E-06 22 1828 

GO:1904951 positive regulation of establishment of protein localization 2,73E-06 14 521 

GO:0048666 neuron development 3,79E-06 19 1298 

GO:0051223 regulation of protein transport 6,25E-06 16 825 

GO:0048667 cell morphogenesis involved in neuron differentiation 7,15E-06 15 689 

GO:0070201 regulation of establishment of protein localization 1,49E-05 16 874 

GO:0051222 positive regulation of protein transport 2,06E-05 13 483 

GO:0048812 neuron projection morphogenesis 2,10E-05 15 743 

GO:0120039 plasma membrane bounded cell projection morphogenesis 2,78E-05 15 758 

GO:0048858 cell projection morphogenesis 3,06E-05 15 763 

GO:0032990 cell part morphogenesis 4,41E-05 15 783 

GO:0007409 axonogenesis 7,72E-05 13 537 

GO:0051050 positive regulation of transport 8,53E-05 17 1157 

GO:0030182 neuron differentiation 1,18E-04 19 1579 

GO:0038093 Fc receptor signaling pathway 1,23E-04 10 242 

GO:0009967 positive regulation of signal transduction 1,49E-04 20 1823 

GO:0000904 cell morphogenesis involved in differentiation 2,04E-04 15 873 

GO:0061564 axon development 2,19E-04 13 584 

GO:0022008 neurogenesis 2,30E-04 20 1867 

GO:0007267 cell-cell signaling 3,13E-04 20 1899 

GO:1901701 cellular response to oxygen-containing compound 5,35E-04 17 1301 

GO:1902533 positive regulation of intracellular signal transduction 5,95E-04 16 1119 

GO:0048699 generation of neurons 7,06E-04 19 1752 

GO:0002768 immune response-regulating cell surface receptor signaling 

pathway 

8,80E-04 12 519 

GO:0001775 cell activation 9,48E-04 18 1559 

GO:0000902 cell morphogenesis 1,28E-03 16 1179 

GO:0032880 regulation of protein localization 1,43E-03 16 1188 

GO:1901700 response to oxygen-containing compound 1,62E-03 19 1839 

GO:0002764 immune response-regulating signaling pathway 1,99E-03 13 699 

GO:0030100 regulation of endocytosis 3,17E-03 9 241 

GO:0090316 positive regulation of intracellular protein transport 5,02E-03 8 171 
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ID Name q-value 

Bonferroni 

Hit # 

Query 

Hit # 

Genome 

GO:0032989 cellular component morphogenesis 5,15E-03 16 1297 

GO:0035690 cellular response to drug 6,76E-03 11 485 

GO:1903829 positive regulation of cellular protein localization 6,87E-03 10 366 

GO:0002682 regulation of immune system process 7,78E-03 18 1776 

GO:0060627 regulation of vesicle-mediated transport 8,07E-03 12 631 

GO:0042325 regulation of phosphorylation 8,13E-03 18 1781 

GO:0043549 regulation of kinase activity 1,11E-02 14 978 

GO:0032386 regulation of intracellular transport 1,30E-02 10 391 

GO:0120035 regulation of plasma membrane bounded cell projection 

organization 

1,41E-02 13 822 

GO:0031344 regulation of cell projection organization 1,63E-02 13 832 

GO:0046824 positive regulation of nucleocytoplasmic transport 1,84E-02 6 71 

GO:0042110 T cell activation 1,95E-02 11 537 

GO:0050804 modulation of chemical synaptic transmission 2,03E-02 11 539 

GO:0099177 regulation of trans-synaptic signaling 2,07E-02 11 540 

GO:0034504 protein localization to nucleus 2,15E-02 9 300 

GO:0071417 cellular response to organonitrogen compound 2,62E-02 12 701 

GO:0060341 regulation of cellular localization 3,10E-02 14 1060 

GO:0038096 Fc-gamma receptor signaling pathway involved in 

phagocytosis 

3,45E-02 7 139 

GO:0002433 immune response-regulating cell surface receptor signaling 

pathway involved in phagocytosis 

3,45E-02 7 139 

GO:0051098 regulation of binding 3,74E-02 10 437 

GO:0010941 regulation of cell death 4,00E-02 18 1969 

GO:0051057 positive regulation of small GTPase mediated signal 

transduction 

4,11E-02 6 81 

GO:0038094 Fc-gamma receptor signaling pathway 4,20E-02 7 143 

GO:0051960 regulation of nervous system development 4,31E-02 14 1088 

GO:0051338 regulation of transferase activity 4,36E-02 14 1089 

GO:0002431 Fc receptor mediated stimulatory signaling pathway 4,63E-02 7 145 

GO:0019220 regulation of phosphate metabolic process 4,88E-02 18 1994 

GO:0051174 regulation of phosphorus metabolic process 4,92E-02 18 1995 
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RESULTS 

Impaired spatial memory and altered PDE4D-mediated cAMP-PKA-CREB 

signaling in female APP/PS1 mice 

 Spatial memory assessment in the OLT and Y-maze spontaneous alterations 

task demonstrated that APP/PS1 mice were cognitively impaired compared to WT 

mice. More specifically, in the OLT, both genotypes showed intact memory 

performance using a 1-hour inter-trial interval (Fig 1A; ###: P<0.001 two-tailed t-test 

against 0). Using a 4-hour interval, WT mice showed intact spatial memory, whilst 

APP/PS1 did not (###: P<0.001 paired two-tailed t-test against 0). In addition, 

APP/PS1 mice performed significantly worse than WT mice (Fig 1A; ***: P<0.001 two-

tailed t-test). Similarly, whilst both genotypes performed significantly better than 

chance level in the Y-maze spontaneous alterations task (Fig 1B; ##: P<0.01, ###: 

P<0.001, paired two-tailed t-test against 50%), APP/PS1 mice performed worse than 

WT mice (*: P<0.05, two-tailed t-test). 

 After observing the memory deficits in APP/PS1 mice, hippocampal and 

frontal cortical tissue of these animals was used for biochemical assessments to 

investigate potentially associated alterations in PDE4D-mediated cAMP-PKA-CREB 

signaling. PDE4D mRNA expression of specific isoforms was found to be higher in 

APP/PS1 in both brain regions. In the hippocampus, PDE4D1, -D3, and -D8 

expression was 1.6 to 4.6-fold higher, whilst PDE4D3 and -D5 were 2.1 to 3.7-fold 

upregulated in the frontal cortex (Fig 1C-D; *: P<0.05, two-tailed t-test). At the 

protein level, general PDE4D expression showed a non-significant increase in the 

APP/PS1 hippocampus, which was not observed in the frontal cortex (Fig 2A). PDE4 

activity was found to be 3-fold higher in the hippocampus, but not in the frontal 

cortex, of APP/PS1 compared to WT mice (Fig 2B; ***: P<0.001, two-tailed t-test). 

Moreover, assessment of protein expression of phosphorylated PKA substrates and 

phosphorylated CREB were found to be significantly lower in the hippocampus and 
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frontal cortex of APP/PS1 mice (Fig 2C-D; *: P<0.05, **: P<0.01; ***: P<0.001, ****: 

P<0.0001). 

 

Figure 1. Changes in memory performance and PDE4D-mediated cAMP-PKA-CREB 

signaling in female APP/PS1 mice compared to wild-type mice. A) Spatial memory 

performance of WT and APP/PS1 mice in the object location task. Using a 4-hour inter-trial 

interval revealed impaired memory performance in APP/PS1, but not wild-type (WT) mice (***: 

P<0.001, two-tailed t-test comparing genotypes; ###: P<0.001, paired two-tailed t-test 

against 0; n=18-22/genotype). B) Spatial memory performance in the Y-maze spontaneous 

alterations task. Intact memory, i.e. higher than chance (50%), was found for both genotypes 

and significantly higher memory performance in WT versus APP/PS1 mice (*: P<0.05, two-

tailed t-test; ##: P<0.01, ###: P<0.001, paired two-tailed t-test against 50%; n=18-

22/genotype). C-D) PDE4D isoform mRNA expression in hippocampus and frontal cortex of 

WT and APP/PS1 mice (n=7-8/genotype). Significantly increased expression of specific 

isoforms was measured in APP/PS1 versus WT mice (*:P<0.05, two-tailed t-test).  
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Figure 2. PDE4D protein expression, PDE4 activity and cAMP-PKA-CREB signaling 

changes in hippocampus and cortex of WT and APP/PS1 mice. A) PDE4D protein 

expression in hippocampus and cortex of WT and APP/PS1 mice (n=3/genotype). B) Specific 

PDE4 activity in homogenates of PFC and hippocampal tissue excised from APP/PS1 and WT 

mice normalized for amount of protein (n=3/genotype). C) Densitometric quantification of 

western blots measuring phospho-PKA substrates normalized to GAPDH in WT versus 

APP/PS1 mice (n=6/genotype). D) Densitometric quantification of western blots measuring 

phosphorylated CREB normalized to GAPDH in WT versus APP/PS1 mice (n=6/genotype, *: 

P<0.05, **: P<0.01, ****: P< 0.0001, two-tailed t-test). Data are presented as mean + SEM. 

Western blot scans are provided in the Supplementary Material. 

 

Pharmacological PDE4D inhibition increases CREB phosphorylation and 

neurite length in N2a cells 

 To validate the involvement of PDE4D in cAMP-PKA-CREB signaling and 

neuronal plasticity, N2a cells were treated with the PDE4D-selective inhibitor 

GEBR32a. After 1h incubation with GEBR32a (0.03-1.0 µM), phosphorylated CREB 

(pCREB) and total CREB levels were measured by means of western blotting. One-

way ANOVA revealed significant differences in normalized pCREB/CREB ratio 

between conditions (F(5,30) = 17.83, P<0.0001). Compared to the DMSO condition, 

significant increases in pCREB/CREB ratio were found for 0.3 and 1.0 µM GEBR32a 

(*:P < 0.05, **:P < 0.05, Dunnett’s post-hoc t-tests; Fig 3A). Moreover, upon 1h 

treatment with 3 μM GEBR32a, cAMP levels in N2a cells can increase up to 5-fold 

compared to the DMSO control (Dunnett’s post-hoc t-tests; Supplementary Fig 1). 

 Similarly, N2a cells were treated with GEBR32a to assess the effects of PDE4D 

inhibition on neuronal morphology by measuring neurite lengths. After 48h 

incubation with GEBR32a (0.1-1.0 µM) neurite lengths were measured. One-way 

ANOVA revealed significant differences in the average neurite length between 

conditions (F(3,20) = 6.886, P<0.01). Compared to the DMSO condition, significant 

increases in average neurite length were found for 0.3 and 1.0 µM GEBR32a (**:P < 

0.01, Dunnett’s post-hoc t-tests; Fig 3B-C). These findings indicate that, in the N2a 
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cell line, CREB phosphorylation and neurite elongation are stimulated by GEBR32a-

induced PDE4D inhibition at 1h and 48h, respectively. 
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Pharmacological PDE4D inhibition induces longer neurites in mouse 

hippocampal cells 

 Next, complementing the findings in the mouse neuroblastoma N2a cells, 

we sought to identify the role of PDE4D in regulating neuronal morphology in the 

mouse hippocampal HT22 cell line to better approximate the in vivo context in which 

we found changes in hippocampal PDE4D-mediated cAMP-PKA-CREB signaling (Fig 

1 and 2). Specifically, HT22 cells were incubated with 0.01-1.0 µM GEBR32a for 48h 

to assess the effects of pharmacological PDE4D inhibition on neuronal morphology. 

One-way ANOVA revealed significant differences in the average neurite length 

between conditions (F(5,36) = 14.60, P<0.001). Compared to control samples, 

significant increases in average neurite length were found in cells treated with 0.03-

1.0 µM GEBR32a (Fig 4A-B; ***:P < 0.001, ****:P<0.0001, Dunnett’s post-hoc t-tests). 

Incubation with 3 µM GEBR32a increased cAMP levels 5-fold (Supplementary Fig 2).  

 As inhibition of PDE4D significantly increased neurite length, we investigated 

whether PDE4D is localized in or near neurite growth cones to locally regulate cAMP 

signaling. Based on immunocytochemistry, it was found that PDE4D is expressed in 

the neurite growth cones of HT22 cells (Fig 4C). Additional support for a role of 

PDE4D in regulating neuronal morphology was found by investigating the shared 

biological processes of known PDE4D interaction proteins. The list of known PDE4D 

interaction proteins was retrieved from BioGRID (Stark et al., 2006) and subjected to 

gene ontology (GO) enrichment analysis using ToppGene Suite (Chen et al., 2009). 

PDE4D interacting proteins were found to be significantly enriched in biological 

processes regulating (neuronal) morphology (Fig 4D). More specifically, ‘neuron 

project development’ (GO:0031175) was found to be most significantly enriched. 

Through interaction with the proteins enriched in these processes, PDE4D is likely to 

be optimally localized to regulate neuronal morphology. The complete GO analysis 

including interaction proteins per biological process can be found in Supplementary 

Table 3. 



 

183 

 



 

184 

Figure 4. PDE4D regulates neuronal morphology based on HT22 neurite assessment, 

PDE4D localization and gene ontology term enrichment of PDE4D interaction proteins. 

A) Average neurite length after incubation of HT22 cells with 0.01-1.0 µM GEBR32a for 48h 

(Dunnett’s post-hoc: ***P<0.001, ****P<0.0001; n=6-12/condition). B) Representative 

microscope images indicating HT22 neurites in the DMSO (left) and 0.1 µM GEBR32a (right) 

conditions that were visualized for subsequent tracing. C) Representative HT22 

immunofluorescence image showing the predominant localization of PDE4D in neurites and 

their growth cones. D) Gene ontology (GO) term enrichment analysis of biological processes 

of PDE4D interaction proteins (retrieved from BioGRID (Stark et al., 2006)) showing enrichment 

for processes related to (neuronal) morphology regulation (in bold). Top twenty terms are 

shown, the entire list is provided in Supplementary Table 3. Data is presented as mean + SEM. 

 

 

Pharmacological PDE4D inhibition protects against Aβ1-42-induced 

reductions in neurite length 

 Since APP/PS1 mice showed impaired spatial memory performance and 

altered cAMP-PKA-CREB signaling as a result of excessive Aβ production, we 

subsequently examined whether Aβ1-42 exposure negatively impacts neurite growth 

in HT22 cells and whether PDE4D inhibition can protect against these effects. HT22 

cells were incubated for 24h with 0.5-1.0 µM Aβ1-42 or a combination of Aβ1-42 and 

GEBR32a (both 1 µM). One-way ANOVA revealed significant differences in the 

average neurite length between conditions (F(3,20) = 6.932, P<0.01). Compared to 

the DMSO condition, a significantly decreased average neurite length was found for 

1.0 µM Aβ1-42 (Fig 5A ; *:P < 0.05, Dunnett’s post-hoc t-tests). Combined incubation 

with Aβ1-42 and GEBR32a was able to prevent this Aβ1-42-induced neurite length 

reduction (Fig 5A; ##:P<0.01, two-tailed t-test). PDE4D expression measurement 

indicated that, concurrent with reducing the HT22 average neurite length, 1 µM Aβ1-

42 increases mRNA expression of the specific isoforms PDE4D3 and -D5 (Fig 5B; 

*:P<0.05, **:P<0.01, two-tailed t-test). It should be noted that PDE4D4 and PDE4D8 

mRNA could not be detected in HT22 cells.  

 



 

185 

 

F
ig

u
re

 5
. 

A
β

1
-4

2
 e

x
p

o
su

re
 r

e
d

u
c
e
d

 t
h

e
 a

v
e
ra

g
e
 n

e
u

ri
te

 l
e
n

g
th

 i
n

 H
T

2
2

 c
e
ll

s 
a
n

d
 i

n
c
re

a
se

d
 i

so
fo

rm
-s

p
e
c
if

ic
 P

D
E
4

D
 e

x
p

re
ss

io
n

. 
A

) 

A
v
e
ra

g
e
 n

e
u

ri
te

 l
e
n

g
th

 a
ft

e
r 

in
cu

b
a
ti

o
n

 o
f 

H
T
2
2
 c

e
ll
s 

w
it

h
 0

.5
-1

.0
 µ

M
 A

β
1
-4

2
 o

r 
G

E
B

R
3
2
a
 a

n
d

 A
β

1
-4

2
 (

b
o

th
 1

 µ
M

) 
fo

r 
2
4
h

 (
D

u
n

n
e
tt

’s
 p

o
st

-h
o

c:
 

*P
<

0
.0

5
; t

w
o

-t
a
il
e
d

 t
-t

e
st

: #
#

:P
<

0
.0

1
; n

=
6
/c

o
n

d
it

io
n

).
 B

) 
P

D
E
4
D

 is
o

fo
rm

 m
R

N
A

 e
xp

re
ss

io
n

 a
ft

e
r 

1
 µ

M
 A

β
1
-4

2
 e

xp
o

su
re

 f
o

r 
2
4
h

 i
n

 H
T
2
2
 (
*:

P
<

0
.0

5
, 

**
:P

<
0
.0

1
, 
tw

o
-t

a
il
e
d

 t
-t

e
st

; 
n

=
6
/c

o
n

d
it

io
n

).
 D

a
ta

 i
s 

p
re

se
n

te
d

 a
s 

m
e
a
n

 +
 S

E
M

. 



 

186 

  

F
ig

u
re

 6
. 
G

e
n

e
ti

c
 k

n
o

c
k

d
o

w
n

 o
f 

sp
e
c
if

ic
 P

D
E
4

D
 i
so

fo
rm

s 
ca

u
se

d
 i
n

c
re

a
se

d
 H

T
2

2
 n

e
u

ri
te

 l
e
n

g
th

 a
n

d
 p

ro
te

c
te

d
 a

g
a
in

st
 A

β
1

-4
2
-i

n
d

u
c
e
d

 

n
e
u

ri
te

 l
e
n

g
th

 r
e
d

u
c
ti

o
n

. 
H

T
2
2
 c

e
ll
s 

w
e
re

 t
ra

n
sf

e
ct

e
d

 w
it

h
 C

R
IS

P
R

-C
a
s9

 v
e
ct

o
rs

 t
o

 g
e
n

e
ti

ca
ll
y
 k

n
o

ck
 d

o
w

n
 s

p
e
ci

fi
c 

P
D

E
4
D

 i
so

fo
rm

s.
 A

) 

A
v
e
ra

g
e
 n

e
u

ri
te

 l
e
n

g
th

s 
u

p
o

n
 P

D
E
4
D

 i
so

fo
rm

 k
n

o
ck

d
o

w
n

 4
8
h

 a
ft

e
r 

tr
a
n

sf
e
ct

io
n

 (
**

:P
<

0
.0

1
, 
**

*:
P

<
0
.0

0
1
, 
**

**
:P

<
0
.0

0
0
1
, 
D

u
n

n
e
tt

’s
 p

o
st

-h
o

c 
t-

te
st

s;
 n

=
9
-1

2
/c

o
n

d
it

io
n

).
 B

) 
A

v
e
ra

g
e
 n

e
u

ri
te

 l
e
n

g
th

s 
u

p
o

n
 P

D
E
4
D

 i
so

fo
rm

 k
n

o
ck

d
o

w
n

 4
8
h

 a
ft

e
r 

tr
a
n

sf
e
ct

io
n

 w
it

h
 1

 µ
M

 A
β

1
-4

2
 e

xp
o

su
re

 d
u

ri
n

g
 

th
e
 l
a
st

 2
4
h

 (
**

**
:P

<
0
.0

0
0
1
, D

u
n

n
e
tt

’s
 p

o
st

-h
o

c 
t-

te
st

s 
co

m
p

a
re

d
 t

o
 c

o
n

tr
o

l 
w

it
h

 A
β

1
-4

2
 e

xp
o

su
re

; n
=

9
/c

o
n

d
it

io
n

).
 C

o
m

p
a
ri

so
n

s 
a
g

a
in

st
 c

o
n

tr
o

l 

tr
a
n

sf
e
ct

io
n

 w
it

h
o

u
t 

A
β

1
-4

2
 e

xp
o

su
re

 w
it

h
 h

ig
h

e
r 

a
v
e
ra

g
e
 n

e
u

ri
te

 l
e
n

g
th

s 
a
re

 s
h

o
w

n
 b

y
 h

a
sh

e
s 

(#
#

: 
P

<
0
.0

1
, 

D
u

n
n

e
tt

’s
 p

o
st

-h
o

c 
t-

te
st

s)
. 

F
o

r 

cl
a
ri

ty
, 

si
g

n
if

ic
a
n

tl
y
 l

o
w

e
r 

n
e
u

ri
te

 l
e
n

g
th

s 
th

a
n

 c
o

n
tr

o
l 

w
it

h
o

u
t 

A
β

1
-4

2
 (

i.e
. 

C
T
R

L
+

 A
β

1
-4

2
, 

D
1
, 

D
4
, 

D
6
, 

a
n

d
 D

8
 b

a
se

d
 o

n
 D

u
n

n
e
tt

’s
 p

o
st

-h
o

c 
t-

te
st

s)
 a

re
 n

o
t 

in
d

ic
a
te

d
 i
n

 t
h

e
 g

ra
p

h
. 
D

a
ta

 i
s 

p
re

se
n

te
d

 a
s 

m
e
a
n

 +
 S

E
M

. 



 

187 

Neurite growth is regulated by long PDE4D isoforms both in absence and 

presence of Aβ1-42 

 PDE4D isoforms seem to be differentially expressed upon Aβ1-42 exposure 

both in vivo (Fig 1C-D) and in vitro (Fig 5B), and isoforms are known to localize to 

distinct cellular compartments to regulate specific processes (Houslay, 2010). As non-

specific inhibition of all PDE4D isoforms may cause severe adverse effects, we 

investigated whether specific PDE4D isoforms regulate neurite growth in HT22 cells 

and could serve as a more specific therapeutic target for AD treatment. Individual 

PDE4D isoforms were genetically knocked down in HT22 cells by transfection with 

CRISPR-Cas9 vectors, after which average neurite length was measured. 48h after 

transfection, one-way ANOVA revealed significant differences in the average neurite 

length between conditions (F(8,75) = 12.36, P<0.0001). Compared to the control 

condition, 1.36 to 1.59-fold increased average neurite lengths were found for 

knockdown of PDE4D3, -D5, -D7, and -D9 (Fig 6A; **:P<0.01, ***:P<0.001, 

****:P<0.0001, Dunnett’s post-hoc t-tests).   

 Next, it was examined whether PDE4D isoform knockdown could prevent 

Aβ1-42-induced reductions in average neurite length. To this purpose, PDE4D 

isoforms were knocked down and cells were exposed to 1 µM Aβ1-42 for 24h one day 

post-transfection after which average neurite lengths were measured. One-way 

ANOVA revealed significant differences in the average neurite length between 

conditions (F(8,68) = 36.34, P<0.0001). In the presence of Aβ1-42, knockdown of 

PDE4D3, -D5, -D7, and -D9 increased average neurite length by 1.38 to 1.46-fold 

increased average neurite lengths were found for when compared to the control 

condition with Aβ1-42 (****:P<0.0001, Dunnett’s post-hoc t-tests; Fig 6B). Moreover, 

in the absence of Aβ1-42, average neurite length upon control transfection was 

significantly higher than upon control transfection with Aβ1-42 (****:P<0.0001, 

Dunnett’s post-hoc t-tests; Fig 6B). Compared to the control condition without Aβ1-

42, PDE4D3 and -D9 knockdown countered the effect of Aβ1-42 and was associated 
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with significantly increased average neurite length (##:P<0.01, Dunnett’s post-hoc t-

tests, Fig 6B). Knockdown of PDE4D1, -D4, -D6, and -D8 with exposure to Aβ1-42 led 

to significantly lower average neurite lengths compared to the control condition 

without Aβ1-42 exposure (P<0.0001, Dunnett’s post-hoc t-test, not shown in the 

graph). 

 

Not all neurite growth-controlling PDE4D isoforms are expressed in the 

mouse stomach 

Upon determining PDE4D isoforms mediating neurite growth processes, 

PDE4D isoform expression was measured in the mouse stomach to assess which 

PDE4D isoforms would likely mediate gastrointestinal side effects in the stomach 

upon PDE4(D) inhibition. As shown in Figure 7, the expression profile of PDE4D in 

the mouse stomach differs from the expression in the mouse hippocampus (Fig 1C),  

prefrontal cortex (Fig 1D), and HT22 cells (Fig 5B). Interestingly, of the neurite 

growth-controlling PDE4D isoforms (i.e. PDE4D3, -D5, -D7, and -D9), PDE4D3 and 

PDE4D5 show a similarly high level of expression in the mouse stomach, whilst 

PDE4D7 and PDE4D9 are 6.6-fold and >1700-fold lower expressed than PDE4D3 and 

PDE4D5.  

  

Figure 7. Isoform-specific 

PDE4D expression in the 

stomach of wild-type mice. 

mRNA expression of PDE4D 

isoforms was measured in 

stomach tissue of wild-type 

mice by means of qPCR (n=8) 

indicating highest expression 

of PDE4D3 and PDE4D5. 
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DISCUSSION 

cAMP-PKA-CREB signaling has been well-established as a pathway that is 

crucial for synaptic plasticity and memory consolidation (Kandel, 2012). Moreover, 

impaired memory consolidation and cognitive deficits in AD have been associated 

with deficient cAMP-PKA-CREB signaling (Saura and Valero, 2011). Inhibition of the 

cAMP-degrading PDE4D enzymes has been found to restore memory functioning in 

transgenic AD mice (Cui et al., 2019; Sierksma et al., 2014). Despite this therapeutic 

potential, non-specific PDE4D inhibition has been associated with severe adverse 

effects (e.g. nausea and vomiting), which has hampered clinical progression of 

PDE4(D) inhibitors (Blokland et al., 2019a; Paes et al., 2021). Remarkably, PDE4D 

enzymes comprise multiple protein isoforms that show tissue- and cell type-specific 

expression and regulate distinct intracellular processes (Baillie et al., 2019; Houslay, 

2010; Paes et al., 2021). Hence, treatment efficacy may be enhanced or maintained, 

while side effects are reduced, by specifically targeting those PDE4D isoforms that 

are involved in synaptic plasticity. Therefore, we investigated whether PDE4D 

isoforms are differentially expressed in transgenic AD mice and whether specific 

PDE4D isoforms control neurite growth as a measure of plasticity. Additionally, we 

examined whether PDE4D inhibition or individual PDE4D isoform knockdown could 

protect against Aβ-induced toxicity. 

Cognitive phenotyping revealed spatial memory deficits in female APP/PS1 

mice at 7 months of age. These findings replicate a prior study using the same 

genotypes and behavioral tasks (Sierksma et al., 2014). In our follow-up biochemical 

assessment, it was demonstrated that CREB phosphorylation was reduced in the 

hippocampus and frontal cortex of APP/PS1 mice. Moreover, we measured mRNA 

expression increases for PDE4D1, -D3, and -D8 in the hippocampus and for PDE4D3 

and -D5 in the frontal cortex of APP/PS1 mice. Recently, we also found the same 

PDE4D isoforms to show pathology-associated, increased expression in post-

mortem human middle temporal gyrus tissue of AD patients (Paes et al., 2020a). In 
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addition, the observation of increased PDE4D3 mRNA expression in the 

hippocampus of APP/PS1 mice corresponds to the fact that hippocampal injections 

of Aβ1-42 in wild type mice caused elevated PDE4D(3) protein expression (Wang et al., 

2016). Here, we also show that PDE4 activity was increased in the hippocampus of 

APP/PS1 mice, which may be a result of increases in PDE4D3 expression. While we 

report changes in PDE4D isoform mRNA expression, a non-significant trend of 

increase was found for PDE4D protein expression in the hippocampus of APP/PS1 

mice using an antibody that is not isoform-specific. Multiple isoforms (e.g. PDE4D3 

and PDE4D8) would migrate identically on SDS-PAGE and could therefore not be 

distinguished (Houslay and Conti, 2010). However, our observations are in 

accordance with previous reports showing increases in hippocampal PDE4D protein 

expression in transgenic Alzheimer mice and mice exposed to exogenous Aβ (Shi et 

al., 2021a; Wang et al., 2020). Whether protein levels of specific PDE4D isoforms are 

upregulated whilst others are unaffected or are downregulated remains to be 

determined. Most importantly, we conducted the in vivo experiment to provide 

proof-of-concept of the change in PDE4D isoform signature associated with AD-

related cognitive decline. Results are similar to the results from our previously 

reported and abovementioned human AD post-mortem study in which we included 

both females and males, yielding comparable results (Paes et al., 2020a). Hence, the 

finding in these female mice provided a step towards the in vitro pharmacological 

inhibition and genetic editing in murine cells. 

When examining whether PDE4D inhibition can stimulate cAMP-PKA-CREB 

signaling, we found that the PDE4D-selective inhibitor GEBR32a significantly 

increased CREB phosphorylation in vitro, which is in accordance with previous studies 

using PDE4 and PDE4D inhibitors (MacKenzie and Houslay, 2000; Zhang et al., 2017). 

Moreover, GEBR32a at a concentration of 3 μM substantially increased global 

intracellular cAMP levels in both N2a and HT22 cells. This is in line with the IC50 of 

the compound, 2.43 μM (Prosdocimi et al., 2018). Furthermore, pharmacological 
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PDE4D inhibition induced a dose-dependent increase in neurite length in both N2a 

and HT22 cells. The role of PDE4D in regulating neurite outgrowth was supported by 

the localization of PDE4D protein in growth cones and the fact that many of known 

PDE4D-interacting proteins are involved in neuron projection development. As 

PDE4D was also found to localize to microtubules in neurons of the macaque 

prefrontal cortex (Datta et al., 2020), there is evidence that PDE4D also regulates 

neuronal morphology in vivo. Pharmacological PDE4D inhibition by GEBR32a 

enhances neurite outgrowth in N2a and HT22 cells starting at a concentration of 0.03 

μM. Considering that global cellular cAMP levels only rise detectably with an ELISA 

upon 3 μM GEBR32a exposure, lower-dose initiated cAMP changes on a nanoscale 

level, which would require new high-end detection techniques, are likely sufficient to 

stimulate neurite growth, providing additional support for PDE4D-associated low-

cAMP compartments near growth cones (Bock et al., 2020). Early studies already 

showed that Aβ exposure can cause neurite degeneration in hippocampal neurons 

(Ivins et al., 1998). The HT22 mouse hippocampal neuronal cell line we used here also 

showed reduced neurite length when exposed to 1 µM Aβ1-42, which corresponds to 

the concentrations that were neurotoxic to HT22 cells in prior studies (Kwon et al., 

2010). Pharmacological PDE4D inhibition protected against this Aβ1-42-induced 

neurite length reduction. 

