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Abstract

Introduction—The second messengers cAMP and cGMP mediate fundamental aspects of brain

function relevant to memory, learning and cognitive functions. Consequently, cyclic nucleotide

phosphodiesterases (PDEs), the enzymes that inactivate the cyclic nucleotides, are promising

targets for the development of cognition-enhancing drugs.

Areas covered—PDE4 is the largest of the eleven mammalian PDE families. This review

covers the properties and functions of the PDE4 family, highlighting procognitive and memory-

enhancing effects associated with their inactivation.

Expert opinion—PAN-selective PDE4 inhibitors exert a number of memory- and cognition-

enhancing effects and have neuroprotective and neuroregenerative properties in preclinical

models. The major hurdle for their clinical application is to target inhibitors to specific PDE4

isoforms relevant to particular cognitive disorders to realize the therapeutic potential while

avoiding side effects, in particular emesis and nausea. The PDE4 family comprises four genes,

PDE4A-D, each expressed as multiple variants. Progress to date stems from characterization of

rodent models with selective ablation of individual PDE4 subtypes, revealing that individual

subtypes exert unique and non-redundant functions in the brain. Thus, targeting specific PDE4

subtypes, as well as splicing variants or conformational states, represents a promising strategy to

separate the therapeutic benefits from the side effects of PAN-PDE4 inhibitors.
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1. Introduction/Cyclic nucleotide phosphodiesterases (PDEs) and cognition

Cognition is a broad term that encompasses the ability of the brain to process and store

information and then analyze this information in the context of the present to respond and

plan for the future. While cognitive dysfunction is a prominent feature of all

neurodegenerative and neuropsychiatric diseases [1], the nature of the dysfunction and its

cause is disease specific. In autism and schizophrenia, for example, cognitive dysfunction

arises from defects early or late in brain development.

As life expectancy in the industrialized world has steadily increased over the past century, so

has the prevalence of age-related diseases of the brain. These are generally associated with

memory loss and cognitive impairment as exemplified by Alzheimer’s disease and other

forms of dementia as well as Parkinson’s disease and Huntington’s disease. Despite

significant research and development efforts, there remains a large unmet need for

cognition-enhancing drugs. The drugs currently in use for dementia, acetylcholinesterase

inhibitors and NMDA receptor antagonists, for example, show only limited effectiveness

and do not provide lasting benefits as the patient’s status inevitably declines over time, nor

are there drugs that slow, arrest, or reverse the progressive neurodegeneration [2]. For

autism and schizophrenia, there are no drugs to treat the cognitive deficits, let alone

ameliorate the developmental defects. Cyclic nucleotide (cAMP and cGMP) signaling is

fundamentally involved in brain mechanisms that actively mediate cognitive processes, as

well as in brain development and homeostasis that provides the milieu for cognition. As a

consequence, there has been significant interest in targeting cyclic nucleotide

phosphodiesterases (PDEs), the enzymes that hydrolyze and inactivate these second

messengers, as cognition-enhancing drugs [3-8].

1.1. The superfamily of mammalian PDEs

The mammalian PDEs comprise a superfamily of enzymes that are encoded by 21 genes.

These are divided into eleven PDE families based on sequence homology, pharmacological

properties and substrate specificity [9]. Of the eleven PDE families, three include enzymes

that selectively hydrolyze cAMP (PDE4, PDE7 and PDE8), three comprise enzymes

selective for cGMP (PDE5, PDE6, and PDE9) and the remaining five PDE families

hydrolyze both cyclic nucleotides (PDE1, PDE2, PDE3, PDE10 and PDE11). Most PDE

genes are expressed as multiple variants due to alternative splicing and use of multiple

promoter/transcription start sites. As a result, up to 100 individual PDE proteins are

expressed in mammals. Individual PDEs differ not only in their catalytic properties but also

in their tissue and cell-specific expression pattern, their subcellular localization as

determined by protein/protein or protein/lipid interactions and the regulation of their

catalytic activity by post-translational modifications and allosteric regulators [10]. This

complexity provides the body with an array of PDE isoforms with precise functions, and

provides us with an array of unique targets for drug development.