However, as PDE4D inhibition has been associated with severe adverse 

effects, which may be due to central and/or peripheral actions, targeting of specific 

PDE4D isoforms could be therapeutically more effective or enable maintenance of 

efficacy while improving safety. The PDE4D isoforms (PDE4D1-9) are categorized into 

long, short, and supershort isoforms, which is based on the inclusion of specific exons 

and the isoform’s eventual protein sequence. The differences in sequence enable for 

isoform-specific activity modulation by post-translational modifications and for 

specific intracellular targeting to regulate specific processes (Paes et al., 2021). 

Hence, we sought to investigate which PDE4D isoforms regulate neurite growth and 
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convey the protective effect of PDE4D inhibition against Aβ1-42 exposure. We found 

that genetic ablation of the long PDE4D isoforms PDE4D3, -D5, -D7, and -D9 

increased average neurite length both in absence and in presence of the neurotoxic 

Aβ1-42 concentration. Genetic knockdown of the other long isoforms, PDE4D4 and 

PDE4D8, had no effect on neurite length, which can be explained by the observation 

that these forms are not expressed in HT22 cells. Since PDE4D8 was expressed more 

in APP/PS1 hippocampus, this may be linked to expression in non-neuronal cell types 

(e.g. microglia, astrocytes and/or oligodendrocytes). Remarkably, the short PDE4D1 

and supershort PDE4D6 isoform did not affect neurite growth upon genetic 

knockdown, which implies that neurite outgrowth is specifically regulated by long 

PDE4D isoforms. The question remains whether these long isoforms regulate the 

same cellular process or modulate different processes that eventually influence 

neurite outgrowth. For example, non-specific PDE4 inhibition was found to increase 

phosphorylation of vasodilator-stimulated phosphoprotein (VASP), a protein that is 

associated with the cytoskeleton (Fleming et al., 2004), which is likely caused by PKA 

activation and will promote neurite elongation (Batty et al., 2017; Drees and Gertler, 

2008; Mingorance-Le Meur and O'Connor, 2009). Since PDE4D localizes in HT22 

neurite growth cones and long PDE4D isoforms appear to regulate neurite 

outgrowth, these long isoforms may control neuronal morphology by controlling 

PKA activity, and subsequent phosphorylation of specific targets, in neurite growth 

cones.  

PDE4 subtypes and isoforms are known to localize to specific intracellular 

compartments (Baillie, 2009; Baillie et al., 2019; Blackman et al., 2011; Houslay, 2010; 

Terrin et al., 2006; Yougbare et al., 2021). Previous studies may provide insight into 

how PDE4D3, -D5, -D7, and -D9 influence cAMP signaling in regulating neurite 

growth. Most notably, PDE4D3 has been reported to bind perinuclear mAKAP, and 

the PDE4D3/mAKAP complex was found to support survival of and axon growth in 

neurons (Boczek et al., 2019; Boczek and Kapiloff, 2020). Moreover, PDE4D3 can bind 
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to the centrosome via AKAP9, thereby regulating cell cycle progression (Terrin et al., 

2012). Thus, genetic knockdown of PDE4D3 likely promoted cAMP-PKA signaling in 

both the perinuclear and centrosomal regions, which may have halted cell cycle 

progression and promoted neurite growth. In addition, the increased perinuclear 

cAMP-PKA signaling may have stimulated PKA-mediated CREB phosphorylation, 

which subsequently could have promoted neuronal plasticity processes (e.g. neurite 

outgrowth).  

By preferentially binding the scaffolding β-arrestin, PDE4D5 can be located 

in close vicinity of G-protein coupled receptors (GPCRs) to regulate cAMP levels at 

the site of synthesis near GPCR-stimulated adenylyl cyclase (Baillie, 2009; Baillie et 

al., 2003; Houslay and Baillie, 2005). Additionally, PDE4D5 is located in the nucleus 

through interaction with AKAP95 and may therefore also be the specific isoform 

found in nuclei of cortical neurons in the macaque brain (Clister et al., 2019; Datta et 

al., 2020). Upon PDE4D5 knockdown, nuclear cAMP-PKA-CREB-mediated signaling 

and subsequent transcription may be stimulated while also cAMP levels are elevated 

near GPCRs to induce PKA-mediated phosphorylation of, for example, cytoskeletal 

proteins to promote neurite outgrowth. Cytoskeletal remodeling and neuronal 

motility are likely regulated by PDE4D5 species that are complexed with focal 

adhesion kinase (FAK) through interactions with the scaffold protein RACK1 (Navarro 

and Rico, 2014; Serrels et al., 2010). Recently, it has been described that GPCR 

activation can actually recruit PDE4D5 out of the nucleus to allow for nuclear cAMP 

signaling that promotes memory consolidation (Martinez et al., 2023); PDE4D5 

knockdown would have a similar effect. 

Similar to PDE4D5, PDE4D7 has been found to locate to the plasma 

membrane in a prostate cancer cell line and has been linked to regulation of cell 

proliferation (Henderson et al., 2014). Furthermore, in different cell types, i.e. human 

arterial endothelial cells, PDE4D7 was found to specifically regulate transcriptional 

responses to extracellular cues (Burke-Kleinman and Maurice, 2021). Based on these 
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studies, neuronal PDE4D7 may also locate near the membrane to regulate cAMP-

mediated relaying of extracellular signaling to an adaptive transcriptional response. 

Intriguingly, several single-nucleotide polymorphisms (SNPs) in the PDE4D7 and 

PDE4D5 promoter regions of the PDE4D gene showed significant associations with 

cognitive performance in humans (Gurney, 2019). Based on our data, it could be 

suggested that these SNPs, by influencing PDE4D isoform expression, may cause 

changes in neuronal plasticity (e.g. growing neurites) and thereby cause differences 

in cognition. 

Regarding PDE4D9, a similar intracellular distribution as PDE4D3, i.e. 

perinuclear and under the plasma membrane, has been reported (Sheppard et al., 

2014). In the submembrane compartment, PDE4D9 can bind to and regulate the 

function of β2-adrenergic receptors (De Arcangelis et al., 2009). As these receptors 

regulate neurite outgrowth and are also expressed in HT22 cells, PDE4D9 knockdown 

may contribute to a stronger or longer sustained signaling downstream of these 

receptors to facilitate neurite outgrowth (Day et al., 2014; Schmidt et al., 2001).  

Functionally, PDE4D9 was also found to be phosphorylated by a multitude of kinases 

to regulate cAMP levels during mitosis (Sheppard et al., 2014) and could, therefore, 

halt cell cycle progression and induce neurite outgrowth upon knockdown. 

Moreover, PDE4D9 transcription is repressed by the scaffolding protein disrupted in 

schizophrenia 1 (DISC1), suggesting that DISC1 loss-of-function can induce 

increased PDE4D9 expression (Soda et al., 2013). At the protein level, DISC1 directly 

binds and inhibits PDE4B and PDE4D, providing an additional manner to regulate 

PDE4D activity (Murdoch et al., 2007). Interestingly, DISC1 loss-of-function mutations 

have been associated with psychiatric disorders associated with altered neuronal 

morphology (Tropea et al., 2018). These morphological changes may be partly 

explained by aberrant cAMP signaling caused by the impaired PDE4D9 transcription 

regulation and deficient PDE4(D) scaffolding by DISC1. 
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Thus, the long isoforms PDE4D3, -D5, -D7, and -D9 are well positioned in 

several cellular compartments to regulate (downstream) GPCR signaling, cAMP-PKA-

CREB-mediated transcription, proliferation, cytoskeletal modulation and local PKA-

mediated phosphorylation events (Fig 8). By genetic knockdown of separate PDE4D 

isoforms, local cAMP signaling is enhanced, which translates into a more complex 

morphology. Moreover, as PDE4D isoform knockdown also provided resilience 

against Aβ1-42-induced neurotoxicity, additional cellular mechanisms may be 

stimulated. The current findings indicate that genetic knockdown of a single PDE4D 

isoform is sufficient to induce these effects. This may imply that PDE4D isoform 

knockdown is not directly compensated for by other PDE4D isoforms, at least in the 

acute setting used here. Based on this rationale, follow-up studies would have to 

investigate potential synergistic actions of knockdown of multiple PDE4D isoforms. 

Previous studies have shown that inhibition of different PDE families, that would 

localize to different intracellular locations, can have synergistic effects (Gulisano et 

al., 2018; Paes et al., 2020b). Possible additive effects of knockdown of multiple 

PDE4D isoforms would have to be revealed in such studies. However, 

pharmacological PDE4D inhibition, which would target multiple PDE4D isoforms, 

showed effects of similar potency as those observed for single isoform knockdown, 

making additive effects unlikely. Future studies should determine which 

(combinations of these) PDE4D isoforms, bound to which interactor proteins, 

regulate which local signaling module in the context of neuronal plasticity processes 

like neurite growth. Previously, the use of dominant-negative approaches has proven 

to be successful in elucidating the localization and function of specific PDE4 isoforms, 

and may therefore provide a useful tool for follow-up research (McCahill et al., 2005; 

Ong et al., 2009).  
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Figure 8. Intracellular positioning of specific PDE4D isoforms allows control of cAMP signaling 

involved in processes regulating neuronal plasticity. PDE4D isoforms can regulate cAMP 

signaling at the site of synthesis (PDE4D9 near β-adrenergic receptors, PDE4D5 binding GPCR-

recruited β-arrestin, and submembranous PDE4D7). Upon synthesis by transmembrane (tmAC) 

or soluble (sAC) adenylyl cyclases, cAMP signals can be relayed to centrosomal areas where 

PDE4D3 is sequestered by AKAP9 or to cytoskeletal areas where PDE4D5 is complexed to FAK 

by RACK1. This localization allows for PDE4D-mediated control of cell cycle progression and 

morphology changes. Moreover, cAMP-PKA-CREB signaling can be influenced by PDE4D 

isoforms in peri- and intranuclear locations (i.e. PDE4D3, PDE4D5, and PDE4D9) to control 

cAMP-mediated transcriptional responses. This image was created using Biorender. 
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In general, long PDE4(D) isoforms share the ability to be phosphorylated by 

PKA which subsequently induces conformational changes leading to activation of 

these PDE4D isoforms (Hoffmann et al., 1998; Richter et al., 2005). By adopting 

different conformational states, PDE4 enzymes can also exhibit different affinities 

towards inhibitors (Paes et al., 2021). Historically, a high-affinity rolipram-binding 

state (HARBS) and low-affinity rolipram-binding state (LARBS) have been described, 

which can be bound specifically by different PDE4 types of PDE4 inhibitors (Rocque 

et al., 1997; Souness and Rao, 1997). Long PDE4(D) can dimerize and thereby stabilize 

the HARBS conformation (Richter and Conti, 2004). Interestingly, as inhibition of 

HARBS was found to stimulate neurite outgrowth whilst inhibition of LARBS did not 

(Boomkamp et al., 2014), these functional effects may also be contributing to 

inhibition of long PDE4D isoforms. Additional support for the role of long PDE4D 

isoforms in regulating neuronal plasticity and protection against Aβ1-42-induced 

neurotoxicity was found by in vivo preclinical studies using shRNA-mediated 

knockdown of long PDE4D isoforms (Li et al., 2011; Shi et al., 2021b; Wang et al., 

2013). Reassuringly, these studies found dendritic complexity, CREB signaling, and 

cognitive performance to be enhanced upon PDE4D long-form knockdown. These 

effects were ascribed to knockdown of PDE4D4 and PDE4D5 as qPCR indicated 

decreased expression of these forms. However, expression effects on other long 

PDE4D isoforms (i.e. PDE4D7, -D8 and -D9) were not reported although the shRNA 

sequence used would be expected to also cause degradation of these other isoforms 

(Li et al., 2011; Wang et al., 2013). Thus, knockdown of PDE4D7 and/or PDE4D9 might 

have contributed to the enhanced morphology complexity, CREB signaling and 

cognitive performance. The seemingly predominant role of long PDE4D isoforms in 

regulating neuroplasticity and cognition is further underlined by the association of 

mutations in PDE4D exons specific to long isoforms and the rare genetic disorder 

acrodysostosis, which is characterized by intellectual disability (Michot et al., 2018). 
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Strikingly, many of these mutations occur in protein domains that are unique to long 

PDE4D isoforms (Bolger, 2021). 

The current findings also imply that the effects of pharmacological PDE4D 

inhibition on neurite growth are mediated by inhibition of long PDE4D forms 

specifically, which consequently has implications for PDE4D inhibitor drug 

development. The PDE4D inhibitor used in this study, GEBR32a, has been reported 

to show higher affinity for long, PKA-phosphorylated PDE4D forms, which may 

explain its efficacy (Cavalloro et al., 2020; Paes et al., 2021; Prosdocimi et al., 2018). 

Moreover, another example of a PDE4D long form-specific inhibitor is zatolmilast 

(formerly BPN14770) which binds a PDE4D-specific residue in a conformation that is 

adopted by long forms only (Burgin et al., 2010; Cedervall et al., 2015). Zatolmilast 

has shown efficacy in stimulating cAMP-PKA-CREB signalling and neuroplasticity in 

preclinical studies using wild-type animals and transgenic AD mice and enhances 

cognition in non-human primates (Cui et al., 2019; Sutcliffe et al., 2014). In fact, 

BPN14770/zatolmilast is under study in a Phase II clinical trial to assess its effects in 

early AD patients [NCT03817684]. 

 While the results presented here show robustly that silencing of long PDE4D 

isoforms specifically enhances neuronal plasticity, the question remains whether 

these specific long PDE4D isoforms also mediate processes contributing to the 

adverse side effects associated with PDE4D inhibition. The molecular mechanisms 

underlying these side effects remain to be defined but seem to be induced by 

PDE4(D) inhibition in both the emetic brainstem regions as well as the 

gastrointestinal system (McDonough et al., 2020; Paes et al., 2021; Robichaud et al., 

2002). Emesis-inducing cAMP signaling in the area postrema in the brainstem may 

rely on signaling downstream of the glucagon-like peptide 1 receptor (GLP1R) (Han 

and de Araujo, 2021; Zhang et al., 2021). Thus, it can be argued that the PDE4D 

isoforms that mediate cAMP signaling induced by GLP1Rs should not be inhibited to 

prevent these emetic brainstem regions from being activated. Remarkably, PDE4D5 
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has been linked to GLP1 release, but a possible link between PDE4D and GLP1-

induced signal transduction upon GLP1R activation remains to be elucidated (Ong et 

al., 2009). Regarding peripherally-regulated side effects, it has recently been 

described that non-selective PDE4 inhibition induces gastroparesis (i.e. delayed 

gastric transit), which could subsequently trigger nausea and emesis (McDonough et 

al., 2020). However, it remains to be elucidated whether long isoforms of the different 

PDE4 subtypes predominantly mediate these processes. Encouragingly, we found 

here that not all (long) PDE4D isoforms are (equally high) expressed in the mouse 

stomach. Specifically, PDE4D3 and PDE4D5 exhibited high expression, whilst 

expression of PDE4D7 and PDE4D9 was substantially lower. Future studies could 

therefore investigate whether targeting of PDE4D7 and/or PDE4D9 as expressed in 

the brain would increase neuronal plasticity without contributing to stomach-

mediated side effects that are associated with non-specific PDE4(D) inhibition. 

CONCLUSION  

In summary, this study shows that inhibition of individual long PDE4D 

isoforms specifically enhances neuronal plasticity, and that inhibition of these 

isoforms can yield resilience against Aβ-induced pathology in neurons. Hence, this 

target specification provides insights for the development of efficacious PDE4D 

inhibitors and supports the potential of PDE4D as a pharmacological target for the 

treatment of memory deficits in AD. 
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ABBREVIATIONS  

Aβ  Amyloid-β 

AC  Adenylyl cyclase 

AD  Alzheimer's disease 

cAMP  Cyclic adenosine monophosphate  

DISC1  Disrupted in schizophrenia 1  

DMSO  Dimethyl sulfoxide  

FAK  Focal adhesion kinase  

GLP1R  Glucagon-like peptide 1 receptor  

GPCR  G protein-coupled receptor  

HARBS   High-affinity rolipram-binding state 

HIP  Hippocampus 

LARBS  Low-affinity rolipram-binding state 

PDE  Phosphodiesterase  

PFC  Prefrontal cortex  

SNP  Single-nucleotide polymorphism 

sAC  Soluble adenlylyl cyclase 

tmAC  Transmembrane adenylyl cyclase 

VASP  Vasodilator-stimulated phosphoprotein 
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SUPPLEMENTARY MATERIAL 

Supplementary Table 1. Primers for HT22 genomic amplicon generation for the in vitro cell-free 

cleavage assay. 

Isoform Forward primer (5’-3’) Reverse primer (5’-3’) Amplicon 

size (bp) 

Fragment 

sizes (bp) 

Pde4d1 AGCTGATTCATTCGCTTCGC AGGTCACAGGGATCGGTGAT 681 283 + 398 

Pde4d3 TCACCAGGACAATACTCGCC CTTCTATGGAAATGCAGGCCA 739 286 + 453 

Pde4d6 TGCTGAATTCCGTTCCATTTTGG AGCTTTAAAGACGAAGGTGGGAA 720  261 + 459 

Pde4d9 GAACTCCCTTCGGAAGAGCC ATGCTCGTGTTTAGCCTCGT 753 239 + 514 

 
Supplementary Table 2. sgRNA 58bp forward templates including T7 promoter sequence for the in 

vitro cell-free cleavage assay. sgRNA sequence in bold.  

Isoform Forward sequence (5’-3’) 

Pde4d1 CCTCTAATACGACTCACTATAGGCATCCGAGCATGGCGGGGTAGTTTAAGAGCTATGC 

Pde4d3 CCTCTAATACGACTCACTATAGGTACATGCAACATAGGAGACGGTTTAAGAGCTATGC 

Pde4d6 CCTCTAATACGACTCACTATAGGTATTTATTGTCAGTGTCTTGGTTTAAGAGCTATGC 

Pde4d9 CCTCTAATACGACTCACTATAGGCCTCAGGGAACTTGTAGACCGTTTAAGAGCTATGC 

 

 
Supplementary Figure 1. A cell-free in vitro cleavage assay indicates that the sgRNA designed for 

PDE4D1, PDE4D3, PDE4D6, and PDE4D9 induces a double stranded break at the predicted site. 

sgRNAs for PDE4D1 and PDE4D6 were evaluated in this assay as these target (super)short PDE4D isoforms 
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that did not show a biological effect in the neurite outgrowth assay. sgRNAs for PDE4D3 and PDE4D9 

were evaluated as knocking down these long isoforms showed the largest effect in the neurite outgrowth 

assay. For each sgRNA, the figure shows an uncleaved (unclvd) fragment in lane 1, and two cleaved (clvd) 

fragments in lane 2. Fragment size is based on primer design as shown in supplementary table 3. The 

sgRNA itself appears slightly near the 130bp position. 

 

 
Supplementary Figure 2. Determination of intracellular cAMP concentration upon forskolin (FSK) 

stimulation to increase baseline cAMP levels, and concomitant GEBR32a treatment in N2a (A) and 

HT22 (B) cells (Dunnett’s post-hoc: ***P<0.001, ****P<0.0001; n≥4/condition). Data is presented as mean 

+ SEM. 
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Chapter 5 

Computational investigation of the 

dynamic control of PDE4 isoform types on 

cAMP signaling  
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ABSTRACT 

Cyclic adenosine monophosphate (cAMP) is a generic signaling molecule 

that, through precise control of its signaling dynamics, exerts distinct cellular effects. 

Consequently, aberrant cAMP signaling can have detrimental effects. 

Phosphodiesterase 4 (PDE4) enzymes profoundly control cAMP signaling and 

comprise different isoform types of which the enzymatic activity is modulated by 

differential feedback mechanisms. Because these feedback dynamics are non-linear 

and occur coincidentally, their effects are difficult to examine experimentally, but can 

be well simulated computationally. Through understanding the role of PDE4 isoform 

types in regulating cAMP signaling, PDE4-targeted therapeutic strategies can be 

better specified. Here, we established a computational model to study how feedback 

mechanisms on different PDE4 isoform types lead to dynamic, isoform-specific 

control of cAMP signaling. Ordinary differential equations describing cAMP dynamics 

were implemented in the VirtualCell (VCell) environment. Simulations indicated that 

long PDE4 isoforms exert the most profound control on oscillatory cAMP signaling, 

as opposed to the PDE4-mediated control of single cAMP input pulses. Moreover, 

elevating cAMP levels or decreasing PDE4 levels revealed different effects on 

downstream signaling. Together these results underline that cAMP signaling is 

distinctly regulated by different PDE4 isoform types and that this isoform-specificity 

should be considered in both computational and experimental follow-up studies to 

better define PDE4 enzymes as therapeutic targets in diseases in which cAMP 

signaling is aberrant. 
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AUTHOR SUMMARY 

 Cellular functioning relies on well-orchestrated intracellular signaling 

cascades. To sense and respond to the environment, cells relay extracellular signals 

to messenger molecules which can elicit adaptive responses. In response to different 

extracellular signals, cells often use the same messenger molecule, cyclic adenosine 

monophosphate (cAMP). By controlling the amplitude, duration and localization of 

this cAMP signaling, distinct messages can be relayed using the same signaling 

system. In disease, the well-orchestrated cAMP signaling can be impaired, causing 

unfavorable cellular responses. cAMP signaling is extensively controlled by 

phosphodiesterase 4 (PDE4) enzymes, which therefore provide a therapeutic target 

to restore aberrant cAMP signaling. PDE4 enzymes exist as different isoform types 

which control cAMP levels in similar, but distinct manners, as their enzymatic activity 

depends on dynamic feedback mechanisms. Experimentally, these highly dynamic 

feedback mechanisms and isoform-specific contribution to cAMP regulation are 

difficult to disentangle. Here, we investigated computationally which of the PDE4 

isoform types exert(s) most control over cAMP signaling considering the 

aforementioned feedback mechanisms. Our results suggest that the so-called long 

PDE4 isoforms predominantly regulate cAMP signaling. Considering these findings, 

more specific targeting of long PDE4 types could achieve higher PDE4-mediated 

treatment efficacy in disease in which cAMP signaling is aberrant. 
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INTRODUCTION 

 Sensing the environment and responding in an adaptive manner is crucial to 

cell survival and proper cell functioning. Relaying extracellular signals intracellularly 

to elicit an adaptive response therefore has to be tightly regulated in a dynamic, 

spatiotemporal manner. The pivotal intracellular signaling molecule cyclic adenosine 

monophosphate (cAMP) is synthesized by conversion of adenosine triphosphate 

(ATP) by both transmembrane and soluble adenylyl cyclases (AC). Although AC 

activity is regulated by a wide variety of receptors, it is striking that these receptors, 

responding to different extracellular cues, all lead to the production of the generic 

signaling molecule cAMP, which subsequently can bind different effector proteins. 

Among the cAMP effector proteins, protein kinase A (PKA) and exchange protein 

directly activated by cAMP (Epac) are most well-studied. PKA is a heterotetrametric 

protein complex that, upon binding cAMP, releases its catalytic subunits which can 

phosphorylate numerous target proteins (Herberg et al., 1996; Kim et al., 2007). 

Binding of cAMP to Epac releases the autoinhibitory conformation of Epac, which can 

initiate the activation of Rap1, a small GTPase of the Ras superfamily (de Rooij et al., 

1998; Schmidt et al., 2013). Subsequently, Rap1 can influence a variety of cellular 

processes through modulation of various downstream proteins (Bos et al., 2001). 

Moreover, by binding Popeye domain containing proteins (POPDC) and cyclic 

nucleotide-gated channels (CNGC), cAMP signaling can modulate other biological 

functions (e.g. cell-cell adhesion and regulation of membrane potentials; reviewed 

in: (Kaupp and Seifert, 2002; Schindler and Brand, 2016)). Although these different 

effector proteins all respond to cAMP, through regulation of localization and the 

dynamics of the cAMP signal (e.g. its amplitude and duration), cAMP can distinctly 

influence different intracellular processes (Musheshe et al., 2018). 

Intriguingly, the only way by which cAMP is enzymatically degraded, is via 

hydrolysis by phosphodiesterase (PDE) enzymes. In humans, eleven PDE gene 

families exist (PDE1-11) that can be classified based on their substrate selectivity; 
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some PDE types degrade cAMP selectively (PDE4,-7,-8) whilst others are selective to 

cyclic guanosine monophosphate (cGMP; PDE5,-6,-9). The remaining PDE types are 

dual-specific and degrade both cAMP and cGMP (PDE1,-2,-3,-10,-11). The different 

PDEs are heterogeneously distributed in a tissue- and cell-type specific manner 

(Baillie et al., 2019; Lakics et al., 2010). The PDE4 gene family comprises the largest 

amount of cAMP-specific PDEs and plays a critical role in shaping the dynamics and 

spatiotemporal control of cAMP signaling in many tissues and cell types (Baillie et 

al., 2019; Lakics et al., 2010). As pivotal regulators of cAMP signaling, PDE4 enzymes 

provide interesting pharmacological targets to modulate cAMP levels in a wide 

variety of disorders (Blokland et al., 2019; Paes et al., 2021; Peng et al., 2020). 

Consequently, PDE4 inhibition has been investigated as a therapeutic strategy to 

stimulate cAMP signaling. Although several PDE4 inhibitors are being used clinically, 

PDE4 inhibition may give rise to severe adverse effects (e.g. diarrhea, nausea, and 

emesis) for increasing doses. PDE4-mediated side effects are hypothesized to result, 

at least in part, from PDE4 inhibition in brainstem areas, and therefore more specific 

PDE4 inhibition is particularly required when, for the disease of interest, the 

therapeutic actions of PDE4 inhibition should occur in the brain (Paes et al., 2021). 

For example, in neurodegenerative disorder like Alzheimer’s disease and multiple 

sclerosis, PDE4 inhibitors have to enter the central nervous system to exert 

therapeutic effect which makes these interventions also more prone to brainstem-

mediated side effects (Blokland et al., 2019; Paes et al., 2021; Schepers et al., 2019). 

Therefore, a better understanding of how PDE4 mediates cAMP degradation is crucial 

to optimize PDE4 inhibition as a therapeutic strategy. 

Human PDE4 enzymes are encoded by four genes (PDE4A-D) that each 

generate multiple isoforms (e.g. PDE4D1-9) through the use of alternative promoters 

and alternative splicing. Although the different isoforms are protein products with 

the same main biological function (i.e. cAMP hydrolysis), their protein sequence 

differences allow for isoform-specific localization and regulation of enzymatic activity 
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(Houslay, 2010; Paes et al., 2021). Specifically, PDE4 isoforms can be categorized as 

long, short, and supershort based on the presence of regulatory domains. These 

regulatory domains influence the functional effect of phosphorylation by different 

kinases including PKA and extracellular signal-regulated kinas (ERK) on PDE4 

enzymatic activity (Paes et al., 2021). Long PDE4 isoforms are activated when 

phosphorylated by PKA (Alvarez et al., 1995; Hoffmann et al., 1998; MacKenzie et al., 

2002; Sette and Conti, 1996; Sette et al., 1994), whilst being inhibited when 

phosphorylated by ERK (Baillie et al., 2000; Hoffmann et al., 1999; Lenhard et al., 1996; 

MacKenzie et al., 2000). In case of phosphorylation by both PKA and ERK, the ERK-

mediated inhibition of long PDE4 forms will be relieved by concurrent 

phosphorylation by PKA (Hoffmann et al., 1999). Lacking the necessary regulatory 

domain, short PDE4 isoforms cannot be modulated by PKA but can be 

phosphorylated by ERK, resulting in enzyme activation. Similarly, supershort PDE4 

isoforms can only be modulated by ERK, but in contrast to short isoforms, 

phosphorylation of ERK results in inhibition on supershort forms (Baillie et al., 2000). 

Importantly, while ERK may phosphorylate all PDE4 subtypes, this phosphorylation 

has only effects on the enzymatic activity of PDE4B, PDE4C, and PDE4D, but not 

PDE4A, forms due to the differences in amino acid sequence (Baillie et al., 2000; Lario 

et al., 2001; Paes et al., 2021). Interestingly, since PKA and ERK are activated 

downstream from cAMP signaling, their effects on PDE4 isoform activity act as 

feedback mechanisms on cAMP signaling (Figure 1). PKA is activated directly upon 

binding cAMP, whilst ERK is activated by intermediate signaling molecules 

downstream from cAMP. In fact, cAMP and ERK signaling are intricately linked in cell-

type specific and cell-context dependent manners (reviewed in: (Stork and Schmitt, 

2002)). Upon being activated by cAMP-bound Epac, Rap1 can initiate B-raf signaling 

which eventually activates ERK in specific cell types (Bos et al., 2001; Dugan et al., 

1999; Hoy et al., 2020). 
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Figure 1. Schematic representation of cAMP signaling cascades that influence PDE4-

mediated cAMP degradation. cAMP is created by conversion of ATP by adenylyl cyclases 

and is degraded by PDE4 enzymes to 5’-adenosine monophosphate (5’AMP). PDE4 enzymes 

comprise different isoform categories (i.e. long, short, and supershort) which are generated 

via the use of alternative promoters and alternative splicing from the four human PDE4 genes. 

The kinases PKA and ERK are activated downstream of cAMP and can influence the enzyme 

activity of PDE4 in an isoform-specific manner; long forms are activated upon phosphorylation 

by PKA, whilst phosphorylation by ERK causes inhibition of long and supershort PDE4 and 

activation of short PDE4. These feedback mechanisms contribute to the PDE4-mediated 

dynamic control of cAMP signaling. This figure was created with BioRender.com. 

 

The fact that PDE4 isoforms show specific intracellular distribution patterns 

and their activity is dynamically and isoform-specifically regulated makes PDE4 

isoforms crucial spatiotemporal regulators of cAMP signaling. Understanding the 

role of the different PDE4 isoform categories on this dynamic cAMP regulation will 

aid in determining which isoform type to inhibit to elicit the desired physiological 

effect. Consequently, inhibition of specific PDE4 isoforms may modulate cAMP 

signaling more effectively and may be therapeutically safer by inducing fewer or less 

severe side effects.  
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Signal termination, mediated by the different PDE4 isoform types, is critical 

in cAMP signaling and occurs very rapidly. This rapid termination makes experimental 

investigation of the role of specific PDE4 isoforms in spatiotemporal control of cAMP 

signaling difficult (Beavo and Brunton, 2002). Computational modeling of complex, 

dynamic biological mechanisms like cAMP signaling can overcome several 

experimental limitations while providing pivotal insights into the importance of 

specific molecules by considering cross-talk and feedback mechanisms. Various 

mechanistic computational models have been developed previously to understand 

cAMP signaling pathway dynamics. These models have investigated amongst others 

the diffusion and stochastic effects on the information flow through PKA signaling 

(Bhalla, 2004), the dynamics of calcium-induced cAMP signaling (Jędrzejewska-

Szmek et al., 2017; Ohadi and Rangamani, 2019; Ohadi et al., 2019; Shumilov and 

Gotovtsev, 2021), the influence of receptor protein kinase and G-protein coupled 

receptor crosstalk (Getz et al., 2019), and the localization of cAMP signaling in 

subcellular domains (Kim et al., 2011; Oliveira et al., 2012; Stone et al., 2019; Tenner 

et al., 2020). Despite their important role in inactivating cAMP, cAMP-degrading PDE 

enzymes and their isoforms, which respond differently to feedback mechanisms, are 

not always included in the computational modeling efforts. Some models have 

studied the influence of PDE4 (Chay et al., 2016), PDE4 and PDE1 (Kim et al., 2011; 

Lindskog et al., 2006; Ohadi and Rangamani, 2019; Ohadi et al., 2019), and PDE1 and 

PDE10 (Oliveira et al., 2012). Others have investigated theoretically how a single PDE 

or PDE complexes can create cAMP nanocompartments and how these depend on 

the cAMP degradation rate, cAMP diffusion rate and geometrical and topological 

parameters (Lohse et al., 2017). Only the framework of Oliveira et al. specifically 

modeled two different subtypes of PDE4, i.e. PDE4B (located in the submembrane 

region) and PDE4D (located in the cytosol), the most prevalent isozymes in HEK293 

cells (Oliveira et al., 2010). Their simulation results demonstrated that the generation 

of a cAMP microdomain required a pool of PDE4D anchored in the cytosol as well as 
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a PKA-mediated increase of PDE4D activity. Interestingly, cAMP microdomains did 

not require impeded diffusion of cAMP (Oliveira et al., 2010). To our knowledge, the 

influence of feedback mechanisms on general, but not isoform-specific, PDE4 activity 

has only been described by Song et al. (Song et al., 2013). 

In this study, we model the dynamics of cAMP signaling and investigate the 

involvement of specific PDE4 isoform types, i.e. long, short and supershort, and the 

PKA/ERK feedback thereon, in the modulation of cAMP signaling dynamics. Using a 

computational approach we intend to better understand and conceptualize the 

signaling feedback mechanisms that differentially modulate the PDE4 isoform 

activity to determine which PDE4 isoform type may provide a more efficacious target 

in diseases in which PDE4 inhibition shows therapeutic potential. 
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MATERIALS AND METHODS 

Mathematical model development 

To simulate isoform-specific PDE4-mediated control of cAMP dynamics, a 

mathematical model was developed and implemented in the virtual cell environment 

VCell (http://vcell.org) (Slepchenko and Loew, 2010). Fifteen ordinary differential 

equations were established which describe the dynamics of cAMP, PDE4, PKA, Epac 

and RAP-1/ERK signaling in time. The following sections describe the mathematical 

framework of the model, the reactions and corresponding kinematic parameters. 

Figure 2 shows a schematic of the variables included in the model and their 

interactions. 

 

Parameter values and initial conditions  

Considering the high diffusion capability of free, unbound cAMP (Bock et al., 

2020; Yang et al., 2016), we modelled the system as well-mixed using ordinary 

differential equations, which are listed, including initial concentrations, in Table 1. We 

also assume that all downstream, inactivated components are not present at the start 

of the simulation. All reactions and corresponding parameters are given in Tables 2 

and 3. All reactions are assumed to be reversible, except the irreversible degradation 

of cAMP and phosphorylation-based actions on PDE4 isoforms. 

http://vcell.org/
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Figure 2: Schematic representation of the molecular reactions incorporated in the 

computational model. cAMP is modelled as an initial condition and is degraded to 5’AMP by 

different PDE4 isoforms (long, short, and supershort) that each can exhibit different 

degradation rates (e.g. K12onPDE). If not degraded, cAMP can bind and activate the tetramer 

PKA (PKAtet) to form C1, which causes PKAcat subunits to be released (PKAcat,1). Similarly, cAMP 

can bind and activate Epac to form EpacON, which can convert RAP1GDP into RAP1GTP to 

eventually elicit ERK phosphorylation and dimerization (ppERK). PKAcat,1 and ppERK can 

modulate PDE4 isoform activity and thereby provide feedback mechanisms of cAMP signaling.  
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Table 1. Overview of reaction species, ordinary differential equations (ODE) and initial concentrations 

# Species Description Ordinary differential equation Initial 

concentration 

(µM) 

Reference for the used 

initial concentration 

1 [cAMP] cAMP 

concentration 

𝑑𝑐𝐴𝑀𝑃

𝑑𝑡
=– (kon, PDE + k12on, PDE + k13on, PDE) ∙ cAMP ∙ PDE4long-(kon, PDE 

+ k22on, PDE + k23on, PDE) ∙ cAMP ∙ PDE4short - (kon, PDE + k32on, PDE + 

k33on, PDE) ∙ cAMP  ∙ PDE4supershort – 4 ∙  𝑘𝑜𝑛,𝐶1  ∙  
𝑃𝐾𝐴 ∙ 𝑐𝐴𝑀𝑃1.6

𝑘𝑚𝑃𝐾𝐴
1.6 +𝑐𝐴𝑀𝑃1.6

  + 4 ∙  

kdeg ∙  C1 – 𝑘𝑜𝑛,𝐸𝑃𝐴𝐶  ∙  
𝐸𝑃𝐴𝐶 ∙ 𝑐𝐴𝑀𝑃

𝑘𝑚𝐸𝑃𝐴𝐶+𝑐𝐴𝑀𝑃
 + koff_Epac  ∙  Epacon 

0.3 (standard) or 

cyclic input (see 

text) 

(Agarwal et al., 2016), 

(Jedrzejewska-Szmek et al., 

2017) 

2 [AMP] AMP 

concentration 

𝑑𝐴𝑀𝑃

𝑑𝑡
= (kon, PDE + k12on, PDE + k13on, PDE) ∙ cAMP ∙ PDE4long +(kon, PDE 

+ k22on, PDE + k23on, PDE) ∙ cAMP ∙ PDE4short + (kon, PDE + k32on, PDE + 

k33on, PDE) ∙ cAMP ∙ PDE4supershort 

0 (Neves et al., 2008) 

3 [PDE4] PDE4 

concentration 

constant  1 (standard) 
(hippocampal 
proportions, 

PDE4long: 0.7; 

PDE4short: 0.11; 

PDE4supershort: 0.19) 

(Neves et al., 2008) 

(Supplementary Material) 

4 [PKAcat] PKA catalytic 

subunits 

𝑑𝑃𝐾𝐴𝑐𝑎𝑡

𝑑𝑡
= -2 kon,PKA ∙ PKAcat

2 ∙ PKAreg
2
 + kdeg,1 ∙ PKAcat,1 + 2koff_PKA ∙ 

PKAtet   

0.023 (Oliveira et al., 2010) 

5 [PKAreg] PKA regulatory 

subunits 

𝑑𝑃𝐾𝐴𝑟𝑒𝑔

𝑑𝑡
=  -2kon,PKA ∙ PKAreg

2 ∙ PKAcat
2
 + 2koff_PKA ∙ PKAtet + 2kdeg ∙ C1 0.048 (Oliveira et al., 2010)  

6 [PKAtet] PKA tetramer 𝑑𝑃𝐾𝐴𝑡𝑒𝑡

𝑑𝑡
=  kon_PKA ∙ PKAcat

2 ∙ PKAreg
2 – koff_PKA ∙ PKAtet −𝑘𝑜𝑛,𝐶1 ∙

 
𝑃𝐾𝐴𝑡𝑒𝑡 ∙ 𝑐𝐴𝑀𝑃1.6

𝑘𝑚𝑃𝐾𝐴
1.6 +𝑐𝐴𝑀𝑃1.6

   

0.173 (Neves et al., 2008; Ohadi et 

al., 2019)  

7 [C1] cAMP-bound 

PKA tetramer 

𝑑𝐶1

𝑑𝑡
= 𝑘𝑜𝑛,𝐶1 ∙  

𝑃𝐾𝐴𝑡𝑒𝑡 ∙ 𝑐𝐴𝑀𝑃1.6

𝑘𝑚𝑃𝐾𝐴
1.6 +𝑐𝐴𝑀𝑃1.6

  – kdeg ∙ C1 0 Model assumption 

8 [PKAcat1] active PKA 

catalytic subunit 

𝑑𝑃𝐾𝐴𝑐𝑎𝑡1

𝑑𝑡
= 2kdeg ∙ C1 -kdeg,1 ∙ PKAcat,1 0 (Oliveira et al., 2010) 

9 [EPAC] inactivated Epac 
𝑑𝐸𝑃𝐴𝐶

𝑑𝑡
= −𝑘𝑜𝑛,𝐸𝑃𝐴𝐶 ∙  

𝐸𝑃𝐴𝐶 ∙ 𝑐𝐴𝑀𝑃

𝑘𝑚𝐸𝑃𝐴𝐶+𝑐𝐴𝑀𝑃
 + koff_Epac ∙ Epacon  0.488 (Jedrzejewska-Szmek et al., 

2017; Salonikidis et al., 2008) 
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# Species Description Ordinary differential equation Initial 

concentration 

(µM) 

Reference for the used 

initial concentration 

10 [EPACon] cAMP-bound, 

activated Epac 

𝑑𝐸𝑃𝐴𝐶𝑜𝑛

𝑑𝑡
 =  𝑘𝑜𝑛,𝐸𝑃𝐴𝐶 ∙

𝐸𝑃𝐴𝐶 ∙ 𝑐𝐴𝑀𝑃

𝑘𝑚𝐸𝑃𝐴𝐶+𝑐𝐴𝑀𝑃
 -  koff_Epac ∙ Epacon - konRAP1 ∙ Epacon 

∙ RAP1_GDP + koffRAP1 ∙ RAP1GTP 

0 (Jedrzejewska-Szmek et al., 

2017) 

11 [RAP1GDP] inactive Rap1 
𝑑𝑅𝐴𝑃1𝐺𝐷𝑃

𝑑𝑡
 = -kon,RAP1 ∙ Epacon ∙ RAP1GDP + koff,RAP1 ∙ RAP1GTP 0.2 (Sasagawa et al., 2005) 

12 [RAP1GTP] active Rap1 𝑑𝑅𝐴𝑃1𝐺𝑇𝑃

𝑑𝑡
 = kon,RAP1 ∙ Epac ∙ RAP1GDP – koff,RAP1 ∙ RAP1GTP -kon,ERK ∙ 

RAP1GTP ∙ ERK+ koff ∙ ppERK 

0 Model assumption 

13 [ERK] ERK 

concentration 

𝑑𝐸𝑅𝐾

𝑑𝑡
 = -kon,ERK ∙ ERK ∙ RAP1GTP + koff,ERK ∙ ppERK 0.8 (Zhang et al., 2011) 

14 [ppERK] activated ERK 
𝑑𝑝𝑝𝐸𝑅𝐾

𝑑𝑡
 = kon,ERK ∙ ERK ∙ RAP1GTP - koff,ERK ∙ ppERK + 2 ∙ koff,dimer ∙ 

ERKdimer - 2kon,dimer  ∙ ppERK2   

0 Model assumption 

15 [ERKdimer] dimerized ERK 
𝑑𝐸𝑅𝐾𝑑𝑖𝑚𝑒𝑟

𝑑𝑡
 =  kon,dimer ∙ ppERK2 -koff dimer ∙ ERKdimer 0 Model assumption 
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cAMP and PDE4 dynamics 

cAMP signaling is initiated by the synthesis of cAMP by activated adenylyl 

cyclases. Since the primary focus of this study is the role of different PDE4 isoforms 

on cAMP signaling, we investigate three types of initial cAMP conditions: 1) an initial 

pulse of 0.1, 0.3, 1 or 3 µM and 2) a continuous, cyclic input of cAMP specified as 

follows: 

 

𝑐𝐴𝑀𝑃𝑖𝑛𝑝𝑢𝑡 = 0.45 . |sin (0.015𝑡)| . (0.9998𝑡) + 0.3 

 

which reflects the cAMP oscillations reported by Ohadi et al. (Ohadi et al., 2019) and 

3) a ramp function of cAMP input defined as follows: 

 

𝑐𝐴𝑀𝑃𝑖𝑛𝑝𝑢𝑡 = 0.001. 𝑡 (𝑡 < 300) + 0.3 (𝑡 > 300) 

 

resulting in a gradual, time-dependent increase over 300s (Calebiro et al., 2009) until 

a constant input of 0.3 µM, mimicking a sustained plateau of adenylyl cyclase 

activation. Note that we do not model adenylyl activity explicitly here. 

We simulate in the computational model the PDE4-mediated enzymatic 

inactivation of cAMP (Table 1: Equations 1-2). Moreover, we model the total initial 

amount of all PDE4 isoforms combined as constant and equal to 1 µM (Table 1: 

Equations 3) (Neves et al., 2008). The relative distribution of the PDE4 isoforms is 

modeled as follows: 70% long PDE4 isoform, 11% short PDE4 isoform and 19% 

supershort PDE4 isoform. These distributions are based on in-house measurements 

of rat hippocampal tissue to exemplify tissue-specific isoform proportions (see 

Supplementary Material). Since long PDE4 isoforms comprise 70% of the total in this 

tissue, the effect of long PDE4 isoforms on cAMP signaling may be biased by the fact 

that these long forms are most abundantly present. As such, we control for this 

potential bias by also investigating a scenario in which the isoforms have equal 

proportions. More specifically, one isoform is set to zero and the other isoforms are 



 

225 

both present at 0.5 µM concentration in order to keep the total PDE4 concentration 

constant at 1 µM (Figure 10). In the computational model, cAMP degradation is 

modelled with mass action kinetics, and has three contributions: 1) baseline 

degradation by PDE4 that is independent of isoform type, 2) isoform-specific 

modulation of the baseline degradation by the activated catalytic subunit of PKA 

(PKAcat,1), and 3) isoform-specific modulation of the baseline degradation by 

activated ERK (ERKdimer) (Table 1: Equations 1-2). 

The activated catalytic subunit of PKA (PKAcat,1) and activated ERK (ERKdimer) 

are modeled to influence cAMP degradation rate by activating or inhibiting PDE4, 

depending on the PDE4 isoform involved (Paes et al., 2021). Therefore, k12on,PDE, 

k13on,PDE, k22on,PDE, k23on,PDE, k32on,PDE and k33on,PDE are not constant but depend on 

PKAcat,1 or ERKdimer, which can have an inhibitory (Vmax is negative) or stimulating (Vmax 

is positive) effect depending on the affected PDE4 isoform. These phosphorylation-

based activity effects were modeled with a Michaelis-Menten function as: 

 

ki2on, PDE  =
𝑣𝑚𝑎𝑥𝑖⋅𝑃𝐾𝐴𝑐𝑎𝑡1

𝑘𝑚𝑖+𝑃𝐾𝐴𝑐𝑎𝑡1
  and  ki3on, PDE  =

𝑣𝑚𝑎𝑥1𝑖⋅𝐸𝑅𝐾𝑑𝑖𝑚𝑒𝑟

𝑘𝑚1𝑖+𝐸𝑅𝐾𝑑𝑖𝑚𝑒𝑟
 

with i=1,2,3        (Eq. 1) 

 

Phosphorylation by PKA or ERK changes the rate of cAMP hydrolysis by PDE4 

by changing Vmax without affecting km (Hoffmann et al., 1999; Hoffmann et al., 1998). 

Moreover, it has been reported that the km values for different PDE4 forms are similar 

(Bolger et al., 1996; Jin et al., 1992; Saldou et al., 1998). It has been reported that the 

measured basal Vmax (8.s-1) is increased to 272% due to phosphorylation by PKA and 

reduced by 75% due to phosphorylation by ERK in case of the long isoform 

(Hoffmann et al., 1999; Hoffmann et al., 1998). The basal activity of the short isoform 

and supershort isoforms are increased to 130% and reduced to 85% respectively due 

to phosphorylation by ERK (Baillie et al., 2000). We would like to highlight that some 

literature reports mention a % reduction in the Vmax value and others an overall 
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activity reduction with respect to the baseline value. Here we have chosen to adapt 

the basal Vmax value (taken as 8 s-1 based on (Bolger et al., 1997; Lim et al., 1999; 

Neves et al., 2008; Reeves et al., 1987)). For example, a 272% increase in the Vmax of  

long isoform mutated to mimic PKA phosphorylation has been reported (Hoffmann 

et al., 1999), which we captured via a Vmax of 21.76 (i.e. k12on,PDE ). A similar reasoning 

was made for the other Vmax values (Hoffmann et al., 1999; MacKenzie et al., 2000). 

Parameters used for each isoform are given in Table 2. We also implemented that 

k13on,PDE and k33on,PDE cannot become larger than the baseline PDE4 degradation rate 

(kon,PDE: 0.15 µM∙s-1), as this would result in ‘negative degradation’ and therefore 

‘production’ of cAMP. The degradation of cAMP into AMP is assumed to be 

irreversible as cAMP can only be synthesized by conversion of ATP via ACs. 

 

Table 2. Kinematic parameters used to model activity of PDE4 isoforms upon 

phosphorylation by PKA and ERK  

Parameter Description km 

(µM) 

Vmax  

(µM-1∙s-1) 

Vmax 

% 

References 

kon,PDE Baseline PDE4 

degradation rate 

/ 0.15 (mass 

action kinetics) 

 (Neves et al., 2008) 

k12on,PDE PDE4 long  

PKA-phosphorylated 

1.3 21.76 272% (Hoffmann et al., 1999) 

k13on,PDE* PDE4 long 

ERK-phosphorylated 

1.3 -2 25% (Hoffmann et al., 1999) 

k22on,PDE PDE4 short  

PKA-phosphorylated 

0 0   

k23on,PDE PDE4 short  

ERK-phosphorylated 

1.3 10.4 130% (MacKenzie et al., 2000) 

k32on,PDE PDE4 supershort  

PKA-phosphorylated 

0 0   

k33on,PDE* PDE4 supershort  

ERK-phosphorylated 

1.3 -6.8 85% (MacKenzie et al., 2000) 

*k13on,PDE and k33on,PDE cannot become larger than kon,PDE (0.15 µM.s-1), the baseline PDE4 degradation rate (kon,PDE). 
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PKA dynamics 

PKA activation by cAMP is modelled as a multistep process using mass action 

kinetics. The inactive tetramer PKA (PKAtet) is formed by the association of two 

catalytic (PKAcat) and two regulatory subunits (PKAreg) with constant kon,PKA. We 

assume that four cAMP molecules can bind cooperatively to the tetramer with a Hill 

coefficient of 1.6 (Kim et al., 2007; Zhang et al., 2015), to form a complex (C1). When 

C1 dissociates (with constant kdeg), the active catalytic subunits (PKAcat,1) are released. 

Inactivation of the active catalytic subunits (PKAcat,1) occurs at a constant rate kdeg,1, 

after which the catalytic subunits can re-associate with the regulatory subunits to 

form the PKA tetramer, PKAtet (Fig. 2 and Table 1: Equations 4-8). 

At basal cAMP levels PKA activity has been found to be absent (Koschinski 

and Zaccolo, 2017). We therefore assumed that cAMP was only able to significantly 

bind PKA when cAMP levels were higher than 5.2 μM (Koschinski and Zaccolo, 2017), 

which we modelled by putting kmPKA to 5.2 μM (Table 1, Equation 7). 

 

Epac-RAP1-ERK dynamics 

Epac is a guanine nucleotide exchange factor (GEF) that aids in the activation 

of Rap1 (Bos et al., 2001; de Rooij et al., 1998; Schmidt et al., 2013). In the model, the 

binding of cAMP to Epac with rate constant kon,Epac releases Epac from its auto-

inhibitory conformation (EPAC), producing EPACon (Table 1: Equations 9-10). We 

assumed that Epac could only be significantly activated at cAMP concentrations 

higher than 30 μM, which we captured by setting kmEPAC to 30 μM (Table 1, Equation 

9) (Purves et al., 2009). Subsequently, EPACon is able to activate Rap1, which is 

mathematically represented in Table 1: Equations 11-12. Rap1 can, through complex, 

cross-talking signaling cascades, modulate ERK activation (Bos et al., 2001; Dugan et 

al., 1999; Stork and Schmitt, 2002). Since PDE4 inhibitors that should exert 

therapeutic actions in the brain are also prone to induce PDE4-mediated side effects 

by actions in the brainstem, we sought to better understand PDE4-mediated cAMP 

degradation in neurons specifically. In neurons, cAMP increases ERK activity in an 
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Rap1/B-raf dependent manner (Dugan et al., 1999). Here, we assume that Rap1 

directly activates ERK, as intermediate signaling via B-raf and MEK consists of linear 

reactions. ERK is activated after its dual phosphorylation and subsequent 

dimerization (Fig. 2 and Table 1: Equations 13-15). ERK dimerization is crucial for 

extranuclear/cytosolic actions, and PDE4 was found to associate with ERK2 dimers 

and not with monomers (Casar et al., 2008; Herrero et al., 2015). Subsequently, the 

ERKdimer is able to phosphorylate PDE4 isoforms and stimulate or inhibit their rate 

isoform-specifically (Equation 1 and Table 2) (Houslay and Baillie, 2003).  

 

Simulation settings 

Simulations were run in VCell, for a duration of 500 or 1500s with a combined 

stiff solver (IDA/CVODE). The absolute and relative tolerance was set to 1∙10-9. The 

models for a single pulse and continuous input, can be accessed on the VCell public 

model repository https://vcell.org/vcell-published-models. The names of the models 

are as follows, for a single pulse: Carlier_cAMP_isoforms_v2; and for continuous, cyclic 

input: Carlier_cAMP_isoforms_cyclic_v2. 

Details on running a model in VCell can be found in the quick start guide on 

the VCell website, https://vcell.org/support. Data was analyzed using GraphPad Prism 

V9.1.0. 

 

  

https://vcell.org/vcell-published-models
https://vcell.org/support
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Table 3: Reactions and kinetic parameters 

 

# Reaction Rate 

consta

nts 

Value  Reference  

1  
cAMP

 kon, PDE; PDE


 
AMP 

kon,PDE 0.15  μM-1 s-1 (Xin et al., 2008) 

2 
2PKAcat + 2PKAreg 

 kon, PKA
⇌

 koff, PKA
 PKA 

kon,PKA 10  µM-3s-1 Estimated  

koff,PKA 6∙10-4  s-1 

3 
PKA + 4cAMP   

 kon, C1


 
C1  

 kon,C1 0.0261 s-1 (Jedrzejewska-Szmek et al., 

2017) 

(Koschinski and Zaccolo, 

2017) 

km,PKA 5.2  µM 

4 
C1 

 kdeg



 

  2PKAcat,1 + 2PKAreg + 4cAMP 
kdeg 0.21  s-1 (Ohadi et al., 2019) 

5 
PKA cat,1

 kdeg, 1



 

PKAcat 
kdeg,1 0.0051 s-1 (Jedrzejewska-Szmek et al., 

2017) 

6 
Epac + cAMP 

 kon, Epac
⇌

 koff, Epac
Epacon 

kon,Epac   0.031 s-1  

(estimated) 

(Jedrzejewska-Szmek et al., 

2017) 

 

 

(Purves et al., 2009) 

koff,Epac 0.00651 s-1 

km,Epac 30  µM 

7 
Epacon + RAP1GDP

 kon, RAP1
⇌

 koff, RAP1
 RAP1GTP 

kon,RAP1   0.05  μM-1/s-1 

(estimated) 

(Sasagawa et al., 2005) 

koff,RAP1   1.166∙10-4  s-1 

8 
RAP1GTP +ERK 

 kon, ERK
⇌

 koff, ERK
ppERK 

kon,ERK 0.88 μM-1/s-1 (Fujioka et al., 2006; 

Radhakrishnan et al., 2009) 
koff,ERK 0.088 s-1 

9 
ppERK + ppERK

 kon, dimer
⇌

 koff, dimer
ERKDimer 

kon,dimer 0.2 μM-1/s-1 Estimated based on 

Kd=7.5nM (Khokhlatchev 

et al., 1998) 

koff,dimer     0.0015  s-1 
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Sensitivity analysis 

A sensitivity analysis was performed on the standard model where the Vmax 

parameter values were altered to investigate which Vmax was most influential on the 

average and maximal cAMP values over 1500 seconds for cyclic input (see Figure S3). 

The sensitivity was calculated as follows:  

 

Sensitivity =
|cAMP(k) − cAMP(k + ∆k)|

cAMP(k + ∆k)
/

∆k

k
 

where, 

cAMP (k) = the maximal or average cAMP concentration over 1500 seconds 

for cyclic input using the standard model settings  

cAMP (k+∆k)= the maximal or average cAMP concentration over 1500 

seconds for cyclic input at + or - 10% of the standard Vmax model parameter values  

∆k=varied parameter  

k=standard model parameter value 
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RESULTS 

Degradation dynamics of a single cAMP pulse 

Different initial cAMP concentrations (0.1-3.0 µM) were used in the 

simulations to explore potential concentration-dependent effects on cAMP 

degradation (Figure 3). Irrespective of the initial cAMP concentration, single cAMP 

pulses were completely degraded within 25 s. Comparison of the degradation rates 

revealed that initial cAMP concentrations of 1.0 and 3.0 µM induced a higher 

degradation rate compared to lower initial cAMP concentrations (Fig 3A, insert). Note 

that increases in initial cAMP concentrations are not proportional to the amount of 

cAMP present over time (reflected by the areas under the curve (AUC), Fig 3B). For 

example, for a pulse of 3.0 µM cAMP, a fold change of 10 would be expected whilst 

a fold change of 8.17 is observed, which indicates that higher initial cAMP 

concentrations elicit additional effects to facilitate its own degradation. 
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Figure 3. Degradation dynamics of single cAMP pulses of different concentration 

predicted by the computational model. A) Single cAMP pulses in a concentration range of 

0.1-3.0 µM are quickly degraded for all simulated concentrations. In the insert, degradation 

rates are compared by log-transformation of the y-axis showing equal degradation rates for 

cAMP concentration of 0.1-1.0 µM and profound increased degradation of cAMP in case of an 

initial concentration of 3 µM cAMP. B) Overview of plot characteristics per initial cAMP 

concentration. Fold changes in initial cAMP concentration, time to peak, peak value, and area 

under the curve (AUC) are shown compared to the 0.3 µM cAMP condition. These values 

indicate that the AUC does not change proportionally to the change in initial cAMP 

concentration. Simulations were run for 500 s considering estimated hippocampal PDE4 

isoform proportions and a total initial (constant) amount of all PDE4 isoforms combined equal 

to 1 µM.. 
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Effects of different cAMP concentrations on PKA, Epac, and ERK dynamics 

Although distinct cAMP pulse concentrations were all found to be quickly 

degraded based on our initial simulations, we next sought to explore how 

downstream signaling cascades are affected by these different initial cAMP 

concentrations. In our computational model, we have focused on the downstream 

cAMP-PKA and cAMP-Epac-ERK pathways as PKA and ERK affect cAMP signaling 

using feedback mechanisms through the modulation of PDE4 enzyme activity. In the 

following sections, the mentioning of PKA, Epac, and ERK reflects concentrations of 

the species PKAcat,1, EpacON, and ERKdimer, respectively. 

Simulations using single cAMP pulses of different concentrations revealed 

that PKA and Epac are differentially activated depending on the cAMP concentration. 

For example, cAMP pulses of 0.3 and 1.0 µM lead to slightly higher peak activation 

of Epac compared to PKA, whilst a cAMP pulse of 3.0 µM induces profoundly higher 

peaks of PKA compared to Epac (Fig 4A,B,D,E). Moreover, a distinction in PKA and 

Epac dynamics can be observed regarding their concentrations over time. 

Irrespective of the concentration cAMP, PKA levels subside more slowly compared to 

Epac (Fig 3A,B). ERK signaling is only activated if Epac is sufficiently activated (Fig 4 

and Fig 2 in Material and Methods). Higher initial cAMP levels resulted profoundly 

higher ERKdimer concentrations until the endpoint of the simulation (500 s) (Fig 4C,F). 
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Figure 4. Activation dynamics of downstream signaling by different cAMP concentrations predicted by the computational model. Single 

cAMP pulses in a concentration range of 0.1-3.0 µM induced dose-dependent increases in PKA activation (A), Epac activation (B) and ERK 

activation (C). cAMP concentrations differentially affect PKA and Epac signaling as shown by differences in proportional peak height, time to 

peak and AUC differences for the various cAMP concentrations compared to the default model using 0.3 µM cAMP as initial concentration (D-

E). ERK activation did not reach a plateau during the 500 s simulation, but shows non-linear increases as higher initial cAMP concentrations were 

simulated (C, F). PKA, Epac and ERK reflect the model species PKAcat,1, EpacON, and ERKdimer, respectively. Simulations were run for 500 s 

considering estimated hippocampal PDE4 isoform proportions. 
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Effects of PDE4 concentrations and isoform type on single pulse cAMP 

signaling 

Corresponding to literature, cAMP is rapidly degraded in the computational 

model after a single cAMP pulse (Fig. 3). PDE4 enzymes play a pivotal role the 

regulation of cAMP signaling. To explore the effect of PDE4-mediated cAMP 

regulation, simulations were run using different concentrations of total PDE4 

enzyme. Total PDE4 enzyme concentrations ranged from 0.1 to 10 µM, while taking 

into account the relative proportions of PDE4 isoform types as measured in the rat 

hippocampus as an example of organ-specific PDE4 isoform type expression 

(Supplementary Material). Relative proportions of long (0.70), short (0.11), and 

supershort (0.19) isoforms were kept constant for all total PDE4 concentrations. As 

expected, higher total PDE4 concentrations resulted in a more rapid degradation of 

a single 0.3 µM cAMP pulse (Fig. 5A). Dynamics of downstream PKA, Epac, and ERK 

signaling were highly non-linear for different PDE4 concentrations (Fig. 5B-D). For 

example, compared to the default total PDE4 concentration of 1 µM, higher PDE4 

concentrations (3-10 µM) lead to 3- and 10-fold lower AUC values for cAMP, PKA 

and Epac. In contrast, lower PDE4 concentrations cause non-proportional increases 

in peak and AUC values for cAMP, PKA and Epac (Fig 5B,C,F). For example, a 10-fold 

higher initial cAMP pulse (3.0 µM) causes a 28.56- and 8.29-fold increase in the peak 

value for PKA and Epac, respectively. Regarding ERK activation, non-linear effects are 

observed for both lower and higher total PDE4 concentrations, implying ERK levels 

are particularly sensitive to the amount of PDE4 present (Fig 5D,F). 