1.2. PDEs as a target for cognition enhancement

Almost all PDE genes are expressed in the brain, which also expresses the highest level of

PDE activity of any tissue. This underlines the importance of tightly controlling the second
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messengers cAMP and cGMP in an organ whose primary purpose is the processing of

information via cell signaling. Intriguingly, almost all PDE families are being considered as

targets for treating central nervous system (CNS) disorders. However, although inhibition of

many PDEs produces potentially beneficial CNS effects, the mechanisms by which such

effects are generated must clearly be distinct given the differences among individual PDEs,

particularly their differential cellular and subcellular localization as well as substrate

specificity and kinetics. In line with this idea, inhibitors of distinct PDE families have been

shown to affect different stages of memory consolidation [11]. Individual brain diseases

exhibit distinct forms of cognitive deficits and are associated with defective development or

degeneration in different regions of the brain. Thus, distinct PDEs may be targeted for

therapeutic benefits for different diseases, and matching the right PDE target with each CNS

disorder is critical for drug development. This review discusses the potential of targeting

members of the PDE4 family, the largest of the eleven PDE families, for cognition

enhancement. See [7] for a review on other CNS PDEs as targets for drug development.

2. The PDE4 family as a target for cognition enhancement

The PDE4 family comprises four genes, PDE4A to D. PDE4s are easily distinguished from

other cAMP-PDEs by their kinetic properties and, particularly, their sensitivity to inhibition

by the prototypical PDE4 inhibitor, Rolipram. Soon after their discovery more than 30 years

ago, several lines of evidence indicated a role for PDE4s in regulating brain function. First,

PDE4s are widely expressed throughout the body, but highest concentrations are found in

brain. Second, the mammalian PDE4s are orthologs of the dunce gene of Drosophila

melanogaster, whose ablation produces a phenotype of impaired learning and memory in the

fly [12-14]. And third, the prototypical PDE4 inhibitor Rolipram was shown to exert

behavioral and antidepressant effects in rats and humans [15-17]. Since then, a plethora of

other CNS effects have been reported for PAN-PDE4 inhibitors in preclinical models

including memory- and cognition-enhancing effects as well as neuroprotective and

neuroregenerative properties. More recently, the characterization of knock-out mice for

individual PDE4 genes as well as siRNA-mediated knock-down has clearly established that

individual PDE4 subtypes and splicing variants play unique and non-overlapping roles

[9,18]. Thus, distinct PDE4 proteins could be specifically targeted for therapeutic benefits in

different CNS diseases.

2.1. Structure and regulation of PDE4

Each of the four PDE4 genes is expressed as multiple variants, together generating more

than 25 individual proteins. These share a highly conserved catalytic domain and, thus,

exhibit very similar kinetic properties. The catalytic domains are flanked by N- and C-

terminal domains that function to regulate enzyme activity, provide mechanisms of crosstalk

with other pathways, and determine the subcellular localization of these enzymes (Figure 1)

[10,19]. The distinctive structural elements of the PDE4 family are two highly conserved N-

terminal domains termed Upstream Conserved Regions 1 and 2 (UCR1 and UCR2). PDE4

splice variants are divided into long and short forms based on the presence or absence of the

UCR domains. Long forms contain a complete set of UCR domains, whereas short forms

lack UCR1 but still retain UCR2, either in its entirety or as a fragment. Highlighting the
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critical role of the UCR domains, the presence or absence of UCR1 entails critical structural

and functional differences between long and short forms including oligomerization,

regulation of enzyme activity by binding allosteric ligands or post-translational modification

as well as inhibitor sensitivity. The UCR1/2 module mediates oligomerization of long PDE4

forms, whereas short PDE4s are monomers and this difference in quaternary structure is

responsible for distinct sensitivities of long and short forms towards the prototypical PDE4

inhibitor Rolipram [20,21]. The UCR1 domain contains a consensus PKA-phosphorylation

site that is conserved among all long forms and phosphorylation at this site induces

activation of long PDE4s [22,23]. This PKA-mediated PDE4 activation constitutes a critical

negative feedback loop whereby elevated levels of cAMP promote their own destruction

[23-25]. The UCR1 domain also contains a docking site for phosphatidic acid that acts as an

allosteric activator of long PDE4s [26,27]. Short forms not only lack the PKA- and

phosphatidic acid-mediated regulation of enzyme activity, but also respond differently to

post-translation modifications that they share with long forms. PDE4B, PDE4C and PDE4D

variants, for example, contain a conserved ERK2 phosphorylation site at their C-termini.