Interestingly, downstream signaling cascades appear to respond differently 

to increases in initial cAMP pulses versus reductions in the amount of PDE4 present 

when comparing to the default model in which an initial cAMP pulse of 0.3 µM is 

simulated with 1 µM PDE4 present. Specifically, a 10-fold increase in initial cAMP 

concentration causes a larger fold change in AUC value and peak value for PKA (PKA 

peak: 28.56 and AUC: 28.31; Fig 4D) compared to a 10-fold decrease in PDE4 

concentration (PKA peak: 6.74 and AUC: 8.66; Fig 5F). In contrast, a 10-fold increase 
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in initial cAMP concentration causes a smaller fold change in AUC value for Epac 

(Epac AUC: 7.79; Fig 4E) compared to a 10-fold decrease in PDE4 concentration (Epac 

AUC: 8.89; Fig 5F). Moreover, changing the PDE4 concentration resulted into a more 

profound effect on the fold changes in time to peak for PKA and Epac (i.e. fold 

changes ranging 0.18-3.72; Fig 5F) compared to changes in cAMP input 

concentrations (i.e. fold changes ranging 0.81-1.04; Fig 4D,E). These findings indicate 

that changes in cAMP input or PDE4-mediated cAMP degradation differentially affect 

the amplitude and timing of activation of downstream signaling.  

Because the enzyme activity of PDE4 isoform types is differentially altered by 

PKA and ERK feedback phosphorylation, we subsequently investigated whether the 

presence of a single PDE4 isoform type at a concentration of 1.0 µM, rather than a 

combination of them in specific proportions, resulted in isoform-specific dynamics 

of 0.3 µM cAMP pulse degradation. Unexpectedly, cAMP degradation was found to 

be identical irrespective of the PDE4 isoform type present (Fig. 5E). These results 

suggest that, for a single pulse, the rate of cAMP degradation is determined by the 

total isoform concentration rather than the isoform type present or the relative 

proportion of multiple types. 
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Figure 5. The influence of PDE4 concentration and isoform type on single pulse cAMP 

signaling as predicted by the computational model. A) Degradation of a single 0.3 µM 

cAMP pulse is dependent on the concentration of total PDE4 present. Relative proportions of 

long, short and supershort PDE4 isoforms were kept constant. B-D) Lower total PDE4 

concentrations induced higher peaks, increased time to peak and sustained activation of PKA, 

Epac and ERK. E) Simulations in which total PDE4 consists of only a specific PDE4 isoform type 

indicated that all PDE4 isoform types degrade a single 0.3 µM cAMP pulse identically. F) Fold 

changes in time to peak, peak and area under the curve (AUC) are listed for the different PDE4 

concentration conditions, compared to the 1.0 µM PDE4 condition, for cAMP and for the 

downstream signaling molecules PKA, Epac, and ERK. PKA, Epac and ERK reflect the species 

PKAcat,1, EpacON, and ERKdimer, respectively. Simulations were run for 500 s considering, except 

for Fig 4E, estimated hippocampal PDE4 isoform proportions. 
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Dynamics of oscillatory cAMP signaling and isoform-specific control by PDE4 

Following up on the unexpected finding that different PDE4 isoform types 

show identical dynamics of single cAMP pulse degradation when present at the same 

concentration, we hypothesized that single cAMP pulses may not be sufficient to 

elicit the PKA- and ERK-based feedback mechanisms on PDE4 activity as observed in 

cell-based experiments. Accordingly, under physiological conditions cAMP synthesis 

occurs in a prolonged, oscillatory manner rather than as the production of single 

cAMP pulses (Dyachok et al., 2006; Huff et al., 2020). Previous studies have shown 

that calcium oscillates spontaneously and that these oscillations influence the 

cAMP/PKA dynamics (Chen et al., 2013; Ohadi et al., 2019). In particular, 

computational work has shown that cAMP/PKA is a leaky integrator of calcium 

dynamics, meaning that cAMP/PKA senses the lower frequency of the calcium 

dynamics. Here, we wanted to explore how different PDE4 concentrations and 

isoform types regulate downstream signaling dynamics of oscillatory cAMP 

signaling.  
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Figure 6. The influence of PDE4 concentration on oscillatory cAMP signaling as predicted 

by the computational model. A) Dynamic control of oscillatory cAMP pulses is dependent 

on the concentration of total PDE4 present. Relative proportions of long, short and supershort 

PDE4 isoforms were kept constant. B-D) Lower total PDE4 concentrations induced higher levels 

of activated PKA, Epac, and ERK. PKA, Epac and ERK reflect the species PKAcat,1, EpacON, and 

ERKdimer, respectively. Simulations were run for 1500 s considering estimated hippocampal 

PDE4 isoform proportions. 

 

Similar as seen for a single cAMP pulse, the concentration of total PDE4 

regulates oscillatory cAMP signaling and activation of downstream effectors (Fig 5 

and 6). Higher (3.0 µM) and lower (0.3 µM) PDE4 concentrations resulted, 

respectively, in a faster and slower degradation of oscillatory cAMP (Fig 6A). 

Accordingly, activation of the effectors PKA (PKAcat,1), Epac (EpacON) and ERK 

(ERKdimer) was similarly changed and these effects were highly non-linear (Fig. 6B-D). 

Interestingly, and in contrast to a single pulse of cAMP, the isoform type or the 

relative proportion greatly influenced the rate of cAMP degradation in the simulated 

settings. More specifically, when keeping the total PDE4 concentration equal at 1 µM 
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but varying the type of isoform, Fig. 7 shows that the long and short isoforms 

maintain an oscillatory cAMP profile (albeit with a higher initial peak for the short 

isoform with respect to the long isoform, Fig. 7A), while the supershort isoform is not 

able to degrade the cyclic cAMP input at a sufficient rate, leading to a fast 

accumulation of cAMP (Fig. 7A insert). Also downstream signaling is distinct when 

only a specific PDE4 isoform type is present. For the short and long isoform, the 

steady state levels of activated PKA and Epac oscillate around 0.05 µM and 0.025 µM 

respectively, whereas for the supershort isoform, the steady state Epac and PKA levels 

are almost 10- and 5-fold higher (0.24 µM and 0.27 µM, Fig. 7B-C). A gradual increase 

in cAMP concentration followed by a sustained input resulted in similar findings to 

the cyclic cAMP input, i.e. the long and short isoforms maintain a stable cAMP profile, 

while the supershort isoform is not able to degrade the sustained cAMP input at a 

sufficient rate, leading to a fast accumulation of cAMP (see Supplementary Figure 

S2). As such, these results nicely correspond to the findings of the Conti laboratory 

in which sustained adenylyl cyclase activation as been shown to result in a transient 

increase in the intracellular cAMP concentration after which the intracellular cAMP 

concentrations reach a steady state level (for long isoform activation through PKA) 

(Rich et al., 2007). These simulations indicate that cAMP signaling is not effectively 

controlled in the presence of supershort PDE4 isoforms alone, suggesting that 

additional biological mechanisms would have to be employed to prevent cAMP 

levels from rising uncontrollably. 
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Figure 7. PDE4 isoform types differentially regulate oscillatory cAMP signaling. The 

effect of PDE4 isoform type on oscillatory cAMP signaling was simulated by including a single 

PDE4 isoform type only at a concentration of 1 µM. A) Dynamic control of oscillatory cAMP 

signaling is distinct for different PDE4 isoform types. Presence of supershort PDE4 isoforms 

only leads to profound accumulation of cAMP (insert). When only short or long PDE4 isoforms 

are present, cAMP levels can be stabilized in a concentration range after an initial peak. B-C) 

Similar to the effect on oscillatory cAMP control, PKA and Epac are most profoundly activated 

when only supershort PDE4 isoforms are present. In case only short PDE4 isoforms are present, 

an initial increase can be observed after which activation levels stabilize. D) Similar to PKA and 

Epac activation, ERK activation increased mainly when only supershort isoforms were present. 

Presence of only short PDE4 isoforms led to a higher ERK activation compared to long PDE4 

isoforms only. PKA, Epac and ERK reflect the species PKAcat,1, EpacON, and ERKdimer, respectively. 

Simulations were run for 1500 s with oscillatory cAMP input (0.3 µM). 

 

PDE4 activity changes over time in an isoform-specific manner 

To understand why the type of PDE4 isoform only has an important impact 

for cyclic cAMP pulses and not for a single cAMP pulse in the computational model, 

we looked in detail at Equation 1 in Table 1 (Material and Methods). The activity, i.e. 
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the degradation rate, of the PDE4 isoform types is differentially affected upon 

phosphorylation events by activated PKA and ERK. As PKA and ERK themselves are 

dynamically regulated over time (Fig 7B,D), we next sought to investigate how the 

degradation rates for the different PDE4 isoform types change over time as a 

response to oscillatory cAMP signaling.  

For a single cAMP pulse, the degradation rates overlap for all isoforms types 

(Figure 5E) which can be explained by the fact that the elevations in activated PKA 

and ERK concentrations are small (Figure 5B-D) resulting in no or negligible 

differences between the enzymatic activity of different PDE4 isoforms. In contrast, 

for cyclic cAMP pulses there is a continuous generation of activated ERK and PKA, 

leading to higher overall degradation rates by means of biological feedbacks loops 

impacting upon PDE4 activity (Fig 6A). For the long isoform, of which the activity is 

regulated by both PKA and ERK, the activation rate is higher than the inhibition rate, 

which reflects the Vmax settings (i.e. 21.76 for activation, -2 for inhibition), resulting 

in net increased activation (Fig 8A and Supplemental Figure S1). In other words, the 

activation of the long isoform by PKA keeps the PKA concentration under control, 

since a higher degradation rate of cAMP results in less PKA formation (a negative 

feedback loop), resulting in a compensatory k12on,PDE rate. The short isoform is 

activated by ERK. Since the activation of ERK is slower than of PKA (Fig 6B,D), the 

increase in konshort (i.e. kon,PDE + k23on,PDE) is slower than the increase of konlong (i.e. 

kon,PDE + k12on,PDE + k13on,PDE) and overall a lower activation rate is reached for short 

PDE4 compared to long PDE4. Consequently, the cAMP has a larger initial peak when 

only the short isoform is present in comparison to when all (Fig 6A), or only the long 

isoform (Fig 7A) is present.  

The supershort isoform is inhibited by ERK, which represents a positive 

feedback loop. More specifically, a high ERK concentration inhibits the degradation 

of cAMP by long and supershort PDE4 forms, leading to downstream activation of 

ERK. Consequently, in the simulations of cyclic cAMP input with only the supershort 



 

243 

isoform present, the konsupershort (i.e. kon,PDE + k33on,PDE) rate flattens out already 

after 500s (Fig 8A-B), implying that there is no degradation of cAMP anymore (all 

PDE4 supershort isoforms are inhibited) resulting in a massive build-up of the cAMP 

concentration (Fig. 7A). These simulations show that, in cases where only the 

supershort isoform is present, other mechanisms should be activated to limit the 

cAMP concentration increase, and in particular mechanisms that limit the activation 

of the ERK pathway or increase the cAMP degradation in an PDE4-independent 

mechanism.  

Figure 8. Degradation rates of cAMP by PDE4 long, short, and supershort isoforms 

change differentially over time. The degradation rates of long (Konlong), short (Konshort) and 

supershort (Konsupershort) forms are shown in green, blue and red, respectively. Degradation 

rates per PDE4 isoform are dependent on the baseline degradation rate and modulation by 

PKA and/or ERK and are calculated based on Tables 1 and Table 2 (Konlong = kon,PDE + k12on,PDE 

+ k13on,PDE; Konshort = kon,PDE + k22on,PDE + k23on,PDE; Konsupershort = kon, PDE + k32on, PDE + k33on, 

PDE). A) Changes in absolute degradation rates per PDE4 isoform type are plotted over time. B) 

The contribution of different PDE4 isoform types to the total degradation changes over time. 

Changes in degradation rate correspond to changes in PKA and ERK levels as shown by the 

dashed (PKA) and solid (ERK) black line. PKA and ERK reflect the species PKAcat,1 and ERKdimer, 

respectively. Simulations were run for 1500 s considering estimated hippocampal PDE4 

isoform proportions (total 1 µM) and oscillatory cAMP input (0.3 µM). 

 

The degradation rates of long and supershort PDE4 isoforms start to go 

down once ERK becomes activated while short forms are activated (Fig 8A-B). This 

implies that, in case ERK is already activated and PDE4 long and supershort forms 
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are thus initially inhibited before cAMP synthesis is started, PDE4-mediated cAMP 

degradation could be diminished. This means that preceding ERK activation, by 

inhibition of long and supershort PDE4, could have ‘permissive and facilitating’ 

actions on cAMP signaling.  

To investigate the influence of Vmax parameter values on the model 

outcome, we performed a sensitivity analysis in which we varied the Vmax values +/-

10% and looked at the average and maximum cAMP value over 1500 seconds (see 

Supplementary Figure S3). As can be appreciated from these results, the sensitivity 

of the model is similar for all Vmax values, with the highest for kon12PDE which 

captures the effect of the long isoform phosphorylation by PKA. In this respect, the 

sensitivity analysis is in line with the other reported results that highlight the 

important effect of the long isoform. Importantly, we highlight here that due to the 

scarcity of quantitative data, the baseline Vmax values are based on measures in 

different cell types using different assays. 

 

Initial PKA and ERK concentrations influence PDE4-mediated cAMP 

degradation 

Despite the large influence of PKA and ERK on PDE4-mediated cAMP 

degradation, our prior simulations did not take into account the initial presence of 

PKA and/or ERK and may therefore not fully represent the biological situation in 

which these species may modulate PDE4 activity already before cAMP is synthesized. 

Therefore, we also explored the influence of the activated PKA and ERK concentration 

on PDE4-mediated cAMP degradation by using non-zero initial concentrations (0.05 

and 0.066 µM, respectively) based on their final values in the simulations shown in 

Figure 6B and -D. The following simulations were run using a single pulse only, since 

cyclic pulses lead to continuous degradation and production which overrules the 

effect of different initial PKA and ERK conditions. 

Figure 9 shows the degradation dynamics of a single 0.3 µM cAMP pulse for 

different initial concentrations of PKA and ERK. Similar to above, these results 



 

245 

indicate that the initial PKA concentration has an important influence on cAMP 

degradation by increasing the activity of long PDE4 isoforms and overruling a 

potential influence of initial ERK concentrations (i.e. note that the curves of the green 

diamonds and blue triangles overlap in Figure 9). In case no PKA is initially present, 

non-zero initial concentrations of ERK also influence cAMP degradation by inhibiting 

long and supershort PDE4 isoforms while activating short PDE4 isoforms. Depending 

on the intracellular distribution of the different PDE4 isoform types and their relative 

proportions, these initial PKA and ERK concentrations may give rise to specific 

intracellular cAMP gradients by distinctly influencing PDE4 activity. 

Figure 9. The initial concentrations of PKA and ERK influence degradation of a single 

cAMP pulse. Elevated initial PKA levels lead to quicker degradation of a single 0.3 µM cAMP 

pulse (blue triangles), while increased initial ERK levels diminish degradation (yellow triangles) 

compared to the default simulation in which PKA and ERK are initially absent (black squares). 

When both PKA and ERK are initially present, PKA overrules the effect of ERK indicating that 

PKA, by activating long PDE4 isoforms, has a major influence on PDE4-mediated cAMP 

degradation (green diamonds). PKA and ERK reflect the species PKAcat,1 and ERKdimer, 

respectively. Simulations were run considering estimated hippocampal PDE4 isoform 

proportions (total 1 µM)  with a single cAMP pulse input (0.3 µM). 
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Figure 10. Effects of isoform-type specific PDE4 inhibition on cAMP and downstream 

signaling. The effect of isoform-specific PDE4 inhibition on cAMP signaling was tested while 

considering the relative proportions of isoform types measured in the hippocampus (panels 

A, C, E and G) or considering equal expression proportions of the different PDE4 isoform types 

(panels B, D, F and H) for a cyclic input of cAMP. Inhibition of long PDE4 isoforms (green lines) 

produced the largest elevations in cAMP (A-B), PKA (C-D), Epac (E-F), and ERK levels (G-H) 

irrespective of the proportion of isoform types. Inhibition of short forms (blue lines) led to 

higher levels of cAMP and downstream molecules than inhibition of supershort forms (red 

lines) when considering equal isoform type proportions (B,D,F,H) but not in case of 

hippocampal proportions (A,C,E,G) indicating relative proportions determine the functional 

importance of isoform types. PKA, Epac and ERK reflect the species PKAcat,1, EpacON, and 

ERKdimer, respectively. Simulations were run for 1500 s with oscillatory cAMP input (0.3 µM). 
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Inhibition of PDE4 long isoforms has the most profound effect on cAMP 

signaling   

 Based on the observations that cAMP signaling is best kept under control 

when long PDE4 isoforms are present (Fig 7), long isoforms contribute largely to the 

total PDE4-mediated cAMP degradation (Fig 8), and the dominant effect of PKA over 

ERK in modulating PDE4 activity by acting on long PDE4 forms specifically (Fig 9), we 

sought to investigate whether inhibition of long PDE4 isoforms specifically impacts 

cAMP signaling most profoundly compared to inhibition of the other isoform types.  

 Inhibition of single PDE4 isoform types was simulated by setting this isoform 

to zero while leaving the other two types unaffected. In prior simulations we have 

used the relative proportions of long, short, and supershort PDE4 isoforms based on 

those measured in the hippocampus as an example of tissue-specific expression, i.e.  

0.7 long, 0.11 short, 0.19 supershort. Since long PDE4 isoforms comprised 70% of the 

total in this tissue, the observations that long PDE4 isoforms exert a large control on 

cAMP signaling may have been biased by the fact that these long forms are most 

abundantly present. To control for this potential bias we also simulated the inhibition 

of an isoform type while keeping the remaining forms in equal proportions, i.e. one 

isoform is set to zero and the other isoforms are both present at 0.5 µM 

concentration in order to keep the total PDE4 concentration constant at 1 µM. 

 Figure 10 visualizes the effect of PDE4 isoform type inhibition on cAMP 

signaling considering both the hippocampal proportion of isoform types as well as 

equal proportions. Irrespective of the proportions considered, inhibition of long 

PDE4 forms led, compared to inhibition of short or supershort isoforms, to higher 

levels of cAMP (green curve, Fig 10A,B), PKA (green curve, Fig 10C,D), Epac (green 

curve, Fig 10E,F), and ERK signaling (green curve, Fig 10G,H). Inhibition of short 

isoforms differed from the inhibition of supershort forms only when considering 

equal proportion of isoform types (Fig 10B,D,F,H) which demonstrates that unequal 

abundance of PDE4 isoform types (e.g. in the case of the hippocampus) influences 

the functional importance of a particular isoform type. 
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DISCUSSION  

Various intra- and extracellular stimuli all induce the synthesis of cAMP but 

eventually evoke distinct cellular effects. This ‘repurposing’ of the same signaling 

machinery by controlling its dynamics is beneficial from an evolutionary perspective 

compared to developing separate pathways for each stimulus, receptor or response 

(Purvis and Lahav, 2013). Accordingly, by means of compartmentalization and 

multiple (dynamic) feedback mechanisms, cAMP can convey signals from multiple 

different sources to induce distinct responses. By degrading cAMP, PDE4 enzymes 

exert profound control over cAMP signaling dynamics. Specifically, PDE4 enzymes 

consist of multiple isoform types of which the enzyme activity is dynamically 

regulated in a feedback-based manner in response to downstream cAMP signaling. 

Here, we constructed a computational model to explore the role of PDE4 and its 

different isoforms in the control of cAMP dynamics. 

Based on our model, we explored the effects of different concentrations 

cAMP and PDE4 on activation of the downstream cAMP-PKA and cAMP-Epac 

pathways. It was identified that PKA activation was mainly influenced by the 

concentration of cAMP, whilst Epac activation was more sensitive to the amount of 

PDE4 present. Moreover, simulations using different total PDE4 concentrations 

caused substantial changes in PKA and Epac activation dynamics by changing time 

to peak values, whilst simulation using different cAMP concentrations did not. 

Changes in PDE4 concentration led to non-linear changes in the dynamics of cAMP 

and downstream effectors, which provides an estimation of the magnitude of effect 

of experimentally observed changes in PDE4 expression. For example, the 1.5-4.0 fold 

increases in PDE4 at the mRNA, protein, and enzyme activity level that have been 

reported in physiological and disease-associated conditions do affect cAMP and 

downstream signaling based on our model (Levallet et al., 2007; Paes et al., 2020; 

Peter et al., 2007). 
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 In light of investigating the effect of PKA- and ERK-based feedback on PDE4 

isoform activity, our simulations indicated that oscillatory cAMP signaling, as 

opposed to single cAMP input pulses, is necessary to induce downstream effector 

activation that can influence PDE4 isoform activity. As the change in enzyme activity 

upon phosphorylation by PKA and/or ERK is PDE4 isoform-specific, we examined 

how oscillatory cAMP signaling affects the activity of these PDE4 isoform types. The 

results indicated long PDE4 isoforms exert the largest control on dynamics of cAMP 

and downstream effector signaling (Fig. 7) and that long PDE4 isoforms contribute 

most to total PDE4-mediated cAMP degradation (Fig 8). These long-dominant effects 

may have been biased by the fact that we considered PDE4 isoform proportions 

based on measurements in rat hippocampal tissue, in which long forms were 

predominantly (i.e. 70%) present. However, simulations in which each of the PDE4 

isoform type were present in equal amount and were separately inhibited, long forms 

also exhibited the largest impact on cAMP and downstream signaling dynamics (Fig 

10). This seemingly importance of long PDE4 forms is supported by the fact that the 

four PDE4 genes (PDE4A-D) encode more long isoforms than short and supershort 

isoforms (Paes et al., 2021), which may imply that long forms are involved in a 

broader array of cellular functions. Indeed, these various long PDE4 isoforms are 

known to localize to specific intracellular compartments owing to their unique N-

terminus amino acid stretches to engage in specific protein-protein interactions 

(Houslay, 2010; Paes et al., 2021). As such, long PDE4 isoforms can control cAMP 

signaling in a precisely located and efficient manner as their activity can be quickly 

increased upon phosphorylation by PKA. 

In contrast to long forms, supershort PDE4 forms were found to inadequately 

control oscillatory cAMP signaling (Fig 7). These isoforms cannot be phosphorylated, 

and activated, by PKA, but are only affected by ERK phosphorylation. However, 

phosphorylation by ERK actually decreases enzyme activity of supershort PDE4 while 

modestly increasing the activity of short PDE4 forms. Thus, phosphorylation-based 
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feedback mechanisms appear insufficient in increasing supershort PDE4 isoform 

activity. This may imply that cAMP levels could become uncontrollable in 

compartments where only supershort PDE4 forms are present. However, early studies 

have reported the transcription-based upregulation of (super)short PDE4 in response 

to cAMP signaling activation as an alternative feedback mechanism (Conti, 2000; Liu 

et al., 2000; Swinnen et al., 1991b). Moreover, (super)short forms have been shown 

to localize throughout the cytosol where they may control cAMP signaling globally 

compared to cAMP control by long PDE4 forms in specific locations (Bolger et al., 

1997; Cheung et al., 2007; Huston et al., 1997). 

The results of this study, which indicate the effects of PDE4 isoform types on 

cAMP signaling dynamics, should be interpreted in the light of the following 

assumptions and limitations. Firstly and most importantly, The model simulations 

predict that all cAMP is degraded in approximately 15 seconds (single cAMP pulse), 

which differs from the reported cAMP measurements in live cells (i.e. 100-300 

seconds (Violin et al., 2008). Although this discrepancy may be cell-dependent, we 

hypothesize that this might be due to the ODE formalism we are using as such do 

not fully account for the spatial regulation of cAMP signaling via cAMP 

compartmentalization and local subcellular cAMP gradients. More specifically, 

precise subcellular localization of PDE isoforms is proposed to be important for 

shaping cAMP gradients (Barnes et al., 2005; Feinstein et al., 2012; Xin et al., 2015). 

Here, we provide a very rough approximation of how different isoforms of a certain 

PDE4 subtype may be proportionally expressed in (parts of) an organ. As such, our 

approximation of the ratio of different PDE4 isoform categories by means of a 

Western blot of just the PDE4D subtype does not reflect or provide information on 

the expression of all PDE4 subtypes and isoforms in specific cell types and their 

localization within these cells. Interestingly, of the 21 reported human PDE4 isoforms, 

15 are long (70%), 2 are short (10%), and 4 are supershort isoforms (20%) which 

reflects very similar proportions as reported for PDE4D isoforms here (Paes et al., 
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2021). As soon as isoform-specific intracellular expression patterns are determined, 

these details can be included in future models. In addition, local production by ACs, 

cAMP buffering (by e.g. PKA), physical barriers (i.e. the cytoskeleton), export by 

multidrug resistance proteins and cell shape are also believed to contribute to cAMP 

compartmentalization (Saucerman et al., 2014). Importantly, recent insights indicated 

that cAMP is primarily buffered by PKA regulatory subunit condensates and that 

PDEs effectively reduce cAMP signaling in highly localized, nanometer-sized 

compartments (Bock et al., 2020; Jackson, 2020; Zhang et al., 2020). Also, A-kinase 

anchoring proteins (AKAPs) have the ability to anchor PKA, Epac and PDE4 to specific 

subcellular locations, to form local signaling complexes with high signaling specificity 

and efficacy (Dema et al., 2015; Omar and Scott, 2020). By tethering PKA to specific 

subcellular locations, it can specifically activate effector proteins in its vicinity. 

Besides, AKAPs can also directly bind effector proteins, to spatially and temporally 

influence the signal transduction (Dema et al., 2015; Omar and Scott, 2020). AKAPs 

are thus important players in establishing compartmentalized cAMP signaling by 

contributing to the subcellular localization of signaling components, but it is not yet 

completely understood how the intracellular positioning of cAMP effector proteins 

(i.e. PDE4, Epac, PKA) by AKAPs shapes cellular cAMP signaling.  

Secondly, considering the short time scales that we model, we assume a 

constant amount of protein, thus ignoring potential production and degradation 

processes. For example, the transcriptional upregulation of (super)short PDE4 as 

feedback mechanism may take longer than 1500 s as simulated here, but could be 

implicated in future models. as well as transcriptional or epigenetic regulation (Paes 

et al., 2020; Paes et al., 2021; Tilley and Maurice, 2005). For example, the 

transcriptional upregulation of (super)short PDE4 as feedback mechanism may take 

longer than 1500 s as simulated here, but could be implicated in future models. 

Earlier studies reported large increases in (super)short transcripts, but these were 

observed after a period of multiple hours (Swinnen et al., 1989; Swinnen et al., 1991a). 
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Because of this difference in time frames and the difficulty of translating cAMP 

increases to downstream transcriptional upregulation, we opted to not include 

transcription-regulated feedback in this model yet. Thirdly, this study focuses on 

PDE4, whereas other cAMP degrading PDEs also play an important role in the 

spatiotemporal dynamics of cAMP signaling. Similarly, the PDE4 activity can be 

modulated through a wide variety of post-translational modifications and 

interactions with partner proteins (Paes et al., 2021), which are not all captured in the 

current model. For example, the effect of phosphatases, which would remove 

phosphorylation of PDE4 or undo effects of PKA in Raf-1 expressing cells on 

phosphorylation of Raf1 and its downstream signaling to ERK (Stork and Schmitt, 

2002), providing yet other cell-specific routes for cAMP and ERK signaling pathways 

to interact, could be incorporated in future work. Finally, the parameter values of the 

model (e.g. proportional/relative concentrations of included signaling molecules and 

the way they influence each other) are highly cell type-, context-, and compartment-

specific (Dodge-Kafka et al., 2005; Dugan et al., 1999; Stork and Schmitt, 2002). Future 

work should focus on acquiring these cell-type and context-specific experimental 

data (e.g. using next-generation cAMP-sensing techniques (Bock et al., 2020)) in 

order to better calibrate the computational models (including, if necessary, stochastic 

simulation techniques such as reported in {Jędrzejewska-Szmek, 2017 #908}) and 

simulate these dedicated scenarios. 

The current study pointed out that different PDE4 isoforms distinctly regulate 

cAMP and downstream signaling dynamics and that these isoform-specific 

differences should be considered in future computational and experimental work on 

PDE4/cAMP signaling. Computational follow-up studies could focus on PDE4/cAMP 

signaling in specific cellular compartments or cell types by adapting the model 

presented here. Moreover, this model can provide insights in PDE4 drug design by 

simulating how PDE4 inhibitors, with different affinities to the different isoform types, 

impact overall cAMP signaling. Experimentally, future computational work should 
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validate the influence of specific PDE4 isoforms on cell-type specific cAMP-regulated 

processes by using, for example, RNA silencing or (epi)genetic editing.  
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SUPPLEMENTARY MATERIAL 

Figure S1. Changes in degradation rates k12on,PDE, k13on,PDE, k23on,PDE, and k33on,PDE over 

time. k12on,PDE reflects the activating effect of phosphorylation by PKA on long PDE4 isoform 

activity (top left). k13on,PDE and k33on,PDE reflect the inhibiting effects of phosphorylation by ERK 

on long and supershort PDE4 isoform activity, respectively (top right and bottom right). 

k23on,PDE reflects the activating effect of phosphorylation by ERK on short PDE4 isoform activity 

(bottom left). Note the differences in y-axes. Simulations were run for 1500 s considering 

estimated hippocampal PDE4 isoform proportions (total 1 µM) and oscillatory cAMP input (0.3 

µM). 
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Figure S2. PDE4 isoform types differentially regulate sustained cAMP signaling. The 

effect of PDE4 isoform type on sustained cAMP signaling was simulated by including a single 

PDE4 isoform type only at a concentration of 1 µM. A) Dynamic control of sustained cAMP 

signaling is distinct for different PDE4 isoform types. Presence of supershort PDE4 isoforms 

only leads to profound accumulation of cAMP (insert). When only short or long PDE4 isoforms 

are present, cAMP levels can be stabilized in a concentration range after an initial peak. B-C) 

PKA and Epac are most profoundly activated when only supershort PDE4 isoforms are present. 

In case only short PDE4 isoforms are present, an initial increase can be observed after which 

activation levels stabilize. D) Similar to PKA and Epac activation, ERK activation increased 

mainly when only supershort isoforms were present. Presence of only short PDE4 isoforms led 

to a higher ERK activation compared to long PDE4 isoforms only. PKA, Epac and ERK reflect 

the species PKAcat,1, EpacON, and ERKdimer, respectively. Simulations were run for 1500 s 

with gradual increase and then constant cAMP input (0.3 µM). 
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Figure S3. Local sensitivity analysis of the cAMP model. Parameter sensitivity values on the 

y-axis indicate how a 10% increase (light orange) or decrease (dark orange) in each parameter 

[vmax parameter values, see also Table 2] affects the average (left) and maximum (right) cAMP 

value over 1500 seconds for a oscillatory input of cAMP and considering estimated 

hippocampal PDE4 isoform proportions (total 1 µM).  