Phosphorylation at this ERK2 site induces inhibition of long variants, whereas

phosphorylation of short forms induces enzyme activation or has no effect on enzyme

activity [28,29]. The extreme N-termini of PDE4 variants are generally encoded by variant-

specific exons and are, thus, unique to each individual variant. These domains are often

involved in intracellular targeting of PDE4s via protein/protein or protein/lipid interactions,

thus providing the cell with a diverse set of PDE4 variants that can be sequestered/localized

to control distinct subcellular pools of cAMP [19].

2.2. Memory- and cognition-enhancing effects of PAN-selective PDE4 inhibitors

To date, the pharmacological tools to investigate the PDE4s have been limited to catalytic-

site competitive inhibitors such as Rolipram with very limited selectivity for different

isoforms. Nonetheless, there is now a substantial number of preclinical studies with such

compounds demonstrating that PDE4 inactivation improves learning and memory in a

variety of behavioral tests. These include spatial working and reference memory tests, object

recognition memory tasks and passive avoidance and fear conditioning paradigms [30-34].

While most studies were performed in mice and rats, cognition-enhancing effects of PDE4

inhibitors have also been demonstrated in monkeys [35] suggesting that memory

enhancement can be achieved in a range of mammalian species and this posit might also

apply to humans.

Importantly, cognition- and memory-enhancing effects of PDE4 inhibition are not only

observed in normal, healthy animals but have also been shown to ameliorate and/or reverse

memory deficits induced by a range of manipulations that simulate age- and/or disease-

related memory impairments. These include memory-deficits induced by the muscarinic

acetylcholine receptor antagonist scopolamine in novel object recognition and spatial

memory tasks [31,36-40] as well as memory and cognition impairments induced by the N-

methyl-D-aspartate (NMDA) receptor antagonist MK-801 [39,41,42], the MEK inhibitor

U0126 [43] or by acute tryptophan depletion [44]. PDE4 inhibition was also shown to

ameliorate cerebral ischemia-induced neuron loss and associated memory deficits in rats

suggesting a potential for PDE4 inhibitors to prevent memory-loss in stroke patients [45]. Of
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particular relevance for preventing age-dependent decline in memory and cognition are

studies showing that PDE4 inhibition can ameliorate memory deficits due to aging [30,46],

but see [47].

PDE4 inhibition also reversed memory deficits in genetic models of human disease in

rodents. Rubinstein-Taybi syndrome, for example, is a genetic disease characterized by

defects in the CREB-binding protein (CBP). PDE4 inhibition improves long-term memory

in a mouse model of impaired CBP suggesting a potential therapeutic benefit of PDE4

inhibitors for Rubinstein-Taybi syndrome [48]. Several studies revealed a potential for

PDE4 inhibitors to reverse memory deficits induced by β-amyloid, suggesting a therapeutic

potential for PDE4 inhibitors in treating Alzheimers’ disease. Rolipram reverses β-amyloid-

induced inhibition of the PKA/p-CREB pathway as well as long-term potentiation (LTP) in

cultured hippocampal neurons [49] and PDE4 inhibitors showed similar effectiveness in a

double transgenic mouse expressing amyloid precursor protein and presenilin-1

(APP(K670N/M671L)/PS1 mice) [50]. Rolipram treatment improves LTP and synaptic

transmission as well as working, reference and associative memory deficits in this model,

which replicates synaptic and cognitive impairments of Alzheimer’s [50]. Finally, inhibition

of PDE4 reverses memory deficits induced by β-amyloid peptide infusion in the brains of

rats. Rolipram treatment counteracts β-amyloid-induced deficits in CREB phosphorylation

in the hippocampus as well as behavioral deficits in the Morris water maze and passive

avoidance tasks [51,52]. PDE4 inhibition also reversed memory deficits and oxidative stress

induced by intracerebroventricular administration of streptozotocin; a model of experimental

sporadic dementia [53], suggesting a potential of PDE4 inhibition for reducing cognitive

decline in a range of settings.

Importantly, memory- and cognition-enhancing effects are not only observed with Rolipram,

but also with structurally unrelated PDE4 inhibitors [31-33,39,53], suggesting that these are

class effects and result directly from inactivation of PDE4s. This conclusion is further

confirmed by studies employing genetic downregulation or ablation of PDE4 subtypes, in

particular PDE4D, as described in more detail below.

Although their cognition- and memory-enhancing effects are now well established, the

mechanism of action of PDE4 inhibitors and the downstream targets that mediate their

procognitive effects are less well defined. There is strong evidence that PDE4 inactivation

stimulates and/or reverses deficits in PKA/p-CREB signaling induced by pharmacological

agents, aging or disease [8,34,48,49,51,52,54,55] but may also act via regulation of

neurotransmitter release [44,56] (Figure 2). Mechanistically, PDE4 inactivation serves to

enhance LTP as well as promote synaptic plasticity [30,49,50,57,58]. Consistent with these

results, pharmacologically-induced increases in PDE4, in particular PDE4D, reduce cAMP

levels in the hippocampus and impair long-term memory in the water-maze test [59].

2.3. Neuroprotective, neuroregenerative and anti-inflammatory properties of PAN-PDE4
inhibitors

In addition to affecting active cognitive mechanisms, PDE4 inhibition may prevent

disruption of brain homeostasis that results in cognitive dysfunction. This includes

promoting neurogenesis and exerting neuroprotective and regenerative as well as anti-
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inflammatory effects (Figure 2). In one of the earliest studies revealing a neuroprotective

effect of PDE4 inhibition, Yamashita et. al. demonstrated increased survival of cultured

dopaminergic neurons upon Rolipram treatment [60]. Since then, a number of studies

reported neuroprotective properties of PDE4 inhibitors in preclinical models where they may

act via suppression of apoptosis, promotion of neurogenesis, a reduction of oxidative stress

as well as attenuation of inflammatory responses [45,52,53,61,62]. Specifically, PDE4

inhibition was shown to ameliorate cerebral ischemia-induced neuron loss in hippocampal

region CA1 and associated memory deficits in rats, suggesting a potential for PDE4

inhibitors to prevent memory loss in stroke patients [45]. In addition, PDE4 inhibition

reversed memory deficits and oxidative stress after intracerebroventricular administration of

streptozotocin, a model of experimental sporadic dementia [53], and knockout or knock-

down of PDE4D and/or inhibition of PDE4 with Rolipram has been shown to promote

neurogenesis in hippocampus [34,54,55].

Intriguingly, PDE4 inhibition potently reversed cognitive impairments and

neuroinflammatory responses induced by treatment with β-amyloid peptides including

microglia activation, activation of NFκB and release of pro-inflammatory cytokines such as

TNFα. These findings strongly imply a potential for PDE4 inhibitors to treat Alzheimer’s

disease [52,62].

Finally, PDE4 inhibition has been shown to promote axonal regeneration and functional

recovery as well as a reduction in inflammatory responses and astrogliosis after spinal cord

injury [61,63].

2.4. Not all cAMP signaling is procognitive

A complication in the development of PDE4 inhibitors as memory- and cognition-enhancing

drugs is the fact that cAMP/PKA activation (in general, and after PDE4 inhibition in

particular) does not exclusively exert procognitive effects. A case in point is the Drosophila

dunce gene. The phosphodiesterase encoded by the dunce gene is the evolutionary ancestor

of the mammalian PDE4s and its role in olfactory learning provided the first indication that

PDE4s regulate CNS functions. However, while inhibition of the mammalian PDE4s is

pursued as a way to improve memory and cognition, inactivating mutations in the dunce

gene result in memory impairment, specifically impairment of early memory formation

[12,14]. Although a large majority of studies attest to positive memory- and cognition

enhancing effects of PDE4 inactivation, pharmacologic and/or genetic ablation of the

mammalian PDE4s have also been shown to impair learning and memory in some

paradigms [47,64-66]. Given the multitude of downstream targets and cellular functions

regulated by cAMP/PKA signaling, it is not surprising that cAMP signaling does not

exclusively exert beneficial effects on memory and cognition, but may also induce some

untoward effects (see [67]).