 

Estimation of proportional PDE4 isoform type expression in rat hippocampus 

tissue 

Sample preparation and western blotting methodology was performed as 

previously described (Argyrousi et al., 2020; Nelissen et al., 2017). Briefly, 

hippocampal tissue of a 4-month-old male Wistar rat was used. Approximately 20 

mg of the left hippocampus was homogenized in 400 µl lysis buffer (100 mM Tris-

HCl, 200 mM NaCl, 1 mM EDTA, 2 mMDTT, 0.05% Triton, 1 tablet complete protease 

inhibitor mix/20 ml buffer (Roche, Vilvoorde, Belgium), 1 tablet PhosSTOP 

phosphatase inhibitor cocktail/10 ml buffer (Roche) using a mini-Bead-Beater 

(BioSpec products, Bartlesville, OK, USA). Samples were homogenized three times for 

30 s with 5 min cooling on ice between runs. After 30 min cooling on ice, samples 

were centrifuged at 16,000 x g for 20 min. (4 °C), and the supernatant was divided 

into aliquots and stored at−80 °C until further use. Protein concentrations were 

determined with the Bio-Rad DC™ protein assay (Bio-Rad Laboratories, Inc.). 
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Brain homogenate (total protein input, 20 µg was resolved in 10% SDS 

polyacrylamide gel electrophoresis and then transferred onto nitrocellulose 

membranes (Bio-Rad Laboratories). The membranes were blocked (50% Odyssey 

blocking buffer in PBS; Li-Cor, Lincoln, NE) for one hour at room temperature, 

followed by overnight incubation with the primary antibodies at 4°C. The primary 

antibodies consisted of rabbit anti-PDE4D (1:500, ab14613; Abcam) and mouse anti-

GAPDH (1:1,000,000, #10R-G109A; Fitzgerald Industries, Acton, MA) as loading 

control. Membranes were subsequently incubated with secondary antibodies for one 

hour at room temperature: goat anti-rabbit IRDye 800 (1:10,000; Li-Cor) and donkey 

anti-mouse IRDye 680 (1:10,000; Li-Cor). Membranes were visualised using the 

Odyssey Infrared Imaging System (Li-Cor), and protein bands were quantified using 

ImageJ by means of densitometry (National Institutes of Health, Bethesda, MD). 

Protein bands of ~55 kDa were considered to be supershort PDE4D isoforms, bands 

of ~65 kDa were considered to be PDE4D short isoforms and band >75 kDa were 

considered to be long PDE4D isoforms (Supplemental Figure 4). 
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Figure S4. Western blot image of rat hippocampal tissue (right column) stained for 

PDE4D. Protein bands of ~55 kDa were considered to be supershort PDE4D isoforms, bands 

of ~65 kDa were considered to be PDE4D short isoforms and band >75 kDa were considered 

to be long PDE4D isoforms. 
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Chapter 6 

Inhibition of PDE2 and PDE4 synergistically 

improves memory consolidation processes 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Published as: 

Paes et al. (2021) Neuropharmacology. Feb 15;184:108414. 

doi: 10.1016/j.neuropharm.2020.108414  

https://doi.org/10.1016/j.neuropharm.2020.108414


 

270 

ABSTRACT 

Phosphodiesterases (PDE) are the only enzymes that degrade cAMP and 

cGMP which are second messengers crucial to memory consolidation. Different PDE 

inhibitors have been developed and tested for their memory-enhancing potential, 

but the occurrence of side effects has hampered clinical progression. As separate 

inhibition of the PDE2 and PDE4 enzyme family has been shown to enhance memory, 

we investigated whether concurrent treatment with a PDE2 and PDE4 inhibitor can 

have synergistic effects on memory consolidation processes. We found that 

combined administration of PF-999 (PDE2 inhibitor) and roflumilast (PDE4 inhibitor) 

increases the phosphorylation of the AMPA receptor subunit GluR1 and induces CRE-

mediated gene expression. Moreover, when combined sub-effective and effective 

doses of PF-999 and roflumilast were administered after learning, time-dependent 

forgetting was abolished in an object location memory task. Pharmacokinetic 

assessment indicated that combined treatment does not alter exposure of the 

individual compounds. Taken together, these findings suggest that combined PDE2 

and PDE4 inhibition has synergistic effects on memory consolidation processes at 

sub-effective doses, which could therefore provide a therapeutic strategy with an 

improved safety profile.  
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INTRODUCTION 

Cyclic nucleotides are second messengers that convey extracellular signals 

to adaptive changes within the cell. In the central nervous system, cyclic adenosine 

monophosphate (cAMP) and cyclic guanosine monophosphate (cGMP) have been 

suggested to play a crucial role in neuronal signal transduction and memory 

consolidation processes. Downstream targets of cAMP and cGMP include protein 

kinases (e.g. PKA and PKG), nucleotide exchange factors (Epac1 and Epac2), popeye-

domain containing proteins (POPDC) and cyclic nucleotide gated channels (CNGC). 

Via these downstream targets, cAMP and cGMP can modulate a multitude of 

processes involved in synaptic plasticity mechanisms like long-term potentiation 

(LTP). LTP takes place in two distinct phases: short-lasting early LTP (E-LTP) during 

which no gene transcription or translation is induced and enduring late LTP (L-LTP) 

which does involve gene expression and protein synthesis. As such, E-LTP consists of 

post-translational modifications (e.g. phosphorylation) by which the localization and 

functionality of proteins can be adapted. For example, phosphorylation of specific 

residues on the AMPA receptor subunit GluR1 induces receptor trafficking and 

conductivity changes which then facilitate synaptic plasticity (Lee, 2006). L-LTP 

involves transcription of plasticity genes regulated by the transcription factor CREB 

(Barco et al., 2002; Kida, 2012; Suzuki et al., 2011). Cyclic nucleotide levels modulate 

both E-LTP and L-LTP through activation of downstream effectors which can 

subsequently phosphorylate different substrates (e.g. CREB) and induce gene 

transcription. 

Intracellular cyclic nucleotides are degraded exclusively by 

phosphodiesterases (PDE). The PDE enzyme family comprises 11 gene families 

(PDE1-11) that specifically target cAMP (PDE4, -7, -8), cGMP (PDE5, -6, -9) or have 

specificity to both (PDE1, -2, -3, -10, -11) (Bender and Beavo, 2006). Since PDEs are 

the sole enzymes regulating cyclic nucleotide levels, pharmacological inhibition of 

PDEs provides an approach to modulate cyclic nucleotide concentrations and 
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subsequently influence neuronal plasticity and memory processes. Accordingly, 

preclinical studies indicated that inhibition of different PDE subtypes can improve 

neuronal plasticity and memory functioning. Inhibition of PDE2, PDE4, PDE5, PDE9 

and PDE10 has been demonstrated to enhance cognitive functioning, including 

memory, in rodent preclinical studies (reviewed in: (Heckman et al., 2017)). For 

example, treatment with the PDE2 inhibitor BAY60-7550 improves hippocampal 

long-term potentiation and object recognition memory in rats (Boess et al., 2004; 

Domek-Lopacinska and Strosznajder, 2008; Rutten et al., 2007). Chronic oral 

administration of this compound (0.3 mg/kg) improved memory in a transgenic AD 

mouse model (Sierksma et al., 2013). These studies indicate the therapeutic potential 

of PDE2 inhibition, but poor pharmacokinetic properties of BAY60-7550 make this 

molecule unsuitable for clinical development. Hence, efforts have been made to 

develop new, selective PDE2 inhibitors (reviewed in: (Gomez and Breitenbucher, 

2013)). The PDE2 inhibitor PF-05180999 (PF-999) showed better pharmacokinetics 

but Phase I clinical trials (NCT01981486, NCT01429740 and NCT01981499) testing its 

use in schizophrenia and migraine were discontinued (Helal et al., 2017). Selective 

PDE4 inhibitors and their effect on plasticity and memory processes have been 

described more extensively. PDE4 inhibition by rolipram or FFPM restores memory 

performance in transgenic AD mice as well as models using natural ageing or 

streptozotocin to induce cognitive impairments (Gong et al., 2004; Guo et al., 2017; 

Kumar and Singh, 2017). PDE4 inhibitors have been reported to produce emetic side 

effects, which would hamper clinical use of non-selective PDE4 inhibitors (Vanmierlo 

et al., 2016). The PDE4 gene family contains four genes (PDE4A-D), each encoding 

multiple isoforms using different promoters and alternative splicing. Targeted 

inhibition of individual PDE4 genes or isoforms can also increase neuroplasticity and 

memory functioning (Li et al., 2011; Sierksma et al., 2014; Zhang et al., 2018; Zhang 

et al., 2017). Specific inhibition of PDE4D using the compound GEBR-7b (0.001 

mg/kg, s.c.) improved spatial memory in APPswe/PS1dE9 mice (Sierksma et al., 2014). 
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As PDE4D inhibition is thought to be underlying emetic side effects (Mori et al., 2010), 

approaches may be necessary to circumvent the occurrence of side effects. Similarly, 

as found upon PDE2 and PDE4 inhibition, object memory is improved by PDE5 

inhibition using sildenafil, vardenafil or icariin (Jin et al., 2014; Prickaerts et al., 2002; 

Puzzo et al., 2008; Puzzo et al., 2009; Reneerkens et al., 2012; Zhang et al., 2013). In 

addition, PDE5 inhibition has protective actions against striatal degeneration 

through stimulation of neuronal survival pathways (Puerta et al., 2010). Two different 

PDE9 inhibitors (BAY-73-6691 and PF-04447943) were found to have enhancing 

effects in healthy rodents and disease models in a variety of cognitive behavioral 

tasks (Hutson et al., 2011; van der Staay et al., 2008; Verhoest et al., 2012) and 

inhibition of PDE10 by papaverine or PQ-10 improves memory functioning in MK-

801 and scopolamine-deficit models and a mouse model of Huntington’s disease 

(Giralt et al., 2013; Reneerkens et al., 2013). 

Although the inhibition of PDE2, PDE4, PDE5, PDE9 and PDE10 shows 

potential to enhance cognitive function in preclinical studies, inconsistent effects are 

found in clinical studies investigating the memory-enhancing effects of PDE 

inhibitors (Heckman et al., 2015; Heckman et al., 2017). As of yet, no PDE inhibitor 

has been clinically approved to improve cognitive functioning which can be 

attributed to unacceptable side-effects (in the case of PDE4), or a lack of efficacy (e.g. 

(Schwam et al., 2014)). Hence, alternative therapeutic approaches utilizing PDE 

inhibition should be explored to enhance efficacy and improve the safety profile. 

More recently, combined administration of a PDE4 (roflumilast) and PDE5 (vardenafil) 

inhibitor at sub-effective doses was found to improve memory in transgenic AD mice 

(Gulisano et al., 2018). Since PDEs are localized to specific compartments within the 

cell (Baillie, 2009), more subtle inhibition of different ‘PDE microdomains’ may 

collectively still facilitate signal transduction and LTP to produce memory-enhancing 

effects.  
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In the human brain, and in particular in memory-associated brain regions, 

PDE2 and PDE4 make up a large proportion of PDE activity (Lakics et al., 2010). Both 

PDE2 and PDE4 can regulate pre- and postsynaptic processes, making them 

interesting targets to enhance plasticity (Fernandez-Fernandez et al., 2015; Liu et al., 

2017; Polito et al., 2013). Based on their regional and intracellular expression and the 

fact that separate inhibition of PDE2 or PDE4 promotes memory formation, we 

sought to investigate whether combined inhibition of PDE2 and PDE4 yields additive 

or synergistic effects to improve the treatment’s safety profile and efficacy. To study 

potential synergistic effects of inhibition, we tested the effect of PDE2 and PDE4 

inhibitors on processes underlying synaptic plasticity and spatial memory 

performance, and we established a pharmacokinetic profile of combined treatment. 
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METHODS 

Animals 

All experimental procedures were approved by the local ethical committee 

of Maastricht University for animal experiments and met governmental guidelines. 

Two batches of twenty-four 3-4-month-old male Wistar rats (Charles River, Sulzfeld, 

Germany) were used (average body weight at the beginning of the study: 346 g 

(batch 1) and 357 g (batch 2). The animals were housed individually in standard cages 

on sawdust bedding in an air-conditioned room (about 20°C). They were kept under 

a reversed 12/12 h light/dark cycle (lights on from 20.00 to 08.00) and had free access 

to food and water. Rats were housed and tested in the same room. A radio, which 

was playing softly, provided background noise in the room. All testing was done 

between 10.00 and 18.00. 

 

Materials 

PF-999 and roflumilast were supplied by Dart NeuroScience as a white 

powder. Methyl 2-hydroxyethyl cellulose (Tylose® MH300) and Tween80 

(polyoxyethylenesorbitan monooleate) were purchased from Sigma-Aldrich Chemie 

bv (Steinheim, Germany). For behavioral and PK experiments compound dilutions 

were freshly prepared on every experimental day and were dissolved in 0.5% tylose 

solution (98% of the end volume) with 2% Tween80. P-GluR1 (S845) antibody was 

obtained from Cell Signaling Technology (#8084). GluR1 antibody was purchased 

from Millipore Sigma (MAB2263). IRDye® Secondary Antibodies were purchased 

from LI-COR Biosciences. 

 

Vectors used in CRE-mediated transcription 

We generated a ratiometric CRE-mediated gene expression reporter. Nuclear 

localized mCherry expressed under the control of a tandem repeat of CREs and a 

nuclear localized GFP was inserted downstream of the neuron-specific promoter 

Synapsin I. These two reporters drove expression in opposite directions with a DNA 



 

276 

insulator sequence nestled between. The ratiometric expression cassette was then 

packaged into AAV8 virus which infected 100% of the neurons in culture. The level 

of mCherry in the nucleus, a read-out of CRE-mediated gene expression, was 

normalized by the GFP level, which indicates the reporter infection efficiency. Thus, 

the mCherry:GFP ratio reads out the specific level of CRE-mediated gene expression 

in each neuron.  

 

Rat Brain Section Preparations and Treatments 

Male Sprague-Dawley rats (8–12 weeks old) were anesthetized by isoflurane. 

The brains were rapidly removed and placed in ice-cold, oxygenated Krebs-HCO3 

buffer (124 mM NaCl, 4 mM KCl, 26 mM NaHCO3, 1.5 mM CaCl2, 1.25 mM KH2PO4, 

1.5 mM MgSO4 and 10 mM D-glucose, pH 7.4). Coronal slices (350 µm) were 

prepared using a vibrating blade microtome, VT1200 (Leica Microsystems, Nussloch, 

Germany). Neocortical and striatal sections were punched out from the slices in ice-

cold Krebs-HCO3 buffer. Three sections were placed in one incubation chamber of 

BSK6-6 brain slice keeper (Scientific Systems Design Inc.) with 4 mL of fresh Krebs-

HCO3 buffer containing adenosine deaminase (10 µg/mL, Roche Diagnostics, 

Indianapolis, USA). The slices were preincubated at 30 °C under constant oxygenation 

with 95% O2/5% CO2 for 30 min. The buffer was then replaced with fresh Krebs-

HCO3 buffer without adenosine deaminase after 30 min of pre-incubation. Slices 

were treated with Krebs-HCO3 buffer containing either vehicle (0.1% DMSO) or 

compound(s) for 30 min at 30°C under constant oxygenation. To terminate the 

stimulation, each single slice was transferred to microcentrifuge tube, flashed frozen 

in liquid nitrogen and stored at -80 °C. 

 

Immunoblotting 

Frozen tissue samples were sonicated in cell extraction buffer (LT FNN0011, 

Thermo Fisher Scientific, Carlsbad, US) containing complete protease inhibitor 

cocktail (Roche Diagnostics, Indianapolis, USA) and phosphatase inhibitor cocktail 1 
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and 2 (Sigma-Aldrich Corp., St. Louis, USA). The homogenate was centrifuged at 

10,000×g for 15 min at 4 °C. Protein concentration in the supernatant was 

determined by the BCA using bovine serum albumin as standard protein assay 

method (Pierce, Rockford, IL, USA). Equal amount of protein samples were denatured 

in NuPAGE LDS sample buffer supplemented with NuPAGE Sample Reducing Agent, 

incubated at 75°C for 10 min, resolved by Bolt 10 % Bis-Tris Plus gels (Thermo Fisher 

Scientific, Carlsbad, US) transferred onto PVDF membrane subjected to immunoblot 

analysis with iBind™ Flex Fluorescent Detection kit. The membranes were 

immunoblotted using specific antibodies using Odyssey fluorescence detection 

system. Antibody bindings were revealed by incubation with IRDye 680RD donkey 

anti-mouse and IRDye 800CW Donkey anti-Rabbit secondary antibodies and imaged 

with Odyssey CLx near-infrared fluorescence imaging system. Images were 

processed and band intensity were quantified using Image Studio software (Licor-

Odyssey, Lincoln, USA). For each experiment, values obtained for treated slices were 

calculated relative to the value for the control slices. Normalized data from multiple 

experiments were averaged and statistical analysis was carried out as described in 

the figure legends. 

 

Cell culture and transfection 

 Primary cortical cultures were prepared from E18 C57Bl/6 mice (Jackson 

Laboratories, Bar Harbor, ME, USA). Cortical tissue was dissociated using the Neural 

Tissue Dissociation Kit and the gentleMACS™ Octo Dissociator (Miltenyi Biotec, 

Auburn, CA, USA) as per manufacturer’s instructions. Neurons were plated in BioCoat 

PDL-coated 96-well plates (Becton Dickinson, Franklin Lakes, NJ, USA) and 

maintained in Neurobasal medium (Thermo Fisher Scientific, Waltham, MA, USA) 

supplemented with MACS® NeuroBrew® -21 (Miltenyi Biotec, Auburn, CA, USA). 

Neurons were infected on DIV7 and experiments were performed on DIV9 or DIV10. 

Cultures were fixed in 4% PFA after overnight stimulation (18 hrs), immunostained 
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with an anti-Maps2 Ab (HM-2; Sigma Aldrich, St. Louis, MO) and anti-mouse Alexa-

647 secondary antibody, and nuclei stained with Hoechst 33342 (Thermo Fisher 

Scientific, Waltham, MA, USA). We measured Hoechst, GFP, mCherry and Map2 on a 

Cell InSight high content imager (Thermo Fisher Scientific, Waltham, MA, USA). 

Automated algorithms identified the Hoechst-stained nuclei and with that mask, 

average pixel intensities for the GFP and mCherry channels were determined.  

 

Object location task 

The object location test (OLT) was performed as described elsewhere using 

an identical apparatus and objects as those described previously (Akkerman et al., 

2012a). Briefly, the effect of PF-999 and roflumilast on the consolidation processes 

of long-term memory was investigated using a 24 h interval between the OLT 

learning- and test-trials (T1 and T2, respectively). In the first two weeks, the animals 

were handled daily and were allowed to get accustomed to the test setup in two 

days, i.e. they were allowed to explore the apparatus (without any objects) twice for 

3 min each day. Then the rats were adapted to the testing routine until they showed 

a stable discrimination performance, i.e. a good discrimination at 1 h interval and no 

discrimination at 24 h interval (data not shown). After this, the experiments were 

performed in which PF-999 and roflumilast were tested. PF-999 and roflumilast were 

tested at 0.03, 0.1 and 0.3 mg/kg and were administered p.o. (2 ml/kg), 3 h after T1 

to investigate the effects on late memory consolidation. More specifically, dose-

response curves were constructed for each of the compounds using the first batch 

of animals and subsequently the highest ineffective doses were combined to test 

their effectiveness on memory consolidation. Subsequently, using a second batch of 

rats, dose-response curves for both PF-999 and roflumilast were validated followed 

by combination treatments of suboptimal and optimal doses of both compounds. 

The vehicle condition was tested by means of a single injection for the dose-response 

curves and two vehicle injections were used as an ultimate control for the 



 

279 

combination treatments. Because rats were retested with different compound doses 

using a randomized crossover design, test sessions were scheduled to allow at least 

a two-day wash-out period. The order of the treatments was balanced to prevent the 

data from being distorted by potential object- and side-preferences of the animals. 

 

Rat Pharmacokinetics Determination 

Pharmacokinetic properties of PF-999, roflumilast, roflumilast N-oxide, and 

their combination in male SD rats were determined using standardized procedures 

as described previously with the exception of vehicle and doses tested (Santora et 

al., 2018). Briefly, pharmacokinetics properties in male SD rats (300–350 g) were 

determined following oral (PO) administration (N = 3, 0.1 mg/kg). Rats were 

catheterized in femoral vein. PF-999 and roflumilast were formulated in 0.5% Methyl 

2-hydroxyethyl cellulose (Tylose® MH300) and 2% Tween80. Rats were not fasted 

during this study. Blood was sampled at 0 (pre-dose), 0.25, 0.5, 1, 2, 4, and 8 h 

following PO dosing. Plasma was isolated by centrifugation, and all samples were 

frozen at −80 °C. Calibration standards were prepared by the addition of known 

concentrations of test article to blank rat plasma to provide a calibration range of 

0.5–2000 ng/mL. Then 50 μL plasma samples or calibration standard was added to 

250 μL of internal standard solution in acetonitrile. Samples were vortex mixed and 

centrifuged at 12000 rpm for 5 min at 4 °C. Supernatant (100 μL) was transferred to 

labeled autosampler vials containing 300 μL of mobile phase 

(water/acetonitrile/formic acid, 90/10/0.2%), vortex mixed, and analyzed by LC-

MS/MS. A bioanalytical method was developed for the quantification of test article 

in rat plasma. Method development and sample analysis was conducted using a 

Waters Quattro Premier LC-MS/MS system equipped with Waters Acquity UPLC 

system. Then 5 μL of the samples were analyzed using a Waters Acquity UPLC system 

equipped with a C 18 reversed-phase column (Phenomenex Kinetex C18, 1.7 μm, 2.1 

mm × 50.0 mm). Mobile phase consisted of 0.1% formic acid in water and of 0.1% 
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formic acid in acetonitrile with a flow rate of 0.7 mL/min. Eluent was directed to a 

Waters Quattro Premier mass spectrometer equipped with a turbo electrospray 

interface. Multiple reaction monitoring (MRM) transition in positive ion mode was 

used. 

For CNS penetration studies male SD rats (300–350 g) were dosed PO (N = 

3, 10 mg/kg). PF-999 was formulated in NMP:PEG400:water (10:30:60), and 

roflumilast was formulated in PEG400:water (20:80). Animals were anesthetized, and 

approximately 0.3 mL of blood from each rat was collected via cardiac puncture into 

tubes containing lithium heparin as the anticoagulant at 1 h post dose. Plasma was 

isolated by centrifugation. Animals were then decapitated and brains were removed. 

All samples were stored frozen at approximately −80 °C until analysis. Plasma analysis 

was performed as described above. One hemisphere of each brain sample was 

weighed. One to five dilutions (w/v) were prepared by addition of 1:1 mixture of 

water/2-propanol (4-fold of the brain weight) to each brain sample. Brains were 

homogenized by Fast Prep Calibration standards (ranging from 0.500 to 2000 

ng/mL), quality control samples, and test samples containing the internal standard 

(IS) were separated from rat brain preparations via protein precipitation by addition 

of 100 μL of 75:25 acetonitrile/water solvent containing analyte calibrants and 300 

μL of acetonitrile/IS solution mix (40 ng/mL in acetonitrile) to 100 μL brain 

homogenate. Following vortex mixing and centrifugation, 20 μL aliquots of the 

supernatants were diluted with 580 μL of 20:80 acetonitrile/water containing 0.2% 

formic acid and mixed for the 10 mg/kg study. Following vortex mixing and 

centrifugation, 100 μL aliquots of the supernatants were diluted with 300 μL of 10:90 

acetonitrile/water containing 0.2% formic acid and mixed for the 1.0 mg/kg study. 

Then 5 μL of each sample was applied to a Kinetex 1.7 μm C18, 100 Å, 50 mm × 2.1 

mm column (Phenomenex, Torrance, CA) and eluted with a mobile phase gradient 

(initial 10% B hold for 0.1 min, then 10% B to 90% B in 1.0 min) consisting of solution 

A (0.1% formic acid in water) and solution B (0.1% formic acid in acetonitrile). The 
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column temperature was maintained at 30 °C. The column eluent was subjected to 

positive-mode electrospray ionization (ES+), and the analytes were detected with a 

QTrap 5500 quadrupole/ion trap mass spectrometer (AB Sciex, Framingham, MA). 

Plasma binding and brain tissue binding was determined as described previously 

(Santora et al., 2018). 

 

Statistical analysis 

The ratio of p-GluR1 and GluR1 fluorescence intensity was calculated for 

striatal and cortical slices (n=3/condition). One-way ANOVA was performed to test 

for differences among conditions, followed by Bonferroni post-hoc t-tests. 

Quantification of p-GluR1/GluR1 was performed similarly in the experiment using 

fixed concentrations of either PF-999 or roflumilast combined with different doses of 

the other compound. After one-way ANOVA, Dunnett’s post-hoc tests were 

performed comparing combined treatment conditions to the condition that was 

treated with only the fixed concentration of either PF-999 or roflumilast. In all 

analyses, an α level of 0.05 was considered statistically significant.  

Fluorescence induced by CRE-mediated transcription was quantified using a 

Cell InSight cell-content imager (Thermo Fisher Scientific) which automatically 

determined nuclear CRE-mCherry and SynapsinI-GFP levels for individual neurons. 

The ratio of mCherry to GFP was calculated for each individual neuron in 9 fields per 

well over triplicate wells used for each experiment. We performed 3 independent 

experiments and the normalized fluorescence values were then averaged 

(n=3/condition). One-way ANOVA was performed to test for differences in forskolin 

EC50 values among conditions, followed by Dunnett’s post-hoc t-tests. 

For the object location task, the basic measures were the times spent by rats 

exploring an object during T1 and T2. The time spent in exploring the two identical 

samples will be represented by ‘a1’ and ‘a2’. The time spent in T2 in exploring the 

sample and moved object will be represented by ‘a3’ and ‘b’, respectively. The 
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following variables were calculated: e1 = a1 + a2, e2 = a3 + b, and d2 = (b – a3) / e2. 

e1 and e2 are measures of the total exploration time of both objects during T1 and 

T2 respectively. Animals that exhibited e1 and e2 values of less than 5 or 8 seconds 

were excluded from the analysis, since no reliable conclusions can be drawn from 

short exploration times (Akkerman et al., 2012b). The d2 index is a relative measure 

of discrimination corrected for exploratory activity in the test-trial (e2). Thus, even if 

a treatment would affect exploratory behavior, the d2 index will be comparable 

between conditions. One-sample t-statistics were performed in order to assess per 

treatment condition whether d2 differed from zero. However, comparison of the 

mean d2 value with the value zero may not be the most suitable way for analyzing 

memory performance (increased chance of making a type I error). Results were 

therefore also assessed using one-way ANOVA. In case of a significant difference 

between treatment conditions, pairwise post-hoc comparisons were performed 

using Bonferroni t-tests.  
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RESULTS 

Synergistic actions of PDE2 and PDE4 inhibition on striatal and cortical GluR1 

phosphorylation 

Phosphorylation of the AMPA receptor GluR1 subunit by PKA or PKG can 

promote synaptic plasticity by trafficking of the receptor to the membrane and 

increasing receptor conductance. Here we tested whether PDE2 and PDE4 inhibition 

affects GluR1 phosphorylation at Ser845 in rat striatal and cortical slices and whether 

combined treatment has additive effects. Slices were treated with PF-999, roflumilast, 

or both (1 µM), and the ratio of phosphorylated GluR1 (p-GluR1 Ser845) and total 

GluR1 was measured. 
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Figure 1. Effects of PDE2 and PDE4 inhibition on GluR1 phosphorylation. A-B) The ratio 

of phosphorylation GluR1 (p-GluR1) and total GluR1 was measured in striatal and cortical rat 

brain slices treated with PF-999, roflumilast or both (1 µM; n=3/condition). One-way ANOVA 

followed by Bonferroni post-hoc t-tests revealed that combined treatment significantly 

increased p-GluR1 compared to vehicle or individual treatment with PF-999 or roflumilast in 

both striatal and cortical slices (*:P<0.05, ***:P<0.0001). In cortical slices, treatment with PF-

999 alone increased p-GluR1 compared to the vehicle and roflumilast condition (P<0.001 and 

P<0.01, respectively. Not indicated in graph). C-D) Concentration-dependent effects of 

combined treatment were tested in cortical slices by using a fixed concentration of either PF-

999 (300 nM, panel C) or roflumilast (30 nM, panel D) combined with increasing concentration 

of the other compound. One-way ANOVA followed by Dunnett’s post-hoc t-tests revealed 

that administration of 12-409 nM roflumilast combined with 300 nM PF-999 significantly 

increases p-GluR1/GluR1 compared to treatment with PF-999 in absence of roflumilast 

(#:P<0.05, ###: P<0.001). Vice versa, when using a fixed roflumilast concentration combined 

with increasing concentrations of PF-999, one-way ANOVA and Dunnett’s post-hoc t-tests 

shows that PF-999 can potentiate the effect of roflumilast in the 220-2200 nM concentration 

range (#:P<0.05, ###: P<0.001). 

 

In striatum, one-way ANOVA revealed significant differences in p-

GluR1/GluR1 ratio between conditions (F (3,8) = 10.13, P < 0.01; Fig 1A). Bonferroni 

post-hoc t-tests indicate increased p-GluR1/GluR1 ratio in the PF-999 and roflumilast 

condition compared to vehicle (P < 0.0001) and PF-999 or roflumilast alone (P < 

0.05). Similarly, in cortex one-way ANOVA revealed significant differences in p-

GluR1/GluR1 ratio between conditions (F (3,8) = 140.2, P < 0.0001; Fig 1B). Bonferroni 

post-hoc t-tests indicate a significant higher p-GluR1/GluR1 ratio in the PF-999 

condition compared to vehicle (P < 0.001, not shown in Fig 1B), and a non-significant 

trend with roflumilast alone (P = 0.09, not shown in Fig 1B). Additionally, combined 

treatment with PF-999 and roflumilast was found to significantly increase p-

GluR1/GluR1 ratio compared to vehicle (***:P < 0.0001) and PF-999 or roflumilast 

alone (***:P < 0.0001 for both). These findings indicate that PF-999 can increase 

cortical p-GluR1 and that combined administration of PF-999 and roflumilast has 

additive effects on p-GluR1/GluR1 ratio in both striatal and cortical slices. 