Even in cAMP pathways that are therapeutically relevant, the level of PDE4 inhibition is

critical to realize pro-cognitive effects. Physiological cAMP signals are generally short lived

and the shape of cAMP transients is critical to induce the appropriate cellular responses [68].

Amplifying the cAMP transient may serve to amplify the cellular responses and thereby

mediate therapeutic benefits. However, increasing cAMP levels above a certain threshold to
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supraphysiologic levels may essentially disrupt signaling, as downstream effectors are

chronically switched on. Such conditions likely trigger compensatory mechanisms at other

steps to desensitize the cAMP signaling cascade and these compensatory effects, rather than

increased cAMP signaling per se, might induce memory and cognitive deficits (see for

example [59]). This hypothesis fits well with some of the scenarios where PDE4 inactivation

produces deficits. Memory deficits in R6 mice, a model of Huntington’s disease, for

example, are associated with a reduced expression of hippocampal PDE4s and

hyperactivation of PKA [64]. Importantly, while acute PDE4 inhibition is generally

memory-enhancing, chronic treatment of wild type mice with high doses of Rolipram (22

days; 5 mg/kg/day i.p.) produced a similar upregulation of PKA activity and associated

learning and memory deficits, but had no further effect in R6 mice [64]. Conversely, lower

doses of Rolipram have shown neuroprotective effects in models of Huntington’s disease,

including the R6 mice [69,70]. High doses of Rolipram also impaired prefrontal cortical

function in aged, but not young monkeys, and the age-specific effects may be due to the fact

that the cAMP/PKA pathway is already disinhibited in the aged prefrontal cortex [47,67].

Thus, PDE4 inhibition may exert deleterious effects on memory and cognition under

conditions in which PDE4s are already downregulated and cAMP levels and PKA activity

are elevated. On the other hand, targeting PDE4s can be expected to mediate beneficial

effects in diseases characterized by cognitive deficits resulting from reduced/impaired

cAMP/PKA signaling. Under these circumstances, PDE inactivation can serve to reverse

memory and cognition deficits by restoring “normal” cAMP signaling. The untoward effects

induced by cAMP/PKA hyperstimulation may also suggest that submaximal doses of PDE4

inhibitors that induce partial, rather than full inhibition of the enzymes might be more

effective for memory- and cognition-enhancement.

2.5. Challenges in PDE4 inhibitor development

The PDE4 family is the most complex PDE family and arguably the most widely expressed

PDE throughout the human body. As its members contribute a significant portion of total

cAMP hydrolyzing activity in many mammalian cells and tissues, it is not surprising that

PDE4 inactivation produces a range of physiological effects that can be exploited for drug

development for multiple indications including, but by no means limited to memory- and

cognition-enhancement [18]. At the same time however, the ubiquitous expression of PDE4s

in human cells and tissues constitutes the major obstacle to the clinical application of PDE4

inhibitors for any indication, as PAN-PDE4 inactivation is bound to trigger a range of

effects, including dose-limiting side effects. Of these, by far the most serious are nausea and

emesis.

Adverse gastrointestinal effects including emesis, nausea and diarrhea are the main side

effects associated with PAN-PDE4 inhibitors. They were first reported for the prototypical

PDE4 inhibitor Rolipram [15,71,72] and are shared to varying degrees by all PAN-PDE4

inhibitors. Thus, emesis and nausea are clearly class effects of PDE4 inhibitors. They are

likely due to inhibition of PDE4 in brain regions responsible for the emetic reflex, such as

the area postrema and nucleus of the solitary tract in which PDE4 is highly expressed

[73-75] as well as PDE4 inhibition in the gut, and remain the main obstacles for PDE4

inhibitor development today.
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The finding that PDE4 inactivation can induce development of heart failure in mice [76] and

promote arrhythmias in mice as well as human atrial strips ex vivo [76-78] raises the

question of whether PDE4 inactivation might also induce cardiac toxicities in humans. In

addition, SNPs in PDE4D that are associated with reduced PDE4D expression have been

identified as a risk factor for stroke [79] and high doses of at least one PDE4 inhibitor, SCH

351591, have been shown to cause vasculitis in monkeys [80]. However, long-term clinical

trials with the PDE4 inhibitor Roflumilast did not uncover significantly increased incidences

of adverse cardiovascular events suggesting that, at least at the doses given, PAN-PDE4

inhibition with Roflumilast does not cause cardiovascular toxicities in humans [81,82].

In summary, there is an impressive breadth of data supporting the idea that PDE4 inhibition

may improve cognitive function in a range of conditions and by multiple mechanisms. On

the other hand, because of the widespread distribution of PDE4 isoforms in the brain and

elsewhere in the body, PAN-PDE4 inhibitors have significant liabilities that have precluded

their clinical use for the treatment of neuropsychiatric and cognitive dysfunction. Thus,

interest has turned to identifying the particular PDE4 isoforms that are most relevant as

targets for cognition enhancement while avoiding the side effects that have so far precluded

drug development. To date, the focus has been on investigating the role of individual PDE4

subtypes, PDE4A-D. This has been enabled by the availability of knock-out mice and other

genetic means of manipulating the expression of these isoforms.

3. Role of individual PDE4 subtypes

Messenger RNA and the corresponding proteins for PDE4 subtypes PDE4A, PDE4B and

PDE4D are abundantly expressed and widely distributed in the mammalian brain. Detailed

analyses reveal that the expression patterns of individual PDE4 subtypes are clearly distinct

at the regional and cellular level suggesting that each PDE4 subtype may serve unique

functions [73,83-85]. This conclusion is further reinforced when expression patterns of

individual PDE4 variants, rather than all variants generated from the same gene, are

determined [73,83,86-91]. Unfortunately, the subcellular distribution of PDE4 variants has

remained largely unexplored, a gap that needs to be filled to facilitate rational target

identification. Despite some differences, the expression patterns of PDE4A, PDE4B and

PDE4D show substantial similarity in the brain of rodents, monkeys and humans. This

indicates a conservation of PDE functions and suggests that findings in animal models may

also apply in humans.

In line with the idea of specialized functions for individual PDE4s, characterization of

rodent models with genetic inactivation of individual PDE4 subtypes confirm the idea that

individual PDE4 subtypes exert unique and non-redundant functions. The effect of PDE4

subtype ablation on allergen-induced airway hyperreactivity is a good example to illustrate

this point. Ablation of PDE4A, PDE4B or PDE4D in mice mimics the effect of PAN-

selective PDE4 inhibition in ablating allergen-induced airway hyperreactivity [18,92-94].

However, the mechanisms of action appear to be distinct, with PDE4D inactivation ablating

airway smooth muscle contractility [94], PDE4B ablation impairing inflammatory responses

by reducing infiltration of immune cells and the release of inflammatory cytokines

[18,93,95], and PDE4A ablation acting via a yet unknown mechanism. By analogy, it may
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be anticipated that ablation of the different PDE4s may overlap in mimicking the

procognitive effects of PAN-PDE4 inhibitors at the behavioral level, but do so by different

cellular mechanisms. The current literature on the expression and cognitive functions of

individual PDE4 subtypes, which is beginning to address this question, is discussed below.

3.1. PDE4A

PDE4A is expressed in multiple regions of the mammalian brain with high levels found in

cerebral cortex, hippocampus and cerebellum [73,84,85,88]. Multiple PDE4A variants,

including PDE4A1, PDE4A4/5, PDE4A8 and PDE4A10 are present, and exhibit clearly

distinct localization patterns [87,88,96]. PDE4A expression levels are altered in certain

patient populations, including patients with bipolar disorder and autism [97,98], providing a

first association between PDE4A function and CNS disorders.

Although its brain expression pattern suggests a role for PDE4A in cognition and memory,

the effect of PDE4A ablation on cognitive functions has not been probed directly as yet

because subtype-selective PDE4A inhibitors are not available and PDE4A-KO mice were

generated only recently [93]. Nonetheless, there is some circumstantial evidence for a role

for PDE4A in memory processes. Brief sleep deprivation, for example, produces deficits of

synaptic plasticity and hippocampus-dependent memory in mice via increased expression of

specific PDE4A variants and impaired cAMP/PKA signaling in the hippocampus [99].