 

285 

To test whether these additive effects are concentration-dependent, we 

established concentration-response curves by pairing increasing concentrations of 

either PF-999 or roflumilast with a low dose of the other compound that only causes 

minimal increases in pGluR1 by itself (Fig 1C and 1D). When combining a fixed 

concentration of PF-999 (300 nM) with increasing doses of roflumilast (0-409 nM), a 

dose-dependent effect on cortical p-GluR1/GluR1 ratio is observed (Fig 1C). One-

way ANOVA of PF-999 conditions in combination with roflumilast (0-409 nM, black 

bars) revealed significant differences in p-GluR1/GluR1 ratio between conditions 

(F(5,42) = 11.08, P < 0.0001). Compared to treatment with PF-999 alone, significant 

increases in p-GluR1/GluR1 ratio were found when roflumilast (12-409 nM) was 

added (12-123 nM, ###:P < 0.001; 409 nM, #:P < 0.05; Dunnett’s post-hoc t-tests). 

No significant effect was found upon combined treatment of 300 nM PF-999 with 4 

nM roflumilast. Treatment with roflumilast (409 nM) or PF-999 (300 nM, Fig 1C) alone 

was ineffective (Fig 1C), as was treatment with lower doses of roflumilast (4-123 nM, 

data not shown). These findings indicate that PDE4 inhibition in addition to PDE2 

inhibition significantly increases the amount of phosphorylated GluR1. 

Vice versa, when using a fixed concentration of roflumilast (30 nM) in 

combination with increasing PF-999 concentrations (0-2200 nM), concentration-

dependent effects on p-GluR1/GluR1 were observed as well (Fig 1D). One-way 

ANOVA of roflumilast conditions in combination with PF-999 (0-2200 nM, black bars) 

revealed significant differences in p-GluR1/GluR1 ratio between conditions (F(5,12) 

= 11.08, P < 0.0001). Compared to treatment with roflumilast alone, significant 

increases in p-GluR1/GluR1 ratio were found when PF-999 (220-2200 nM) was added 

(220 nM, #:P < 0.05; 733-2200, ###:P < 0.001; Dunnett’s post-hoc t-tests). No 

significant increase was found upon combined treatment of 30 nM roflumilast with 

22-73 nM PF-999. Thus, synergy was seen with combined administration of PF-999 

and roflumilast at a variety of drug concentrations, with PDE2 to PDE4 IC50 ratios 

ranging from 1-30x. 
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PDE2 and PDE4 inhibition synergistically increases CRE-mediated gene 

expression 

As long-term memory critically depends on gene transcription mediated by 

CREB, we investigated whether inhibition of PDE2 and PDE4 synergistically induces 

CRE-mediated expression in primary cortical cultures. After infection with ratiometric 

fluorescent reporter, the effect of PDE2 and PDE4 inhibition on CRE-mediated gene 

expression was studied by measuring CRE-mCherry fluorescence intensity upon 

exposure to a concentration range of forskolin (0-10 M) to stimulate cAMP 

production and treatment with PF-999, roflumilast or their combination (Fig 2). One-

way ANOVA revealed significant differences between EC50 values for forskolin (F(3,8) 

= 7.22, P < 0.05). Dunnett’s post-hoc t-tests indicated a significantly lower EC50 of 

forskolin for the combined PF-999 and roflumilast condition (EC50 = 0.70 µM) 

compared to vehicle (EC50 = 1.62 µM; P < 0.01, not indicated in Fig 2A). Roflumilast 

treatment, but not PF-999, augmented CRE-reporter expression in the presence of 

forskolin, while combination of both inhibitors greatly increased the overall signal 

(Fig 2B/C.  These findings indicate that combined treatment with PF-999 and 

roflumilast facilitates CRE-mediated gene expression upon stimulation with lower 

levels of forskolin. 
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Figure 2. Effect of PDE2 and PDE4 inhibition on forskolin-induced CRE-mediated gene 

expression. The effect of PDE2 and PDE4 inhibition on CRE-mediated gene expression was 

investigated in cortical neurons infected with a ratiometric fluorescent reporter of CRE-

mediated transcription. Neurons were stimulated with forskolin (0-10 µM) and additionally 

treated with PF-999, roflumilast or both compounds (1 µM) and the nuclear mCherry:GFP ratio 

indicated the amount of CRE-mediated gene expression. A) Forskolin dose response (left 

panel), and a representative image is shown of Map-2(+) cortical neurons (white) expressing 

both GFP and mCherry fluorescence as well as a schematic depiction of the fluorescent 

reporter (right panel). B/C) Significantly higher fluorescence intensities were measured for 

combined treatment with PF-999 and Roflumilast compared to vehicle and PF-999 or 

roflumilast alone in the presence of Forskolin (ANOVA at 42 nM Forskolin: F(3,8) = 98.40, P < 

0.0001, Bonferroni post-hoc test P < 0.001 for PF-999 + Roflumilast vs. all other conditions; 

ANOVA without Forskolin: F(3,8) = 3.56, P = 0.07). Without Forskolin, PDE4 inhibition had small 

but non-significant effect on CRE-reporter expression. No effect was seen for PDE2 inhibition 

alone.  
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Combined administration of roflumilast and PF-999 improves spatial object 

memory in rats 

The previous experiments indicated that combined PDE2 and PDE4 inhibition 

modulates neuronal signaling intricately linked with synaptic plasticity and long-term 

memory. Hence, we sought to investigate whether PDE2 and PDE4 inhibition can 

facilitate memory consolidation in vivo. By means of oral administration of different 

doses PF-999 or roflumilast to rats 3 h after the training trial of an object location 

task, effective doses of each of the compounds were determined. The delay interval 

between the first and second trial was 24 h. Memory performance, as indicated by 

the discrimination index (d2), was significantly different from chance (zero) in animals 

that received 0.3 mg/kg PF-999 or 0.3 mg/kg roflumilast, as indicated by one-sample 

t-tests (Fig 3, left and middle panel). No significant effect on memory was detected 

with lower doses of PF-999 or roflumilast. For PF-999, one-way ANOVA revealed 

significant differences in d2 between treatment conditions (d2: F (3, 68) = 3.94, P < 

0.05). Post-hoc Bonferroni t-tests revealed that rats treated with 0.3 mg/kg PF-999 

showed significantly better object discrimination when compared to vehicle (P < 

0.05) and 0.1 mg/kg PF-999 (P < 0.05). For roflumilast, one-way ANOVA also revealed 

significant differences in d2 between treatment conditions (d2: F (3, 44) = 6.97, P < 

0.001). Rats receiving 0.3 mg/kg roflumilast showed significantly better object 

discrimination when compared to vehicle (P < 0.001) and 0.1 mg/kg roflumilast (P < 

0.01; Bonferroni post-hoc t-test). This indicates that post-trial administration of doses 

0.3 mg/kg PF-999 or roflumilast 3 hrs after learning enhanced memory measured 24 

hours later in our NOL paradigm. 

After determining effective doses of PF-999 and roflumilast we asked if 

combined administration of highest ineffective doses (i.e. 0.1 mg/kg) of both 

compounds can exert synergistic effects on memory consolidation. We treated rats 

with vehicle, roflumilast or PF-999 alone, or a combination of both. When memory 

recall was tested 24-hrs after training, the discrimination index (d2) significantly 

differed from chance in animals that received the combined administration of 0.1 



 

289 

mg/kg PF-999 and roflumilast, but not in rats treated with vehicle or either 

compound alone (Fig 3, right panel). One-way ANOVA revealed significant 

differences between treatment conditions (d2: F (3, 77) = 5.29, P < 0.01). Post-hoc 

Bonferroni t-tests revealed that rats treated with the combination of PF-999 and 

roflumilast (0.1 mg/kg for both compound) showed significantly higher object 

discrimination compared to vehicle (P < 0.001) and 0.1 mg/kg roflumilast condition 

(P < 0.05). 

Figure 3. Effects of increasing doses PF-999 and roflumilast and the combination of 

highest ineffective doses on spatial memory consolidation. Compared to the vehicle 

condition, both PF-999 (left panel) and roflumilast (middle panel) injected p.o. 3 h after T1, 

improved memory performance at a dose of 0.3 mg/kg. A difference from chance is depicted 

with asterisks (one sample t-tests, ***: P < 0.001). One-way ANOVA revealed significant 

differences for the discrimination index d2 between treatment conditions for PF-999 (d2: F (3, 

68) = 3.94, P < 0.05) as well as for roflumilast (d2: F (3, 44) = 6.97, P < 0.001). Combination of 

the highest ineffective dose of 0.1 mg/kg (right panel) improved memory compared to vehicle, 

and yielded memory performance significantly different from chance. Differences between 

conditions are indicated with dollar signs (Bonferroni post-hoc t-test, $: P < 0.05, $$: P < 0.01, 

$$$: P < 0.001).  

 

Combined administration of effective and ineffective doses of PF-999 and 

roflumilast 

In a second study, we aimed to confirm our finding of synergy and determine 

dose-responses for the drug combination using a second batch of animals. Here 

again, memory performance was significantly higher than zero in animals that 

received 0.3 mg/kg PF-999 or 0.3 mg/kg roflumilast, as indicated by one-sample t-
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tests, but not at 0.1 mg/kg of either drug (Fig 4, left and middle panel).  Then, 

combined administration of subeffective and effective doses PF-999 and roflumilast 

was tested at doses 0.03, 0.1, and 0.3 mg/kg. We found that animals that received 

0.1 or 0.3 mg/kg of both PF-999 and roflumilast showed significant memory recall 

24 hours after testing (Fig 4, right panel; one-sample t-test vs. chance). One-way 

ANOVA revealed significant differences between treatment conditions (d2: F (3, 77) 

= 5.23; P < 0.01). Bonferroni post-hoc analysis showed that the combination of PF-

999 and roflumilast at doses of 0.1 or 0.3 mg/kg administered 3 h after T1 

significantly improved object discrimination performance when compared to the 

vehicle condition (P < 0.05). Thus, treatment with PF-999 and roflumilast at doses of 

0.1 or 0.3 mg/kg prevents time-dependent forgetting of rats. As 0.1 mg/kg was a 

subefficacious dose for both compounds when administered separately, these results 

demonstrate synergistic effects of combined PDE2 and PDE4 inhibition on memory 

consolidation. 

Figure 4. Effects of increasing doses PF-999 and roflumilast and their combined 

administration on spatial memory consolidation. Compared to the vehicle condition and 

zero, single administration of either PF-999 (left) or roflumilast (middle) at a dose of 0.3 mg/kg 

improved memory performance. One-way ANOVA revealed significant differences for the 

discrimination index d2 between treatment conditions in the PF-999 dose-response curve (d2: 

F (2, 36) = 18.57; P < 0.001) and roflumilast dose-response curve (d2: F (2, 33) = 5.75; P < 0.01). 

The combination of PF-999 and roflumilast (right) at doses of 0.1 and 0.3 mg/kg injected 3 h 

after T1, improved memory performance compared to the vehicle condition. A difference from 

zero is depicted with asterisks (one sample t-tests, **: P < 0.01, ***: P < 0.001). One-way 

ANOVA revealed significant differences for the discrimination index d2 between treatment 

conditions (d2: F (3, 77) = 5.23, P < 0.01). Differences between conditions are indicated with 

dollar signs (Bonferroni post-hoc t-tests, $: P < 0.05).  
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Pharmacokinetics of individual and combined administration of PF-999 and 

roflumilast 

 Since combined treatments may influence the pharmacokinetics of 

individual compounds, a pharmacokinetic profile was established for PF-999 and 

roflumilast upon individual and combined administration in rats. Plasma 

concentrations were determined at doses of 0.1 mg/kg p.o. (N=3; Table 1). These 

measurements indicated that both compounds yielded similar plasma Cmax, Tmax, and 

AUC0-inf when administered alone or in combination. We also evaluated exposures of 

N-oxide metabolite of roflumilast, which potently inhibited PDE4D3 (IC50 = 0.75nM), 

and there was no difference. Thus, combined administration of our inhibitors did not 

change oral absorption or metabolism of roflumilast to the bio-active N-oxide. 

Estimated brain concentrations for PF-999 were 0.334 and 0.420 ng/ml when dosed 

individually or in combination with roflumilast, corresponding to 1.8-2.4 times the 

IC50 for PDE2 inhibition. For roflumilast, brain concentrations of 0.112 and 0.106 

ng/ml were estimated upon individual or combined dosing with PF-999. With an IC50 

of 0.234 nM roflumilast at PDE4D3, these estimated brain concentrations are 1.1-1.2 

fold higher than the IC50. Estimated brain exposure of the N-oxide was 1.9-fold higher 

than the IC50 to inhibit PDE4D3. Thus, the sub-efficacious 0.1 mg/kg dose yielded 

relative exposures of 1-2x IC50 to inhibit PDE2 or PDE4, respectively.  
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Table 1 Pharmacokinetic properties of PF-999 and roflumilast when administered individually 

and combined. 

PF-999 Individual Combined 

MW: 414 

IC50 (PDE2A): 0.44 nM 

Br/P: 0.58 

Free fraction [brain]: 12.7% 

Free fraction [plasma]: 31.5% 

Tmax 0.25  0.25  

Cmax (ng/ml) 0.973 (0.425) 0.724 (0.361) 

AUC0-inf (ng*hr/ml) 0.922 (0.447) 0.996 (0.595) 

Est. Brain (ng/ml) 0.334 0.420 

Est Brain / IC50 1.83 2.31 

Roflumilast 

MW: 403 

IC50 (PDE4D3): 0.234 nM 

Br/P: 1.2 

Free fraction [brain]: 1.1% 

Free fraction [plasma]: 1.4% 

Tmax 0.25 0.25 

Cmax (ng/ml) 0.0934 (0.0279) 0.0883 (0.0107) 

AUC0-inf (ng*hr/ml) 0.146 (0.017) 0.123 (0.031) 

Est. Brain (ng/ml) 0.112 0.106 

Est Brain / IC50 1.19 1.12 

Roflumilast, N-oxide 

MW: 419 

IC50 (PDE4D3): 0.746 nM 

Br/P: 0.2 

Free fraction: not determined 

Tmax 0.84 (0.29) 0.67 (0.29) 

Cmax (ng/ml) 3.13 (0.968) 3.04 (0.727) 

AUC0-inf (ng*hr/ml) 9.44 (0.52) 9.27 (2.06) 

Est. Brain (ng/ml) 0.613 0.596 

Est Brain / IC50 1.96 1.91 
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DISCUSSION 

In the current study, we investigated whether combined inhibition of PDE2 

and PDE4 can improve memory consolidation processes. First, the effect of PDE2 and 

PDE4 inhibition, using PF-999 and roflumilast respectively, on GluR1 phosphorylation 

was tested in striatal and cortical rat brain slices. Ser845 phosphorylated GluR1 

subunits have been found to specifically localize to learning-associated synapses 

(Matsuo et al., 2008). In striatal slices, combined application of PF-999 and roflumilast 

significantly promoted GluR1 phosphorylation. In cortical slices, application of PF-

999 alone was found to significantly increase GluR1 phosphorylation. This effect was 

augmented by combined treatment of PF-999 and roflumilast. Earlier studies 

indicated that separate inhibition of PDE2 or PDE4 can increase GluR1 trafficking to 

the membrane (Park et al., 2016; Song et al., 2016); a process dependent on serine 

845 phosphorylation (Oh et al., 2006). Also, membrane insertion of calcium-

permeable AMPA receptors involved in hippocampal LTP is reported to be 

dependent on PKA signaling (Park et al., 2016). As GluR1 can be phosphorylated by 

both PKA and PKG, combined PDE2 and PDE4 inhibition may significantly increase 

both PKA and PKG activity leading to higher p-GluR1/GluR1 ratios. Taken together, 

these findings suggest that PF-999 and roflumilast increase GluR1 phosphorylation 

through synergistic actions.  

In addition, the effect of PDE2 and PDE4 inhibition on forskolin-stimulated 

CRE-mediated expression was tested in cortical neurons. CRE-mediated expression 

is activated by PKA- and PKG-signaling to CREB (Kandel, 2012), which in turn is 

stimulated by elevated cyclic nucleotide levels. We found that CRE-mediated 

expression is stimulated by significantly lower concentrations of forskolin when 

treated with PF-999 and roflumilast, but not when treated with either inhibitor alone. 

These seemingly synergistic actions of dual inhibition are comparable to those found 

for GluR1 phosphorylation as inhibition of one PDE family induces effects which are 

potentiated by additional inhibition of the other PDE family. The current findings are 
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consistent with previous studies showing that inhibition of PDE4 and PDE2 can 

increase CREB phosphorylation (Asanuma et al., 1996; Feng et al., 2019; Lueptow et 

al., 2016; Soares et al., 2017; Zhong et al., 2016). Another study found that PDE2 

inhibition does not increase CREB phosphorylation but restores corticosterone-

induced decreases in CREB binding protein (CBP) in mouse hippocampal neurons (Xu 

et al., 2013). CBP serves as a co-activator of CREB and may thus stimulate CREB-

mediated transcription upon increased CREB phosphorylation induced by PDE4 

inhibition. 

To demonstrate synergistic effects in vivo, an object location task was used 

to test the effects of PF-999 and roflumilast on spatial memory performance in rats. 

Specifically, the effects of both compounds were investigated on late memory 

consolidation by means of oral administering 3 h after the learning trial. A dose of 

0.3 mg/kg was found to be effective for both compounds when administered 

individually. Subsequently, sub-effective and effective doses were combined (0.1 and 

0.3 mg/kg, respectively for both PF-999 and roflumilast) to investigate potential 

synergistic effects on memory consolidation. Delay-dependent forgetting could be 

fully prevented by treating animals with combinations of both sub-effective and 

effective doses. Thus, combining doses of PF-999 and roflumilast, which by 

themselves are ineffective, can improve spatial memory performance in rats 

suggesting cooperative actions on underlying molecular mechanisms. Additional 

pharmacokinetic profiling of PF-999 and roflumilast upon individual or combined 

administration indicated that combined administration does not influence exposure 

to either PF-999 or roflumilast. Determined IC50 concentrations were consistent with 

previously reported values for PF-999 (Helal et al., 2017) and roflumilast (Hatzelmann 

et al., 2010). Brain concentrations [free+bound] ranged from 1-2x the IC50 (i.e. 50% 

enzyme inhibition) after a dose of 0.1 mg/kg. However, because of high protein 

binding, we anticipate that free brain concentrations of roflumilast are well below 

IC50 at efficacious exposures. However, brain levels of the active roflumilast N-oxide 
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metabolite were higher, and the estimated free brain concentration of PF-999 was 

0.7x IC50[PDE2] at the efficacious dose of 0.3 mg/kg, and 0.29x IC50 [PDE2] at the 0.1 

mg/kg sub-effective dose. Our findings are in accordance with studies in nonhuman 

primates and humans in which memory-enhancing doses led to low brain PDE4 

occupancy levels (Takano et al., 2018; Van Duinen et al., 2018). Furthermore, while 

higher doses would occupy more PDE4 sites, these doses do not show memory 

enhancing effects in mice (Vanmierlo et al., 2016). Similarly, receptor occupancy as 

measured by PET is below the detectable level after PF-999 doses of 0.1-0.3 mg/kg 

(Gu et al., 2019). The latter finding is consistent with observations on PDE2 inhibitor 

TAK-915, a compound that reverses NMDA receptor antagonist induced memory 

impairment at brain occupancy levels of 46-63%, but enhances object recognition 

memory in intact rats at doses that are 30- to 100-fold lower (Mikami et al., 2017). 

Overall, these results indicate that PDE2 and PDE4 inhibitors can exert profound 

effects on behavior even at low brain concentrations. Our in vitro studies in cortical 

slices tested fixed drug concentrations of either 300 nM PF-999 or 30 nM roflumilast 

with varying concentrations of the PDE4 and PDE2 inhibitors, respectively. Inhibitor 

concentrations were set to induce a minimal pGluR1 signal that could be facilitated 

by adding the corresponding inhibitor for the other PDE. The lowest concentration 

of roflumilast required for elevating pGluR1 in cortical slices when PDE2 was inhibited 

by PF-999 was 12 nM (51x IC50), and the lowest dose of PF-999 required for elevating 

pGluR1 was between 73 nM and 220 nM (166–500x IC50). These drug concentrations 

are much higher than what was measured in brain post memory enhancing doses in 

vivo. Here again, a disconnect between biochemical surrogate measures of memory 

(pGluR1 in our study) and in vivo exposures in memory models has also been 

observed with TAK-915. The latter compound potently inhibits PDE2 (IC50 = 0.61 nM) 

and enhances memory in intact young rats at oral doses of 0.1 mg/kg, but it requires 

doses of 10 mg/kg with corresponding brain concentrations of 331 ng/ml (723 nM) 

for enhancing hippocampal and cortical pGluR1 and cGMP in vivo (Mikami et al., 
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2017; Nakashima et al., 2018). It is likely that neuromodulatory input and Ca2+-

signaling resulting from synaptic activity during memory encoding are not preserved 

in the slice system, and inadequately modelled when animals are exposed to drug in 

the absence of behavior in vivo. Our exploration focused on GluR1 Ser845 

phosphorylation and CRE-mediated gene-expression as exemplary cyclic nucleotide 

regulated mechanisms linked to memory consolidation and synaptic plasticity in the 

hippocampus and neocortex. However, PDE2 and PDE4 may have additional effects 

on transmitter release (Fernandez-Fernandez et al., 2015), dopaminergic receptor 

signaling (Polito et al., 2013), and excitation/inhibition balance in dopaminergic 

systems (Liu et al., 2017) not explored here. Thus, simultaneous augmentation of 

multiple mechanism may underlie the increased sensitivity to PDE inhibition in vivo. 

The phosphorylation of the AMPA receptor GluR1 subunit is required for 

synaptic plasticity and retention of spatial memory (Lee et al., 2003). The synergistic 

effects of PDE2 and PDE4 inhibition on GluR1 phosphorylation paired with increased 

CREB phosphorylation may therefore have contributed to the improved spatial 

memory performance. Interestingly, inhibition of PDE5 - rather than PDE4 - increased 

GluR1 trafficking to the membrane in mice (Argyrousi et al., 2020). Subeffective dose 

combination of rolipram (PDE4 inhibitor) and vardenafil (PDE5 inhibitor) at different 

time points can also improve memory performance in rats (Bollen et al., 2015). More 

recently, combined treatment for three weeks with subeffective doses of roflumilast 

(0.01 mg/kg) and vardenafil (0.1 mg/kg) was found to restore memory impairments 

in APPswe mice (Gulisano et al., 2018). These studies support our finding that 

inhibition of different PDE families may jointly exert memory enhancing effects. 

Through partial activation of multiple distinct mechanisms, which may act 

sequentially or concurrently, behavioral plasticity is effectively enhanced. We focused 

here on two key mechanism of memory formation, AMPA receptor phosphorylation 

and CRE-mediated gene expression. While combined inhibition greatly enhanced 

both, we cannot be entirely sure that effects on GluR1 phosphorylation was more 
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sensitive to PDE2 and CRE-mediated transcription more sensitive to PDE4 inhibition. 

These findings may imply that the PDEs regulate cyclic nucleotide levels in different 

intracellular compartments. PDE2 and PDE4 have been implicated in the regulation 

of both pre- and postsynaptic signaling (Fernandez-Fernandez et al., 2015; Liu et al., 

2017; Polito et al., 2013). PDE2A protein is detected in pyramidal neurons and 

interneurons of rat neocortex, and it is highly concentrated in axons and nerve 

terminals of the mossy fiber pathway in hippocampus (Stephenson et al., 2009). 

Elevations in cGMP and cAMP levels upon NMDA receptor activation are regulated 

by respectively PDE2 and PDE4 (Suvarna and O'Donnell, 2002). As certain PDE2 and 

PDE4 transcript variants are known to associate with the membrane, they may be 

positioned within signaling complexes that regulate the phosphorylation of pre- and 

post-synaptic targets, including AMPA receptors (Bender and Beavo, 2006). The 

PDE2A3 isoform is localized to presynaptic membranes and may mediate the effect 

of PDE2A inhibitors on presynaptic plasticity (Fernandez-Fernandez et al., 2015; 

Russwurm et al., 2009).  The PDE4D3 and PDE4D5 isoforms are localized to the 

perinuclear region and within the nucleus, respectively, which enables PDE4 to 

predominantly exert control on the cAMP-PKA-CREB signaling axis which eventually 

leads to CRE-mediated transcription (Boczek et al., 2019; Clister et al., 2019). PDE2 

and PDE4 may thus be involved in distinct but partly overlapping or cross-talking 

signaling cascades which, upon combined inhibition, can produce synergistic effects 

on plasticity. Correspondingly, PDE2 and PDE4 inhibition can both inhibit endothelial 

cell proliferation, but exert these effects through different mechanisms (Favot et al., 

2004).  

An open question remains whether combined inhibition of PDE2 and PDE4 is 

efficacious and synergy is seen in models of memory impairment. An interesting 

finding in this context was reported by Gulisano et al., who found that combined 

PDE4 and PDE5 inhibition can improve memory in transgenic AD mice only with 

chronic dosing (Gulisano et al., 2018). In addition, much higher concentrations of 
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PDE2 inhibitors may be required to reverse memory impairment than tested here in 

normal adult rats (Gu et al., 2019; Mikami et al., 2017; Nakashima et al., 2018). Hence, 

the memory-enhancing effect of combined PDE2 and PDE4 inhibition in disease 

models remains to be investigated. Nevertheless, the fact that subeffective doses PF-

999 and roflumilast can synergistically increase memory consolidation through 

modulation of plasticity processes may provide a new therapeutic strategy. CNS 

expression of PDE2 is largely conserved between rat, primates, and humans 

(Stephenson et al., 2009), whereas human expression of the many PDE4 isoforms may 

vary substantially when compared to preclinical species. Thus, combining two targets 

with well characterized effects on memory in preclinical models may de-risk clinical 

translation of PDE biology arising from complications associated with variation of 

gene expression between species. Furthermore, because efficacy is achieved at lower 

levels of PDE4 inhibition, target related side effects such as emesis may be minimized. 

More generally, dual inhibitors of phosphodiesterases may open significant new 

avenues for the development of plasticity enhancers with improved efficacy.  
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Chapter 7 

General Discussion 
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The inhibition of PDE4 and, in particular, PDE4D has previously been 

investigated as a therapeutic strategy to treat memory problems associated with 

Alzheimer’s disease (AD) (Cheng et al., 2010; Feng et al., 2019; Sierksma et al., 2014; 

Wang et al., 2020a; Zhang et al., 2018). While PDE4(D) inhibitors can potently increase 

neuroplasticity processes in vitro and in vivo, the progression of these molecules into 

the clinic has been hampered by severe adverse effects, including nausea, emesis 

and diarrhea. As such, more specific PDE4(D) inhibitory treatments might be of great 

added value, maximizing their therapeutic effects while minimizing or preventing 

side effects. Interestingly, PDE4 enzymes consist of several subtypes and isoforms 

which are expressed in tissue-specific and cell-type specific patterns (Miró et al., 

2002a; Miró et al., 2002b; Paes et al., 2021; Pérez-Torres et al., 2000). Moreover, within 

distinct cell types, PDE4D isoforms can locate to specific intracellular compartments 

to control cAMP signaling with high spatial resolution. As such, targeting of specific 

PDE4D isoforms can provide the necessary treatment selectivity to prevent PDE4(D)-

mediated side effects of non-specific PDE4(D) inhibitors, while conserving the 

therapeutic effects. 

 

Picking the best isoform as therapeutic target in AD 

Since PDE4D isoforms potentially provide better targets, an understanding 

of the differently described isoforms had to be established. As also outlined in 

Chapter 2 (Paes et al., 2021), the nomenclature of PDE4 isoforms is complicated due 

to the existence of both mRNA transcript variants and protein isoforms that are 

differentially annotated within and across online genome browsers. Moreover, 

naming of PDE4 isoforms may not be consistent across species (see Supplementary 

Table 1 in Chapter 2). Building on the understanding of isoform-specific sequences 

at the DNA, mRNA, and protein level, PDE4D isoform-specific expression was 

measured in post-mortem brain tissue of Alzheimer’s disease (AD) patients and 

matched healthy controls. As described in Chapter 3, mRNA expression of specific 
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PDE4D isoforms (PDE4D1, -D3, -D5, and –D8) was found to be upregulated in AD 

brains and these expression changes were found to be associated with altered DNA 

methylation of isoform-specific promoter regions in the PDE4D gene (Paes et al., 

2020a). Moreover, these changes in expression and DNA methylation correlated 

significantly with measures of AD pathology (amyloid-β plaques, tau tangles, and 

Braak staging) and cognitive impairment (Mini-Mental State Examination score, 

MMSE). Similar findings were gathered in experiments described in Chapter 4, in 

which isoform-specific PDE4D expression increases were found in the hippocampus 

and frontal cortex of transgenic AD mice (Paes et al., 2023). Whilst intriguingly 

translational between men and mice, these correlations between AD phenotype and 

PDE4D expression do not automatically imply causality. In addition, the directionality 

of a possible causal relationship between PDE4D isoform expression and AD 

pathology cannot be inferred directly from this work. In platelets, increasing cAMP 

levels inhibits the production of amyloid-β (Sepúlveda et al., 2019). A similar 

mechanism may exist in the AD brain in which elevated PDE4D isoform expression 

would decrease cyclic adenosine monophosphate (cAMP) levels leading to increased 

amyloid-β production. Vice versa, cells exposed to inflammatory stimuli can 

upregulate PDE4 expression (Konrad et al., 2015), which may explain how AD 

pathology would increase PDE4D isoform expression. Indeed, in Chapter 4, it was 

described that hippocampal neurons acutely exposed to amyloid-β show increased 

expression of certain PDE4D isoforms (Paes et al., 2023). If both causal directionalities 

exist in the (AD) brain, AD pathology could upregulate PDE4D expression, which 

increases amyloid-β production, leading to a self-propagating cycle. Promisingly, a 

recent conference abstract suggests that pharmacological PDE4D inhibition can lead 

to reduced amyloid-β synthesis and increased amyloid-β degradation (Xu, 2022). The 

interesting finding that PDE4D isoform expression is altered in AD should be seen as 

a first step as certain limitations in the associated study setup described in Chapters 

3 and 4 have to be considered. Importantly, since homogenized human and mouse 
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brain tissues were used in Chapters 3 and 4 respectively, information regarding cell-

type specific expression or even intracellular localization of PDE4D isoforms could 

not be determined. The yielded findings using homogenized tissues thus 

demonstrate the overall changes in PDE4D expression across many cells of different 

lineage; future studies could determine changes in expression, function, and 

intracellular localization of PDE4D isoforms in specific cell types. Moreover, PDE4D 

expression was measured at the mRNA level and can therefore not be directly 

translated to changes in protein levels or activity. Due to a lack of suitable 

commercial and non-commercial antibodies and the co-migration of multiple PDE4D 

isoforms on SDS-PAGE, it is extremely challenging, work intensive and expensive to 

assess protein expression levels of all specific PDE4D isoforms. Moreover, 

intracellular PDE4D isoform activity can also be altered via mechanisms independent 

of expression (e.g. through post-translational modifications as summarized in 

Chapter 2). Nevertheless, the studies described in Chapters 3 and 4 indicate that 

certain PDE4D isoforms seem to be affected more or seem to be more important 

than others in the context of AD.  