Treatment with the PAN-PDE4 inhibitor Rolipram reverses the deficits of both synaptic

plasticity and memory suggesting a role for PDE4A in this paradigm of sleep-deprivation-

induced memory deficit. Inhibition of PDE4A may also be the mechanism by which PAN-

PDE4 inhibitors attenuate memory deficits induced by the NMDA receptor antagonist

MK-801 [39,41] given that NMDA receptor activity controls PDE4A expression in cultured

neurons [100].

3.2. PDE4B

PDE4B is widely distributed throughout the brain in rodents, monkeys and humans, with

high levels of expression found in the striatum, amygdala, thalamus and hypothalamus

[73,84,85,90]. Long term potentiation (LTP) in hippocampal neurons was found associated

with changes in expression and subcellular localization of PDE4B providing a first

association between PDE4B and learning and memory [101-103]. The PAN-PDE4 inhibitor

Rolipram affects synaptic plasticity by promoting both LTP as well as long-term depression

(LTD) [30,57,104]. Interestingly, mice deficient in PDE4B show enhanced LTD, whereas

LTP is not affected [66]. Conversely, mice deficient in PDE4D show enhanced LTP without

an effect on LTD [65]. These findings may suggest that the effects of PDE4 inhibition on

LTP and LTD are mediated via inactivation of distinct PDE4 subtypes, which would support

the idea that individual PDE4 subtypes play unique and non-overlapping roles. However,

mice deficient in PDE4B behaved similarly to wild type controls in a series of behavioral

tests including passive avoidance tests, the Morris water-maze task, the hot plate and the

elevated plus maze test as well as in fear conditioning models, suggesting that inactivation

of PDE4B is not the primary mechanism by which PAN-PDE4 inhibitors enhance memory

in these and similar models [66,105,106].
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PDE4B may be attractive as a therapeutic target for memory and cognition impairment

associated with age-dependent or neurodegenerative diseases through different mechanisms,

namely through neuroprotective, neuroregenerative and anti-inflammatory activities. In line

with this idea, an increase in the proliferation of neuronal cells in the hippocampal dentate

gyrus has been reported for PDE4B-deficient mice [106] and the well-established anti-

inflammatory properties of PDE4B inactivation [18,95] may limit neuroinflammation and,

thus, disease progression in Alzheimer’s [107]. Indeed, recent reports have shown that β-

amyloid-induced microglia activation is associated with increased expression of PDE4B and

that treatment with PDE4 inhibitors may limit microglia activation by reducing TNFα

release [62].

Several lines of evidence have implicated PDE4B in schizophrenia. Disruption of PDE4B by

a balanced translocation resulted in schizophrenia in a Scottish patient [108] and PDE4B has

been shown to interact with DISC1 (disrupted in schizophrenia 1), a well-established risk

factor for schizophrenia [108,109]. In addition, several studies have identified single

nucleotide polymorphisms in the PDE4B gene that were associated with schizophrenia

[108,110-113], but see [114,115]. Finally, a decrease in the levels of PDE4B expression in

post-mortem brains of schizophrenia patients has been reported [110]. In behavioral models

relevant to schizophrenia, mice deficient in PDE4B evidenced a complex phenotype of

reduced prepulse inhibition, reduced spontaneous locomotor activity but exaggerated

locomotor activity in response to high doses of amphetamine [105]. Further study is

warranted to understand the role of PDE4B dysfunction and the ways in which this subtype

may be targeted in treatment of different aspects of schizophrenia.

Cognitive dysfunction is one of the major problems associated with chronic alcohol

consumption [116]. Since Rolipram reduces alcohol consumption and alcohol preference in

animals drinking excessive alcohol [117,118], PDE4 inhibitors may produce beneficial

effects in alcoholics. PDE4B may be important in this paradigm given its enrichment in the

striatum and nucleus accumbens, which regulate alcohol intake and cognition related to drug

abuse [119].

Finally, PDE4B-KO mice display a range of anxiogenic-like behaviors including reduced

exploratory activity in hole board, light-dark transition and open-field tests [106]. Clearly,

PDE4B plays multiple, complex roles in brain physiology and the regulation of behavior

that may be exploited for therapeutic benefit.