  

PDE4D isoforms in the regulation of neuronal plasticity 

Concurrent with altered PDE4D isoform expression, aberrant cAMP-PKA-

CREB signaling was observed in the hippocampus of transgenic AD mice (Chapter 

4), which will negatively impact neuroplasticity processes like neurite outgrowth 

(Batty et al., 2017; Mingorance-Le Meur and O'Connor, 2009). To validate the 

modulating role of PDE4D in regulating neuroplasticity, the effect of the PDE4D-

selective inhibitor GEBR32a on neurite outgrowth was assessed in neuronal cell lines. 

In both a neuroblastoma (N2a) and hippocampal (HT22) cell line, exposure to 

GEBR32a elicited a concentration-dependent increase in neurite length (Chapter 4). 

Although it is convincing that GEBR32a can inhibit PDE4D based on the observations 

in this thesis and prior reports (Brullo et al., 2016; Cavalloro et al., 2020; Prosdocimi 



 

311 

et al., 2018; Ricciarelli et al., 2017), its selectivity towards PDE4D may not apply to 

studies using mice and murine cell lines. The putative binding mode by which 

GEBR32a achieves its PDE4D-selectivity involves an interaction with a PDE4D-specific 

phenylalanine present in the UCR2 region of long PDE4 isoforms (Cavalloro et al., 

2020; Prosdocimi et al., 2018); PDE4A, -4B, and -4C, have a tyrosine instead. However, 

this phenylalanine residue represents a polymorphism that is present in primates, 

but not in mice (Burgin et al., 2010; Johnson et al., 2010). Therefore, PDE4D-selective 

binding of GEBR32a through interactions with a phenylalanine in UCR2 can likely not 

be achieved in murine cells like N2a and HT22 cells. It thus remains to be validated 

whether GEBR32a acts as a PDE4D-selective inhibitor in mice and murine cells. 

However, using a CRISPR-mediated genetic knockdown approach, the role of 

individual PDE4D isoforms in the regulation of neurite growth could be assessed in 

these murine cells (Chapter 4). It was found that all long PDE4D isoforms that are 

expressed in HT22 cells are involved in neurite growth regulation (i.e. PDE4D3, -D5, 

-D7, and –D9)(Paes et al., 2023). Specifically, genetic knockdown of these isoforms 

promoted neurite outgrowth and could protect against the neurotoxic, neurite-

shortening effects of amyloid-β. Interestingly, knockdown of PDE4D3 or PDE4D9 

could completely overcome the neurotoxic effects of amyloid-β on neurite growth 

and even induced longer neurites in those cells when compared to cells not exposed 

to amyloid-β. Thus, ablation of specific long PDE4D isoforms can promote plasticity 

in neurons in vitro. It remains to be determined whether inhibition or genetic ablation 

of these specific isoforms improves neuroplasticity in vivo as well. Since 

neuroplasticity is a result of the spatiotemporal interaction of different cell types (e.g., 

neurons, astrocytes, microglia, and oligodendrocytes), it remains to be determined if 

the net effect of PDE4D isoform inhibition in different cell types will yield a functional 

improvement in neuroplasticity depending on the role of these PDE4D isoforms in 

other cell types. 
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Moreover, while genetic knockdown experiments indicate a clear 

involvement of specific long PDE4D isoforms in neuronal plasticity, it is not clear if 

these isoforms regulate the same cellular process. Isoform-specific adaptor proteins 

result in a distribution of isoforms to distinct intracellular compartments (Chapter 2, 

(Boczek et al., 2019a; Boczek and Kapiloff, 2020; Clister et al., 2019; Paes et al., 2021)). 

Based on this distinct localization, different PDE4D isoforms likely influence cAMP 

signaling in different compartments, while all long isoforms regulate neurite growth. 

Considering that different long PDE4D isoforms may regulate neurite growth in 

different compartments or signaling domains, it remains to be investigated whether 

simultaneous knockdown of more than one expressed long isoforms has an additive 

effect on promoting neurite growth. As mentioned for ablating a single isoform, the 

effect of inhibiting multiple isoforms on general neuroplasticity remains to be 

validated taking into account the different roles PDE4D isoforms play in different cell 

types. 

Furthermore, the genetic knockdown experiments presented in this thesis 

have looked into relatively acute effects on neuroplasticity. In general, changes in 

intracellular signaling are followed by compensatory mechanisms to ‘reset’ the 

system. This principle also applies to PDE4-mediated signaling. The cAMP-PKA-CREB 

signaling axis, which would be stimulated upon PDE4(D) inhibition, regulates the 

transcription of several PDE4 isoforms (Le Jeune et al., 2002; Seybold et al., 1998; 

Swinnen et al., 1989). Inhibition of PDE4(D) can consequently induce cAMP-mediated 

compensatory mechanisms that would counteract the effects of the initial PDE4(D) 

activity inhibition. Therefore, in addition to the acute PDE4D isoform knockout 

experiments reported here, the chronic effects of PDE4D isoform knockout await to 

be determined. Of note in this respect, as PDE4 inhibition is known to have anti-

inflammatory effects in different organs (Li et al., 2018), chronic PDE4(D) inhibition 

may also dampen neuro-inflammation in the AD brain which may actually contribute 

to overall therapeutic, memory-enhancing or memory-restoring effects. 
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Considering isoform-specific PDE4 activity dynamics 

In addition to transcription-based feedback, cAMP signaling is also 

dynamically regulated by a feedback mechanism at the protein level. More precisely, 

upon increasing cAMP levels, the downstream kinase protein kinase A (PKA) is 

activated which subsequently can phosphorylate and thereby enhance the enzymatic 

activity of long PDE4 isoforms specifically. By means of increased cAMP hydrolysis 

by these activated long PDE4 isoforms, elevated cAMP levels can be restored to 

baseline concentrations. Enzymatic activity modulation through, for example, 

phosphorylation by PKA, enables the dynamic control of cAMP levels by PDE4. As 

outlined in Chapter 2, several post-translational modifications like phosphorylation 

by PKA or interactions with other proteins can influence the enzymatic activity of 

specific PDE4(D) isoforms. As PDE4 activity regulation is a dynamic process as a result 

of positive and negative feedback loops, experimental investigation of the influence 

of isoform types on cAMP signaling using molecular biology techniques can be 

difficult. Therefore, a computational model was established to investigate the 

involvement of (activity modulation of) the different PDE4 isoform types in 

controlling cAMP levels (Chapter 5) (Paes et al., 2022). Taking into account the 

different proportions by which long, short, and supershort isoforms may be present, 

the simulations of the computational model indicated that long PDE4 isoforms exert 

the most profound control on cAMP signaling. The prominent effect of long isoforms 

is likely a result of the fact that their enzymatic activity is considerably increased upon 

phosphorylation by PKA. Consequently, inhibition of long isoforms specifically will 

yield the most substantial increase in cAMP levels. Thus, long PDE4(D) isoforms may 

be the most interesting pharmacological targets from a therapeutic perspective.  

While a computational model can provide great insights into dynamic 

processes that are hard to disentangle in a biological system, a model is inherently 

limited to the parameters that are being considered. Several factors that are known 

to shape cAMP signaling and its control by PDE4 enzymes were not included in the 
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model described in this thesis. Firstly, PDE4 subtypes, PDE4 isoform types, and 

specific PDE4 isoforms within these type categories localize to specific intracellular 

compartments rather than exhibiting a homogeneous distribution throughout the 

cell (Anton et al., 2022; Blackman et al., 2011). Secondly, while the effects of 

phosphorylation by PKA and ERK on PDE4 activity are most extensively studied and 

included in the model, the effects other modulators of (isoform-specific) PDE4 

enzymatic activity as listed in Chapter 2 were not simulated. Lastly, current 

simulations have only considered cAMP signaling during a relatively short timescale 

(i.e. several minutes). Other feedback mechanisms that occur at a larger timescale 

like the aforementioned transcription-based feedback of upregulation PDE4 

isoforms are therefore not considered yet. Thus, as computational models become 

better in simulating the spatiotemporal control of cAMP signaling by PDE4 subtypes 

and isoforms based on increasing knowledge of the localization, activity and cell-

type specific expression of these enzymes, these in silico approaches can provide a 

useful way to define new or better-specified therapeutic targets. 

 

Long PDE4D isoforms as suitable therapeutic targets 

Several lines of evidence presented in this thesis indicate that specific 

targeting of long PDE4D isoforms provides an effective therapeutic strategy to 

promote neuroplasticity in the context of AD. A pivotal role for long isoforms in 

regulation neuroplasticity is supported by prior studies. It has been shown that 

inhibition of high-affinity rolipram binding sites (HARBS), which are predominantly 

provided by long isoforms, enhances neurite outgrowth and spatial memory 

(Boomkamp et al., 2014; Egawa et al., 1997). In addition, pharmacological and 

shRNA-based inhibition of long PDE4D isoforms has been demonstrated to improve 

memory function (Li et al., 2011; Ricciarelli et al., 2017; Zhang et al., 2018). Based on 

abovementioned mRNA expression analyses, the long isoforms PDE4D3 and PDE4D5 

were found to be upregulated in hippocampal cells exposed to amyloid-β, transgenic 
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mouse brains showing amyloid-β pathology as well as in post-mortem human brain 

tissue of AD patients. Moreover, in these human brain samples, epigenetic signatures 

in the PDE4D3 and PDE4D5 promoters were found to be altered, which supports the 

observation of altered transcription. Moreover, through the use of isoform-specific 

CRISPR-Cas9 knockdown experiments, specific long PDE4D isoforms were found to 

regulate neurite length in mouse hippocampal neurons. Genetic knockdown of only 

those long PDE4D isoforms that were expressed by these cells led to a significant 

increase in neuronal plasticity (i.e. PDE4D3, -D5, -D7, and -D9). Provided the pivotal 

role of long PDE4 isoforms in regulating cAMP signaling, as validated using a 

computational model, inhibiting these forms will likely exert the most profound 

therapeutic effect. The question remains which of these long isoforms poses the ideal 

therapeutic target. An important aspect is that the exact involvement of these long 

PDE4D isoforms in PDE4-associated side effects remains to be determined. However, 

based on PDE4D isoform expression analysis presented in Chapter 4, it is clear that 

not all long PDE4D isoforms that regulate neuronal plasticity are expressed in the 

mouse stomach and therefore likely do not mediate peripherally regulated gastro-

intestinal side effects upon systemic PDE4(D) inhibition. Specifically, PDE4D7 and 

PDE4D9 are not highly expressed in the mouse stomach, while their genetic ablation 

does improve neuronal plasticity.  

Looking into the robustness of findings, for several reasons, PDE4D3 may be 

the isoform to investigate in detail first. Firstly, PDE4D3 consistently showed 

increased expression within the human temporal lobe and mouse hippocampus and 

frontal cortex tissue displaying amyloid-β pathology and mouse hippocampal 

neurons exposed to amyloid-β. In fact, PDE4D3 expression correlated most strongly 

with levels of AD pathology and cognitive decline in the human material. Secondly, 

genetic PDE4D3 knockdown had the most profound effect on stimulating neurite 

outgrowth in mouse hippocampal cells and this knockdown could fully counter the 

neurite-shortening effect of amyloid-β exposure. Thirdly, in different experimental 
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setups, Boczek et al. found that disrupting PDE4D3 from its perinuclear compartment 

resulted in enhanced neuronal survival and increased neurite outgrowth (Boczek et 

al., 2019b). Thus, PDE4D3-specific targeting may be an efficacious approach to 

stimulate neuroplasticity. However, as mentioned, side effects may still arise and, in 

particular for PDE4D3, cardiac side effects could occur considering the role of 

PDE4D3 in regulating ryanodine receptor functioning in the heart (Lehnart et al., 

2005). Next to PDE4D3, PDE4D7 may be of interest as its role in gastro-intestinal side 

effects may be limited considering relatively low expression in the mouse stomach 

(Chapter 4) and in neurons of the human area postrema, which is involved in the 

central regulation of emesis (Vanmierlo, 2019). Moreover, the increase in enzyme 

activity upon phosphorylation by PKA is higher for PDE4D7 than any other long 

PDE4D isoform (Richter et al., 2005). This may imply that the relatively largest cAMP 

increase can be induced by inhibiting PDE4D7, considering equal expression of long 

isoforms. 

 

Inhibitors selective for long PDE4D isoforms 

Irrespective whether inhibition of PDE4D3, PDE4D7, other long isoforms, or 

all long PDE4D isoforms contributes to the side effects observed upon non-specific 

PDE4 inhibition, targeting of long PDE4D isoforms may enhance therapeutic efficacy. 

The target specification towards specific isoforms has important implications for 

drug development. In order to develop PDE4 inhibitors that are selective towards the 

PDE4D subtype and long isoforms specifically, the sequence differences among 

subtypes and isoforms categories can be exploited (Blokland et al., 2019; Burgin et 

al., 2010; Paes et al., 2021). Because of their sequence, long PDE4D isoforms can 

dimerize which results in the capping of the regulatory UCR2 domain of one 

monomer across the catalytic domain of the other monomer (Cedervall et al., 2015; 

Houslay and Adams, 2010). Because of this configuration, specific amino acid 

residues of UCR2 extend into the catalytic domain with which inhibitor molecules can 
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interact to achieve specificity towards long isoforms. In fact, this trans-capping can 

be modulated when long isoforms are phosphorylated by PKA, which results in 

conformational changes that actually can increase the affinity of UCR2-engaging 

inhibitors (Chapter 2, Table 4). With long forms exerting most profound control on 

cAMP levels, UCR2-engaging long form inhibitors will create a positive feedback loop 

regarding their binding as the inhibition causes PKA activation, which in turn changes 

the enzyme conformation to promote inhibitor binding. However, it has also been 

described that as a result of dimerization, which is specific to long isoforms, UCR2-

engaging inhibitors cannot achieve complete inhibition, as binding of the inhibitor 

to one monomer changes the enzyme’s conformation which prevents proper 

inhibition of the other monomer (Burgin et al., 2010; Cedervall et al., 2015). As such, 

according to their binding mode, these types of inhibitor can be regarded as UCR2-

engaging, long form-specific, PKA-activated specific, partial inhibitors. 

While exploitation of these long form-specific structural features allows the 

development of long form-specific inhibitors, PDE4D selectivity is not yet achieved 

in this manner. However, as mentioned earlier, primates express a phenylalanine in 

the transcapping UCR2 region of PDE4D as opposed to a tyrosine for PDE4A, -4B, 

and -4C. Non-primate mammals express a tyrosine for all four PDE4 subtypes. Hence, 

inhibitors that specifically engage with this PDE4D-specific phenylalanine can achieve 

PDE4D selectivity (for primate PDE4 enzymes). This concept is described in detail by 

Burgin et al. and has led to the development of a PDE4D-selective inhibitor 

preferentially binding long isoforms. This molecule, called D159797, BPN14770 or 

Zatolmilast has been tested for its neuroplasticity-enhancing and memory-

improving effects in in vitro and (pre)clinical in vivo studies (Berry-Kravis et al., 2021; 

Cui et al., 2019; Sutcliffe et al., 2014; Wang et al., 2020b; Zhang et al., 

2018)[NCT03817684]. Although PDE4D inhibition has been associated with severe 

side effects through actions in brainstem areas like the area postrema that regulate 

emesis, this PDE4D-selective inhibitor did not show any adverse effects in behavioral 
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correlate measures of emetic behavior in humanized PDE4D mice at doses 300-fold 

higher than the therapeutic dose (Zhang et al., 2018). These humanized PDE4D mice 

express the human PDE4D sequence with a phenylalanine instead of tyrosine in the 

UCR2 region, which allows the engagement of PDE4D-specific inhibitors to exploit 

phenylalanine-dependent binding. In primates, emetic side effects were observed at 

orally administered doses of 1.5 mg/kg (Sutcliffe et al., 2014), which can be 

extrapolated to an emetic dose of 0.32 mg/kg for a human adult weighing 60 kg 

(Reagan-Shaw et al., 2008). Accordingly, administrating 19.2 mg in humans is 

expected to be emetic, but a Phase I clinical study using BPN14770/zatolmilast 

showed no adverse effects upon administration of doses up to 40 mg, though at 100 

mg vomiting was observed ([NCT02840279], 

https://www.alzforum.org/news/conference-coverage/running-trial-results-ctad-

conference). The use of BPN14770 as pharmacological intervention against AD-

associated memory deficits was further investigated in a Phase II clinical trial 

[NCT03817684]. While experimental outcomes have not been disclosed at the time 

of writing (August 2022), a press release indicated that, although no clinically 

significant safety issues were observed, no significant improvement in the primary 

endpoint, i.e. the composite score of the neuropsychological test battery RBANS-

DMI, was observed at a dose of 25 mg (twice daily) in this clinical trial 

(https://www.shionogi.com/global/en/news/2020/05/20200526.html). The absence 

of safety issues is in accordance with recent studies looking into the role of PDE4 

subtypes in gastro-intestinal side effects associated with PDE4 inhibition. The Richter 

laboratory indicated that inhibition of more than one subtype will elicit specific side 

effects (i.e. gastroparesis and hypothermia) but that subtype-selective inhibition will 

not (Boyd et al., 2021; McDonough et al., 2020). Thus, the inability of meeting the 

primary endpoint in the Phase II trial using BPN14770 likely resulted, despite seeming 

target engagement (Wakabayashi et al., 2020), from a lack of efficacy rather than due 

https://www.alzforum.org/news/conference-coverage/running-trial-results-ctad-conference
https://www.alzforum.org/news/conference-coverage/running-trial-results-ctad-conference
https://www.shionogi.com/global/en/news/2020/05/20200526.html
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to adverse side effects. The question remains whether this lack of efficacy would be 

a compound-specific or mechanism-dependent effect.  

Other PDE4D-selective compounds have been developed and are reported 

to enhance neuroplasticity and memory processes (e.g., V11294, GEBR7b and 

GEBR32a)(Brullo et al., 2014; Brullo et al., 2016; Bruno et al., 2011; Cavalloro et al., 

2020; Gale et al., 2003; Gale et al., 2002; Prosdocimi et al., 2018; Ricciarelli et al., 

2017)(Chapter 4). It still remains to be determined whether different classes of 

molecules will show efficacy without side effects in clinical trials. Nevertheless, in 

preclinical studies, GEBR32a did not induce emetic-like behavior for doses 1000-fold 

higher than the memory-enhancing dose (Ricciarelli et al., 2017). Compound-specific 

effects could involve suboptimal dosing regimens, while mechanism-dependent 

effects may relate to the inability of UCR2-engaging long form PDE4(D) inhibitors to 

achieve full inhibition as outlined above. Importantly, different classes of PDE4(D) 

inhibitors may have additional PDE4(D)-independent actions based on their specific 

pharmacophores. 

Interestingly, GEBR32a shows structural similarities to the clinically used anti-

Alzheimer drug donepezil. Donepezil is regarded mainly as an acetylcholinesterase 

inhibitor but it also acts a potent agonist of the 1-receptor (Ishikawa et al., 2009; 

Solntseva et al., 2014). Moreover, the structural resemblance between donepezil and 

GEBR32a is also seen for the selective 1-receptor agonist SA4503 or cutamesine 

(Figure 1A). Based on this structural similarity, GEBR32a may, like donepezil and 

SA5403, bind 1-receptors. Molecular docking of GEBR32a, donepezil, and SA5403 

in a crystal structure of the 1-receptor reveals a potential similar binding mode for 

all three compounds (Figure 1B-C). Interestingly, a central nitrogen atom that is 

reported to be crucial for 1-receptor binding is present in each compound and 

(almost) overlays (Bolshakova et al., 2016). Intriguingly, GEBR32a’s memory-

enhancing effects may thus be due to PDE4(D) inhibition and potentially additional 

effects such as 1-receptor activation. Agonism of the 1-receptor by donepezil and 
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SA5403 can promote neurite outgrowth (Ishima et al., 2008; Li et al., 2017); 

observations that were also described in Chapter 4 for GEBR32a. Thus, while still 

speculative and to be investigated, the neuronal plasticity enhancement by GEBR32a 

may, in addition to its inhibitory effect on PDE4(D), be induced by activation of 1-

receptor. 

 

Figure 1. Structural comparison of GEBR32a with 1-receptor agonists. A) Chemical structures of 

SA4503 (cutamesine), donepezil and GEBR32a with their 3,4-dialkoxyphenyl moiety indicated in the 

orange square. B) Binding poses of GEBR32a (purple) and donepezil (pink) in a crystal structure of the 1-

receptor based on molecular docking. Striking is the overlay of the rings of both GEBR32a and donepezil 

and close proximity of the central nitrogen atom. C) Binding poses of GEBR32a (purple) and 

SA4503/cutamesine (pink). Striking is the overlay of the central nitrogen atom and rings of both GEBR32a 

and SA4503. 

 

Considering the effects of PDE4D inhibition in different brain regions 

In general, while the role of PDE4(D) in neuroplasticity processes has been 

reported in a substantial amount of scientific literature as mentioned above, its 

effects on human cognition, and especially in an AD context, has not been 

thoroughly explored. A possible explanation of the relative lack of efficacy of 

BPN14770 in AD is the fact that global PDE4D inhibition in multiple brain regions 

simultaneously may have less potent cognition-enhancing effects than local PDE4D 



 

321 

inhibition in, for example, the hippocampus specifically. Linked to this, the work of 

the Arnsten laboratory has indicated that PDE4D expression during aging in the 

frontal cortex of rats actually decreases, which is concurrent with increased 

phosphorylation of tau protein, which could promote AD-associated pathology, and 

worsen working memory (Leslie et al., 2020). Consequently, in elderly subjects, 

PDE4D inhibition may improve hippocampus-dependent memory processes while 

impairing frontal cortex-based functions like working memory. Importantly, across 

different brain regions, intracellular localization of PDE4D and its isoforms may be 

differentially regulated. For example, PDE4D can localize presynaptically at 

hippocampal pyramidal neurons (Montenegro-Venegas et al., 2022), whilst PDE4D is 

localized predominantly postsynaptically, at pyramidal neurons in the prefrontal 

cortex (Datta et al., 2020). The region-specific localization of PDE4D may result from 

a difference in expression of PDE4D-binding partner proteins (as summarized in 

Chapter 2) across regions. PDE4D may be localized presynaptically to modulate 

cAMP levels that regulate plasticity-promoting hyperpolarization-activated cation 

channel signaling (Beaumont and Zucker, 2000), while postsynaptic PDE4D can 

modulate synaptic plasticity through, for example, cAMP-PKA-CREB signaling 

(Kandel, 2012). Thus, PDE4D inhibition may have to be regional to exert sufficiently 

potent therapeutic effects.  

Different strategies can be explored to achieve this increased spatial 

specificity. Firstly, assuming most memory-enhancing effects of PDE4D inhibition are 

exerted in the hippocampus, PDE4D isoforms that are specifically enriched in this 

brain region could be targeted. For example, Chapter 4 described that PDE4D8 is 

highly expressed in the mouse hippocampus, but not in the frontal cortex, nor in the 

mouse neuronal HT22 cell line. As such, its hippocampal expression may be a result 

of expression in non-neuronal cell types. Whether targeting PDE4D8 could provide 

a means to establish hippocampus-specific and plasticity-enhancing PDE4D 

inhibition remains to be determined. As described above, it is possible to develop 
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inhibitors that exploit binding to conformational states that are specific to long 

isoforms but targeting one long isoform specifically (e.g., PDE4D8) cannot be 

achieved using this rationale. Interestingly, the highly localized cAMP-hydrolyzing 

actions of specific PDE4D isoforms can be deregulated by means of disrupting 

protein-protein interactions of the specific isoform and its partner protein(s) (Baillie 

et al., 2019; Lee et al., 2013). The potential of this approach has been demonstrated 

in vivo as well (Martin et al., 2014). However, the interactome of distinct PDE4D 

isoforms is currently incomplete and partner proteins may be cell type-specific and 

context-specific. Thus, while providing high spatial specificity within cells, the precise 

interaction that is to be disrupted remains to be verified. 

Secondly, increased spatial specificity of pharmacological targeting can be 

achieved by using synergistic interventions that both act on regionally expressed 

targets. More concretely, the synergism of two treatments minimizes the induction 

of side effects by one of the treatments in ‘off-target areas’ as, owing to the 

synergism, lower concentrations for each of the treatments are required. 

Consequently, effects are conditional on both targets being expressed in the brain 

region where therapeutic effects should be elicited. 

 

Synergistic PDE inhibition to achieve more localized therapeutic effects without 

side effects 

The concept of synergistic PDE inhibition to promote neuronal plasticity and 

memory consolidation was described in Chapter 6. Here, the synergistic effects of 

PDE4 and PDE2 inhibition in neuronal plasticity processes in vitro and memory 

consolidation in vivo were validated (Paes et al., 2020b). While these data robustly 

show that synergistic PDE4 and PDE2 inhibition can improve memory processes, the 

ability to translate in vitro to in vivo findings in these type of studies should be 

addressed. Specifically, the potential mismatch between inhibitor concentrations and 

doses used in in vitro and in vivo assays, respectively, requires discussion. In Chapter 
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6, the half-maximum inhibitory concentrations (IC50) of the PDE4 inhibitor roflumilast 

and PDE2 inhibitor PF-05180999 are reported to be 0.234 nM and 0.440 nM 

respectively, while the 1 µM concentrations used to investigate AMPA receptor GluR1 

subunit phosphorylation in brain slices were >2000-fold higher.  

This apparent discrepancy in functional concentrations can be attributed to 

several factors. Firstly, the reported IC50 values usually are reported on the 

compound’s ability to inhibit the activity of purified enzymes rather than enzymes in 

a cell context. As outlined in Chapter 2 and summarized in that chapter’s Table 1, 

several post-translational modifications and protein partner interactions can 

influence PDE4 enzyme activity and inhibitor affinity (Paes et al., 2021). Since these 

modifications and interactors are not present in inhibitor affinity assays using 

purified enzymes, these assays cannot accurately reflect affinities of PDE4 inhibitors 

in cells. Moreover, the purified PDE4 that is used in these assays often comprises a 

single PDE4 subtype and often only considers the PDE4 catalytic domain. As 

elaborately outlined in Tables 2-4 of Chapter 2, PDE4 inhibitors can exhibit distinct 

affinities towards different PDE4 subtypes and especially show different binding to 

full-length enzymes compared to catalytic domains only (Paes et al., 2021). 

Abovementioned arguments are supported by experimental evidence as described 

by Wunder and colleagues (Wunder et al., 2013). In their study, it was found that IC50 

values for roflumilast were 89-fold higher in cell-based assays compared to IC50 

values determined using purified enzymes. Similar observations were done for other 

PDE4 inhibitors. Interestingly, the ratio between cellular and purified enzyme IC50 

values seems to depend on the binding modes of PDE4 inhibitors in the catalytic 

domain as the conformation-dependent, UCR2-engaging PDE4 inhibitors tested 

actually show lower IC50 values in cells compared to purified enzymes. This suggests 

that PDE4 enzymes may adopt distinct conformations in the different assays which 

can favor binding of either UCR2-engaging or purely catalytic domain-binding 

inhibitors. Secondly, although relatively high concentrations have been applied 
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extracellularly, functional concentrations in the relevant intracellular PDE2 and PDE4 

signaling microdomains may be lower depending on cell penetrance and intracellular 

diffusion. Thirdly, it is important to consider the specific experimental setup and its 

associated cellular signaling when determining PDE4 inhibitor concentrations that 

induce a particular effect. For the experiments using brain slices described in Chapter 

6, cAMP signaling was not promoted by any exogenous trigger (e.g. cAMP synthesis 

stimulation by forskolin). Thus, in the absence of high levels of cAMP, their 

breakdown can also not be prevented by inhibition of PDE2 and/or PDE4. In order to 

elicit cellular effects downstream of cAMP-PKA signaling in the absence of signals 

triggering this cascade, profound inhibition of PDE2 and PDE4 is required to elevate 

basal cAMP levels. This would require higher levels of the corresponding inhibitors. 

However, as indicated by the cell-based experiments in Chapter 6, in the absence of 

forskolin, even relatively high concentrations of roflumilast and/or PF-05180999 (i.e. 

1 µM) could not significantly stimulate CRE-mediated transcription. Lastly, despite 

the use of relatively high concentrations of roflumilast and/or PF-05180999, 

conclusions on the involved mechanisms can still be drawn as long as the selectivity 

of their inhibition can be guaranteed. Encouragingly, roflumilast and PF-05180999 

exhibit >1000-fold selective binding towards respectively PDE4 and PDE2 compared 

to other PDE families (Hatzelmann et al., 2010; Helal et al., 2017). It is therefore 

unlikely that these compounds exerted effects through other targets than PDE4 and 

PDE2. 

While the abovementioned factors can help explain the discrepancy between 

the IC50 values of roflumilast and PF-05180999 and the functional concentrations 

required to elicit effects in cells, the translation of IC50 values to therapeutic doses in 

vivo is even more complex. Taking into account the ability of roflumilast and PF-

05180999 to be bound to plasma albumin and their brain penetrance, it is obvious 

that IC50 values derived from enzyme kinetic assays cannot accurately be 

extrapolated to in vivo settings. In vivo, a compound’s net effect will also be 
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dependent on its affinity towards different isoforms and the relative expression ratio 

of these isoforms in the cells that are to be targeted. Moreover, determining free 

fractions of inhibitors in the brain may not reflect the compound concentration that 

is able to bind targets, but may rather reflect the compound concentration that is 

not (yet) bound to the target. 

Thus, taking into account the difficulties in translating functional in vitro 

compound concentrations to in vivo doses, assays should be performed at the 

enzyme, cell, brain region, and organism level to properly validate the therapeutic 

potential of a treatment strategy. The studies described in Chapter 6 robustly 

showed that PDE4 and PDE2 inhibition using suboptimal doses for each compound 

acts synergistically to promote cellular neuroplasticity processes and memory 

consolidation. The potential of synergistically acting treatments is supported by the 

pro-cognitive effects of synergistic PDE4 and PDE5 inhibition as reported by Gulisano 

and co-workers (Gulisano et al., 2018). As PDEs from different gene families show 

different intracellular distribution patterns, relatively subtle inhibition of two different 

types (e.g., PDE4 and PDE2 or PDE4 and PDE5) may promote a broader and/or 

prolonged cAMP diffusion in the cells to elicit downstream signaling responses. 

While the memory-enhancing effects of combined PDE4 and PDE5 inhibition have 

been validated after chronic treatment in a transgenic AD model (Gulisano et al., 

2018), the synergistic actions of PDE4 and PDE2 inhibition presented here were only 

investigated upon acute exposure in wild-type mice. Thus, it remains to be verified 

whether these acute effects can be extrapolated to chronic treatments in an AD 

context. 

 

Looking ahead 

In light of the findings and conclusions described above, future experiments 

and “backup plans” can be devised. Important next steps would be to determine 

what the effects are of chronic knockdown of PDE4D (long) isoforms on neuronal 
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plasticity and whether knockdown of multiple (long) PDE4D isoforms has additive 

effects. Crucial would be the comparison of cell-type specific, region-specific and 

brain-general PDE4D knockdown and elucidating which PDE4D isoforms are involved 

in side effects mediated by either the brainstem and/or gastrointestinal organs. The 

function and intracellular localization of individual isoforms in specific cell types 

could be investigated using isoform knockdown or dominant-negative PDE4 

isoforms coupled with the use of FRET-based cAMP sensors to determine isoform-

regulated cAMP nanodomains (Bock et al., 2020; Bolger et al., 2020). These 

experiments should provide additional insights into the PDE4D isoforms that should 

be targeted for a more efficacious and/or safer treatment. While both strategies 

outlined in the thesis (i.e. more specific targeting of PDE4 subtypes or isoforms and 

synergistic inhibition of PDE4 and another PDE type) can be investigated further to 

treat memory problems in AD, additional promise could lay in combining these 

strategies. This would mean that a PDE4 inhibitor specific towards certain 

subtypes/isoforms (e.g., the PDE4D-selective inhibitor GEBR32a) can be combined 

with an inhibitor of another PDE type (e.g., the PDE2 inhibitor PF-05180999). This 

combination will minimize off-target effects by using a more selective PDE4 inhibitor 

and, owing to the synergistic actions, lower doses of each inhibitor are required, 

which will minimize the occurrence of side effects. Although it is to be expected, it 

remains to be validated experimentally whether synergistically acting treatments are 

less likely to evoke side effects. In addition to combining two PDE-inhibiting 

compounds that have synergistic actions, single molecules can be explored further 

that have dual actions on PDE4 and another target. For example, molecules have 

been described that can inhibit both PDE4 and acetylcholinesterase (AChE) enzymes 

(Liu et al., 2022). As most of the clinically used AD medication belongs to the class of 

AChE inhibitors (i.e. donepezil, galantamine, and rivastigmine; see Chapter 1), 

therapeutic effects of dual PDE4/AChE are to be expected. Dual PDE4/AChE inhibitors 

can potently increase intracellular cAMP signaling by simultaneously elevating 
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extracellular acetylcholine levels, which can promote cAMP synthesis, and inhibiting 

PDE4-mediated cAMP breakdown. This synergistic mechanism may require lower 

doses, which could translate to a lower likelihood of side effects. It is interesting to 

envision drug development/optimization efforts of dual PDE4/AChE inhibitors to 

achieve PDE4 subtype selectivity while retaining AChE inhibitory actions. Importantly, 

as the use of AChE inhibitors is associated with side effects that overlap with those 

observed for PDE4 inhibitors (i.e. nausea, emesis, diarrhea) (Imbimbo, 2001), the 

safety of dual PDE4/AChE inhibitors should be examined. 

 Generally, side effects associated with the use of PDE4 inhibitors are arguably 

the main reason PDE4 inhibitors are not yet clinically used for the treatment of AD. 

Thus, efforts should be taken to minimize or prevent PDE4-mediated side effects. 

Next to the approaches undertaken in this thesis, other strategies can be further 

explored to reduce side effects. By formulating the prototypical PDE4 inhibitor 

rolipram with fusogenic lipid vesicles, Gobejishvili et al. decreased rolipram’s ability 

to cross the blood-brain barrier, which was concurrent with a reduction in emetic-

like behavior in mice (Gobejishvili et al., 2022). Since therapeutic actions of PDE4 

inhibitors are required in the brain as well, this strategy cannot be pursued for the 

treatment of AD. Interestingly, the PDE4 inhibitor LEO-29102 has low emetic 

potential and was designed as a ‘soft drug’, which means that it creates few, long-

lasting, metabolites (Felding et al., 2014). LEO-29102, formulated as a cream, has 

been tested in a Phase II clinical trial for the treatment of atopic dermatitis 

[NCT01037881]. It remains to be determined whether the low emetogenicity of LEO-

29102 is related to the route of administration and whether administration routes 

that optimize brain exposure would not result in side effects, despite the rapid 

metabolism of the compound. Furthermore, LEO-29102 interacts with amino acids in 

the C-terminus of PDE4 that are conserved across PDE4 subtypes as opposed to 

PDE4(D) long-form, UCR2-enganging inhibitors that have shown to be efficacious in 
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stimulating neuroplasticity. Thus, considering its different binding mode, its subtype-

selectivity and efficacy await to be examined. 

As recent reports by the Richter laboratory have indicated that subtype-

selective PDE4 inhibition can prevent certain PDE4-mediated side effects, subtype-

specific inhibition rather than PDE4D-selective inhibition may be sufficient to reduce 

side effects. While inhibition of PDE4D rather than PDE4B seems to exert the most 

profound memory-enhancing effects (Zhang et al., 2017), the precise role of non-

PDE4D subtypes and isoforms in molecular memory mechanisms that are affected in 

AD remain to be fully explored experimentally. Similarly, PDE4 is not the only cAMP-

selective PDE. Provided the pivotal role of cAMP-PKA-CREB signaling in memory 

formation, other cAMP-selective PDEs and their isoforms provide novel therapeutic 

targets. As a proof-of-principle, we have shown that PDE7 inhibition also promotes 

spatial memory consolidation (McQuown et al., 2021). Thus, the same target-

specifying strategies as described in this thesis can be applied to other cAMP-

modulating therapeutic targets. 

All in all, the work in this thesis shows that more specific targeting of PDE4D 

isoforms can retain the therapeutic neuroplasticity-enhancing effects that are 

observed upon non-selective PDE4(D) inhibition. Moreover, synergistic inhibition of 

PDE4 and PDE2 shows therapeutic potential and likely reduces side effects as lower 

doses of each of the inhibitors are required. Thus, new strategies have been validated 

that provide new avenues to optimize PDE4-inhibiting strategies with improved 

efficacy and/or safety for the treatment of memory deficits in AD.  
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The goals of this thesis were 1) to identify which PDE4D isoforms are involved 

in neuroplasticity processes that are impaired by AD-associated pathology, and 2) to 

investigate the therapeutic potential of using combined treatments to reduce the 

therapeutic dose of PDE4(D) inhibitors. In light of these goals, this thesis presents a 

comprehensive literature review and four experimental studies using in silico, in vitro, 

and in vivo approaches. 

In order to identify which PDE4D isoforms are involved in neuroplasticity 

processes that are impaired by AD-associated pathology, an extensive overview was 

established on the molecular biology of PDE4 enzymes and their utility as 

pharmacological targets in Chapter 2. It was outlined that PDE4 enzymes are 

encoded by four different genes (PDE4A-D) that each give rise to multiple isoforms 

owing to the use of alternative promoters and alternative splicing. Confusion can 

arise when referring to these isoforms as their nomenclature may differ across online 

databases, species and depending on whether one refers to the isoform’s mRNA or 

protein. Hence, an overview figure of all known isoforms (page 41) and a comparison 

of human and rodent isoforms (page 126) were established to clarify the 

nomenclature and classification to the scientific field and to easily refer to the 

multitude of isoforms in upcoming chapters. This chapter also summarized how 

differences in protein sequence across PDE4 subtypes and isoforms result in different 

properties in view of enzymatic activity regulation, protein-protein interactions and 

inhibitor binding by changing the enzyme’s conformation. The amino acids involved 

in all reported post-translational modifications and interactions with other proteins 

were illustrated in an overview figure (page 51). Moreover, the effect of these 

modifications and interactions on enzymatic activity of PDE4 subtypes or isoforms 

and their affinity to PDE4 inhibitors was reported. This overview provided the 

rationale to establish a thorough analysis of the approaches to determine affinities 

of PDE4 inhibitors. Therefore, a comprehensive list of PDE4 inhibitors was compiled 

indicating affinity per PDE4 subtype (page 69), isoform (page 75) or conformation 
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(page 79). Lastly, potential mechanisms underlying the adverse side effects 

associated with PDE4 inhibition were described in relation to the therapeutic dose 

ranges of several PDE4 inhibitors. 

Next, using the gained knowledge on human PDE4D isoform sequences, 

promoter DNA (hydroxy)methylation and mRNA expression of PDE4D isoforms were 

measured in post-mortem material of the middle temporal lobe of AD patients and 

healthy controls (Chapter 3). Specific isoforms (PDE4D1, -D3, -D5, and -D8) 

displaying increased expression in AD were identified, concomitant with changes in 

the DNA methylation signatures of associated promoter regions. Moreover, 

increased PDE4D1 and PDE4D3 expression was associated with higher levels of 

plaque and tangles and lower cognitive performance. This study indicated that, 

although stemming from the same gene, expression regulation of PDE4D is impacted 

in an isoform-specific manner in AD. 

To follow up on and complement these findings using human material, 

studies using animal models and cell lines were conducted in Chapter 4. In 

correspondence to the observations in human tissue, an upregulation of the same 

PDE4D isoforms was found in brain material of transgenic AD mice that exhibit 

amyloid-β pathology as well as in cultured hippocampal neurons exposed to 

amyloid-β. The notion that pharmacological PDE4D inhibition can promote neuronal 

plasticity was validated in the same mouse hippocampal neuronal cell line. Making 

use of CRISPR-Cas9 mediated gene-editing, it was determined in the same cell line 

that specific knockdown of one of the long PDE4D isoforms (i.e. PDE4D3, PDE4D5, 

PDE4D7, and PDE4D9) is sufficient to enhance neuronal plasticity processes. 

Moreover, knockdown of one of these isoforms could protect against plasticity-

impairing effect of amyloid-β. Lastly, this chapter indicated which of the long PDE4D 

isoforms may not be involved in stomach-associated side effects of PDE4(D) 

inhibition by describing the isoform-specific expression in the mouse stomach. 
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Since knockdown of long-form PDE4D isoforms specifically was found to 

promote neuronal plasticity, the understanding of the molecular biology of the 

different PDE4D isoforms described in Chapter 2 could be used to put these findings 

into a mechanistic perspective. The enzyme activity of PDE4D isoforms is 

differentially altered by phosphorylation by protein kinase A (PKA) and/or 

extracellular signal-regulated kinase (ERK) depending on the isoform category (i.e. 

long, short, and supershort). In order to understand why genetic knockdown of long 

isoforms specifically enhanced neuronal plasticity, an in silico computational model 

was established to simulate how the different isoform categories regulate cyclic 

adenosine monophosphate (cAMP) levels and control downstream signaling over 

time (Chapter 5). Here, it was described that long PDE4D isoforms specifically exert 

the largest control on cAMP and its downstream signaling. Hence, supporting the 

experimental data of the previous chapter, inhibition of long PDE4D isoforms may 

provide the most profound approach to increase cAMP signaling involved in 

neuronal plasticity processes. 

In view of the first goal of this thesis, inhibition of specific PDE4D isoforms 

involved in (AD-associated) memory processes could provide a more efficacious 

and/or safer therapeutic strategy. Besides this approach, the safety of PDE4(D) 

inhibitors can be improved by lowering the required therapeutic dose to reduce the 

risk of adverse side effects. Following up on the second goal of this thesis, Chapter 

6 demonstrates the potential of combining PDE2 and PDE4 inhibitors to promote 

neuroplasticity in vitro and stimulate memory consolidation in vivo. As it was found 

that PDE2 and PDE4 inhibitors exert synergistic actions, the therapeutic doses of each 

inhibitor could be lowered, which would minimize the risk of PDE4-mediated adverse 

side effects. 

Concludingly, the work in this thesis has established the potential of PDE4D 

isoform-specific inhibition and synergistic PDE4/PDE2 inhibition as new strategies to 
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make PDE4-targeting therapies more efficacious and/or safer for the benefit of 

treating memory deficits in AD.  
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Chapter 9 

Samenvatting 
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De doelstellingen van deze thesis waren 1) het identificeren welke PDE4D-

isovormen betrokken zijn bij de processen van neuroplasticiteit die door AD-

gerelateerde pathologie aangedaan worden, en 2) het onderzoeken van het 

therapeutische potentieel van gecombineerde behandelingen gericht op het 

verlagen van de therapeutische dosis van PDE4(D)-inhibitoren. In het kader van deze 

doelstellingen worden in deze thesis een uitgebreide literatuurreview uiteengezet, 

alsmede vier experimentele studies waarin gebruik is gemaakt van in silico, in vitro 

en in vivo-methoden. 

Om te kunnen identificeren welke PDE4D-isovormen betrokken zijn bij de 

processen van neuroplasticiteit die aangetast worden door AD-gerelateerde 

pathologie, wordt in Hoofdstuk 2 een uitgebreid overzicht gepresenteerd die de 

moleculaire biologie van PDE4-enzymen uiteenzet en het potentieel van deze 

enzymen als effectief farmacologisch doelwit. In dit hoofdstuk wordt beschreven dat 

PDE4-enzymen door vier verschillende genen worden gecodeerd (PDE4A-D) die elk, 

door middel van alternatieve promoters en alternatieve splicing, meerdere 

isovormen tot expressie kunnen brengen. Bij het refereren naar deze isovormen kan 

er onduidelijkheid ontstaan doordat er verschillen bestaan in de gebruikte 

nomenclatuur binnen online databases, binnen diersoorten en of er wordt 

gerefereerd naar het mRNA of het eiwit van de isovorm. Derhalve is een overzicht 

van alle tot dusver bekende isovormen samengesteld (pagina 41) samen met een 

vergelijking van humane isovormen en isovormen bij knaagdieren (pagina 126) ter 

verduidelijking van de nomenclatuur en classificatie voor het wetenschappelijke veld 

en om makkelijker te kunnen refereren naar de veelvuldige isovormen in de volgende 

hoofdstukken. In dit hoofdstuk wordt ook samengevat hoe verschillen in 

eiwitsequentie tussen PDE4-subtypen en -isovormen leiden tot verschillende 

eigenschappen met betrekking tot regulatie van enzymactiviteit, eiwit-

eiwitinteracties en het binden van inhibitoren door veranderingen in de conformatie 

van het enzym. Welke aminozuren betrokken zijn bij alle in de literatuur beschreven 
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post-translationele modificaties en interacties met andere eiwitten is weergegeven 

in de figuur op pagina 51. Eveneens wordt het effect van deze modificaties en 

interacties op enzymatische activiteit van PDE4-subtypen of -isovormen en PDE4-

inhibitoraffiniteit beschreven. Dit overzicht heeft de aanleiding gevormd om een 

grondige analyse uit te voeren naar de wijze waarop de affiniteit van een PDE4-

inhibitor wordt bepaald. Daartoe is een uitgebreid overzicht van PDE4-inhibitoren 

samengesteld waarbij affiniteit wordt weergegeven per PDE4-subtype (pagina 69), 

isovorm (pagina 75) en conformatie (pagina 79). Tenslotte worden de potentiële 

onderliggende mechanismen beschreven die geassocieerd worden met de negatieve 

bijwerkingen door PDE4-inhibitie en hoe deze zich verhouden tot therapeutische 

doses van verscheidene PDE4-inhibitoren. 

Vervolgens, gebruikmakend van de opgedane inzichten omtrent humane 

PDE4D isovorm sequenties, werden promoter DNA (hydroxy)methylatie en mRNA 

expressie van PDE4D isovormen gemeten in post-mortem hersenmateriaal van de 

middelste slaapwending van AD patiënten en gezonde controles (Hoofdstuk 3). 

Specifieke isovormen (PDE4D1, -D3, -D5 en -D8) werden geïdentificeerd die een 

verhoogde expressie in AD lieten zien, welke geassocieerd was met veranderingen 

in het DNA methylatieprofiel van de corresponderende promoter-regio’s. Bovendien 

was verhoogde PDE4D1 en PDE4D3 expressie geassocieerd met verhoogde niveaus 

van amyloïde plaques en neurofibrillaire tangles en een lager cognitief vermogen. 

Deze studie toonde aan dat, hoewel isovormen voortkomen uit hetzelfde gen, 

expressieregulatie van PDE4D in AD wordt beïnvloed op een isovorm-specifieke 

wijze. 

Om voort te borduren op de gedane bevindingen in humaan materiaal en 

deze bevindingen aan te vullen werden er in Hoofdstuk 4 experimenten verricht 

gebruikmakend van diermodellen en cellijnen. In overeenstemming met de 

observaties in human weefsel werd er een expressieverhoging van dezelfde PDE4D 

isovormen gevonden in hersenmateriaal van transgene AD muizen die β-amyloïd 
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pathologie vertonen alsmede in gekweekte hippocampale neuronen blootgesteld 

aan β-amyloïd. Het idee dat farmacologische inhibitie van PDE4D neuronale 

plasticiteit kan bevorderen werd gevalideerd in dezelfde muriene hippocampale 

neuroncellijn. Gebruikmakend van CRISPR-Cas9 gemedieerde genbewerking werd in 

dezelfde cellijn bepaald dat specifieke knock-down van één van de lange PDE4D 

isovormen (i.e. PDE4D3, PDE4D5, PDE4D7 en PDE4D9) voldoende is om neuronale 

plasticiteitsprocessen te verbeteren. Bovendien kon knock-down van één van deze 

isovormen bescherming verschaffen tegen het plasticiteit-aantastende effect van β-

amyloïd. Ten slotte gaf dit hoofdstuk, door het beschrijven van isovorm-specifieke 

expressie in de muizenmaag, aan welke van de lange PDE4D isovormen wellicht niet 

betrokken zijn bij het induceren van maag-geassocieerde bijwerkingen van PDE4(D) 

inhibitie. 

Aangezien het werd gevonden dat knock-down van lange PDE4D isovormen 

neuronale plasiticteit bevordert, kon het inzicht in de moleculaire biologie van de 

verschillende PDE4D isovormen zoals beschreven in Hoofdstuk 2 gebruikt worden 

om deze bevindingen in een mechanistisch perspectief te plaatsen. De 

enzymactiviteit van PDE4D isovormen wordt differentieel beïnvloed door 

fosforylering door ‘protein kinase A’ (PKA) en/of ‘extracellular signal-regulated 

kinase’ (ERK) afhankelijk van de isovorm-categorie (i.e. lang, kort en superkort). Om 

te begrijpen waarom genetische knock-down van specifiek lange isovormen 

neuronale plasticiteit bevorderde, werd er een in silico computationeel model 

gecreëerd om te simuleren hoe de verschillende isovorm-categorieën cyclisch 

adenosine monofosfaat (cAMP) niveaus reguleren en hoe deze de vervolgsignalering 

beïnvloeden gedurende de tijd (Hoofdstuk 5). In dit hoofdstuk werd beschreven dat 

specifiek lange PDE4D isovormen het grootste effect uitoefenen op cAMP 

signalering en de signalering die daarop volgt. De experimentele data uit het vorige 

hoofdstuk wordt hierdoor ondersteund en daardoor kan gesuggereerd worden dat 
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inhibitie van lange PDE4D isovormen de meest effectieve aanpak is om de cAMP 

signalering die betrokken is in neuronale plasticiteitsprocessen te bevorderen.  

Betreffende de eerste doelstelling van deze thesis kan inhibitie van specifieke 

PDE4D isovormen betrokken bij (AD-geassocieerde) geheugenprocessen een 

effectievere en/of veiligere behandelstrategie verschaffen. Naast deze aanpak kan de 

veiligheid van PDE4(D) inhibitoren ook verbeterd worden door het verlagen van de 

therapeutische dosis om het risico op nadelige bijwerkingen te reduceren. In lijn met 

de tweede doelstelling van deze thesis, laat Hoofdstuk 6 het potentieel zien van het 

combineren van PDE2 en PDE4 inhibitoren om neuroplasticiteit in vitro en 

geheugenvorming in vivo te stimuleren. Aangezien werd bevonden dat PDE2 en 

PDE4 synergistische acties vertonen, zouden therapeutische doses van iedere 

inhibitor verlaagd kunnen worden wat er vervolgens voor zou kunnen zorgen dat het 

risico op PDE4-gemedieerde nadelige bijwerkingen geminimaliseerd wordt. 

Concluderend, het werk in deze thesis heeft de potentie van PDE4D isovorm-

specifieke inhibitie en synergistische PDE4/PDE2 inhibitie vastgesteld als nieuwe 

strategieën om behandelingen gericht op PDE4 doeltreffender en/of veiliger te 

maken ten bate van de behandeling van geheugenproblemen in AD.  



 

348 

  



 

349 

Appendix 

Impact Paragraph 

  



 

350 

Scientific impact 

 An increasing prevalence of Alzheimer’s disease (AD) has greatly stimulated 

the urge to increase the amount of more and better treatments. However, the 

progression to the clinic of pharmacological treatments that treat memory problems 

associated with AD has stagnated since the development of acetylcholinesterase 

inhibitors (i.e., rivastigmine, galantamine, and donepezil) and memantine. Although 

the drug aducanumab was recently approved by the Food and Drug Administration 

(FDA), yet rejected by the European Medicines Agency (EMA), the severe adverse 

effects associated with this treatment has caused a lot of controversy. Therefore, the 

efficacy and safety of aducanumab remain to be better defined. In general, the 

efficacy and safety of current AD medication can be regarded as suboptimal as 

therapeutic actions are often short lasting, patient-specific and/or concurrent with 

adverse effects like headaches, nausea, vomiting, and diarrhea. Thus, there is an 

urgent need for new pharmacological treatment strategies to combat AD-associated 

memory problems. 

As outlined in this thesis, insights into the molecular biology of PDE4 as 

pharmacological target opens up avenues to improve PDE4-targeting therapies for 

the treatment of Alzheimer’s disease (AD). While the potential of PDE4 inhibition to 

stimulate memory consolidation has been studied extensively, adverse side effects 

associated with PDE4 inhibition required this treatment strategy to become more 

specific. Since the PDE4 enzyme family comprises several subtypes and isoforms 

(Chapter 2), target specification can be performed in order to make PDE4-targeting 

therapeutic more efficacious and/or safer. From a scientific perspective, the work in 

this thesis has provided the insight that long PDE4D isoforms in particular are 

involved in the regulation of neuronal plasticity, also in presence of AD-associated 

pathology. This insight has implications for the design and development of PDE4 

inhibitors, which can eventually translate into pharmacological treatments for 

memory problems in AD patients. Since long isoforms can adopt distinct 

conformational states compared to (super)short isoforms and PDE4D expresses 
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subtype-unique amino acids, PDE4 inhibitors can be developed that exploit these 

features to obtain long PDE4D isoform binding specificity. Since potential PDE4 

inhibitors are often solely screened for their affinity of binding the PDE4 catalytic 

domain rather than affinity towards specific PDE4 subtype and/or isoforms (Chapter 

2), many small molecules may have been disregarded as lowly potent inhibitors 

whilst they may actually be able to selectively bind certain subtype or isoform specific 

conformations. Thus, since targeting specific subtypes or isoforms may be 

therapeutically more efficacious or safer, potential subtype-selectively or 

conformation-selectivity of (disregarded) PDE4 inhibitors may have to be 

reconsidered. 

Accordingly, based on a molecular docking screening approach, the ability 

of PDE4 inhibitors (n=3013) to bind different PDE4 subtypes and conformations was 

modeled. In Figure 1, the affinity of these inhibitors towards the PDE4D catalytic 

domain and PDE4D catalytic domain with its C-terminus capped is shown, indicating 

that certain inhibitors bind with higher affinity to C-terminus capped conformations. 

Thus, based on the insights from this thesis that certain isoforms provide a more 

promising therapeutic target than others, PDE4 inhibitors can be selected or 

designed to selectively bind the isoform of interest. A preliminary selection of 

inhibitors could be based on in silico screenings, as exemplified here, to provide 

multiple small molecules that can be tested and validated as subtype-specific or 

isoform-specific PDE4 inhibitor to treat cognitive problems in AD. 

In addition to a more precise targeting of PDE4 subtypes and isoforms, this 

thesis has provided a proof-of-principle set of experiments that highlight the 

therapeutic potential of the synergistic actions of PDE4 and PDE2 inhibition on 

memory consolidation processes (Chapter 6). Further characterization of the efficacy 

and safety of this treatment strategy in preclinical disease models and subsequent 

clinical studies may eventually lead to a clinically safe pharmacological intervention 

that can alleviate memory problems in patients suffering from AD. 
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Figure 1. Binding affinities of PDE4 inhibitors (n=3013) for PDE4D catalytic domain and PDE4D catalytic 

domain with the C-terminus capped based on molecular docking in silico screening using crystal structures 

of different PDE4D conformations available on RCSB Protein Data Bank. 

 

Beyond AD, the principles of subtype/isoform specific PDE4 inhibition and 

synergistic PDE4 and PDE2 inhibition as therapeutic strategies has also implications 

for the research into PDE4 as a therapeutic target in other disorders. Since PDE4-

mediated cAMP signaling occurs in any cell type, PDE4 enzymes provide interesting 

targets in a myriad of diseases. Since PDE4 inhibitors, depending on administration 

route and dose, can be associated with severe adverse effects, target specification 

towards PDE4 subtypes and/or isoforms is key to optimize efficacy and safety. Thus, 

similar approaches as taken to optimize PDE4 inhibition to treat AD as delineated in 

this thesis, could, and perhaps should, be applied to other diseases in which PDE4 

inhibition has shown promise. In Table 1, several illustrative disorders are listed for 

which PDE4-targeting treatment strategies could be optimized by means of target 

specification.  
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Table 1. Illustrative list of diseases that may benefit from PDE4 target specification. 

Type of condition Disease Reference 

Neurological Parkinson’s disease (Chen et al., 2022; Dong et al., 2021)  

 Multiple Sclerosis (Schepers et al., 2019) 

 (Ischemic) stroke (Cai et al., 2022; Kaur et al., 2022) 

 Fragile X syndrome (Berry-Kravis et al., 2021) 

 Neuropathic pain (Zhang et al., 2022) 

Dermatological Psoriasis (Aljefri et al., 2022) 

Gastro-intestinal Inflammatory Bowel Syndrome (Liu et al., 2022) 

Pulmonary Idiopathic Pulmonary Fibrosis (Herrmann et al., 2022) 

Hepatic Non-alcoholic fatty liver disease (Tao et al., 2022; Yu et al., 2021) 

Metabolic Obesity (Irelan et al., 2022) 

Addictive Methamphetamine reinforcement (Honeywell et al., 2022) 

Cancer Breast cancer (Mukherjee et al., 2022) 

 Prostate cancer (Powers et al., 2015; Xie et al., 2021) 

Considering the potential of improving therapeutic strategies for these 

disorders by targeting specific PDE4 isoforms as outlined in this thesis, identifying 

the PDE4 isoforms involved in each particular disease is crucial. Determining the most 

promising PDE4 subtype and/or isoform could be determined by testing subtype-

specific and isoform-specific PDE4 inhibitors, but also through measuring PDE4 

subtype and isoform expression in disease states, insight can be acquired about 

which subtypes/isoforms could provide the best therapeutic target. The classification 

and comparison of the different PDE4 subtypes and isoforms has brought the insight 

that each of the PDE4 genes displays a characteristic exon architecture (Chapter 2). 

Each PDE4 isoform can be distinguished by sequences coming from an isoform-

unique exon. As described in Chapter 3 and Chapter 4, disease-associated mRNA 

expression of PDE4 isoforms can be measured using qPCR primers that amplify 

sequences stemming from these isoform-specific exons. Since the isoform-specific 

exons and the associated sequences are known, this information can be used to 

extract PDE4 isoform-specific expression patterns from (freely accessible) online data 

repositories of exon array and RNAseq experiments. As these data are available for 
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many diseases/experimental designs, also those in which PDE4 inhibition may have 

therapeutic effects, target specification towards PDE4 subtypes and/or isoforms 

could be explored be re-analyzing these datasets at the isoform level. Exon array 

datasets are particularly suitable for this approach as the expression of isoform-

specific exons will give a direct indication of the expression of the associated isoform. 

Given the distinct roles of specific PDE4 isoforms, it is crucial to measure expression 

differences at the isoform level as general PDE4 expression may ‘dilute’ and mask 

isoform-specific expression differences. As a proof of principle, several publicly 

available exon array datasets were re-analyzed to investigate PDE4 isoform 

expression differences. As an example, in Figure 2 the PDE4 isoform-specific 

expression is shown as measured by means of exon array analysis in post-mortem 

material  of the entorhinal cortex of AD patients and healthy controls (based on GEO 

accession ID: GSE26972, (Berson et al., 2012)). 

 

Figure 2. Proof-of-principle indicating that knowledge of PDE4 isoform-specific sequences can be used 

to determine PDE4 isoform-specific expression by means of re-analyzing publicly available Exon Array 

datasets. Note that the expression of isoforms PDE4D1 and PDE4D2 cannot be specifically and reliably 

assessed using the specific exon array probes used in this dataset. 
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Overall, oriented towards AD, the major scientific implications of the work in 

this thesis are the validation of new avenues to treat memory problems in AD by 

means of more specific PDE4 inhibition at the level of PDE4D isoforms or combined 

treatment with a PDE4 and PDE2 inhibitor. More generally and rather focused on 

PDE4 as therapeutic targets, this thesis has provided several in silico, in vitro, and in 

vivo research strategies that can be utilized to optimize PDE4-targeting therapies in 

a multitude of diseases. 

 

Societal impact 

The fundamental insights into the role of specific PDE4D isoforms in the 

regulation of neuronal plasticity processes will be of use in developing more 

efficacious and safer therapies to treat memory deficits in AD. Although there is a 

long trajectory ahead until the treatment strategies explored here are validated in a 

clinical setting, the societal impact of this thesis will be most evident upon the 

development of isoform-specific PDE4D inhibitors and/or the validation of 

synergistic PDE4-PDE2 inhibition. Upon validation, patients suffering from AD-

associated memory problems can be effectively treated and by mitigating their 

symptoms, the quality of life of patients, their family and caretakers will be greatly 

improved. More generally, society as a whole will benefit from improved PDE4-

mediating therapeutics, as AD-associated burden on the healthcare system will be 

alleviated. Similarly, as highlighted in the previous section, the scientific insights into 

PDE4’s molecular biology can also improve the treatment of other diseases which 

will benefit many other patient populations and associated families and caretakers. 

Despite the fact that it is hard to predict whether the outlined treatment strategies 

will be validated in a clinical setting, the scientific advancements presented here are 

sought to provide hope to patients, their families, caretakers and contributors to 

funding agencies like Alzheimer Nederland, as it shows that new treatment strategies 

can be created but only await to be proven successful.  
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There is no end to the minuteness, which you can unveil through physical investigation, for the simple 

reason that the investigation itself is what is chopping things into pieces. 

- Alan Watts 
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