3.3 PDE4C

Expression of PDE4C in the brain is limited, with some mRNA detected in the olfactory

bulb in rats, and in several cortical areas and the cerebellum in humans and monkeys

[84,85]. Low cellular and tissue expression levels of a PDE do not exclude important

functions for this enzyme per se, as PDEs may exert critical functions by acting in

subcellular microdomains of signaling. The role of PDE4C is largely unexplored, however,

because research tools, such as knock-out animals or subtype-selective inhibitors have not

been available to study the subtype-selective inactivation of PDE4C.
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3.4. PDE4D

Multiple lines of evidence indicate that PDE4D is a primary target through which PAN-

selective PDE4 inhibitors exert memory- and cognition-enhancing effects. PDE4D is highly

expressed in hippocampal formations [73,85,89] and mice deficient in PDE4D display

enhanced LTP in hippocampal CA1 [65]. Notably, RNAi-mediated downregulation

(PDE4D-KD) or genetic ablation of PDE4D (PDE4D-KO) in mice replicates a series of

behavioral phenotypes that define the memory- and cognition-enhancing properties of PDE4

inhibitors, which include improvement in spatial memory and object recognition tests

[34,120]. Treatment with PDE4 inhibitors improved cognitive function in wild type mice,

but had no further effect in PDE4D-KO or PDE4D-KD mice, suggesting that ablation of

PDE4D is sufficient to promote cognition and memory enhancements. Analogous to the

effects of PDE4 inhibitors, genetic ablation of PDE4D increased cAMP/PKA/p-CREB

signaling and promoted hippocampal neurogenesis [34]. Finally, PDE4 inhibitors with some

selectivity for PDE4D showed similar efficacy in enhancing memory and cognition as the

non-selective inhibitor Rolipram [31,36,39]. Somewhat surprisingly, knock-down of PDE4D

in rats [121] did not reproduce the improvements in spatial memory observed with PDE4

inhibitors or genetic ablation of PDE4D in mice. PDE4D-KO mice also showed impaired

learning in fear-conditioning paradigms [65] suggesting that PDE4D ablation may produce

distinct effects in different behavioral tests depending on the type of memory probed and the

brain region involved.

In addition to memory enhancement, genetic ablation of PDE4D in mice or down-regulation

of PDE4D expression in mice and rats produced behavioral phenotypes indicative of

antidepressant activity such as decreased immobility in tail-suspension and forced-swim-

tests [120-122]. These phenotypes recapitulate the established antidepressant effects of

PAN-PDE4 inhibitors in the same paradigms. PDE4 inhibitors produced no further effects in

PDE4DKO mice [122], identifying PDE4D as a critical target for the antidepressant

properties of PANPDE4 inhibitors.

4. Approaches for developing the next generation of PDE4 inhibitors

Current approaches for limiting the side effects associated with PAN-PDE4 inhibitors are

based on the same general idea: develop compounds that selectively inhibit only a fraction

of the total PDE4 present in the body. The underlying idea is to separate the therapeutically

beneficial from the unwanted side effects by increasing the specificity of inhibitors for the

fraction of PDE4 mediating the former, such as memory- and cognition-enhancing effects.

4.1. Targeting conformational states of PDE4 - HARBS/LARBS

PDE4s exist in at least two distinct conformational states, termed high-affinity Rolipram

binding state (HARBS) and low-affinity Rolipram binding state (LARBS), which are

revealed by their distinct affinities for the prototypical PDE4 inhibitor Rolipram. The

potency of PDE4 inhibitors to induce emesis appears more closely correlated with their

affinity for HARBS. Conversely, LARBS is prevalent in peripheral cells and tissues and

mediates many of the well-established anti-inflammatory properties of PDE4 inhibitors

[123,124]. This prompted the idea that compounds with bias towards LARBS over HARBS

Richter et al. Page 11

Expert Opin Ther Targets. Author manuscript; available in PMC 2014 September 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



would mediate therapeutic benefits (specifically anti-inflammatory effects) without inducing

emesis. Drug development efforts to this end resulted in several compounds with some

selectivity towards LARBS or at least similar affinities for both conformational states.

Roflumilast, which is used for the treatment of chronic obstructive pulmonary disease

(COPD) and is the only PDE4 inhibitor approved for any indication to date, is an example of

this class of compounds [81,82]. Although emesis and nausea remain its predominant side

effects, Roflumilast has a wider therapeutic window compared to Rolipram and the fact that

Roflumilast binds with similar affinity to both HARBS and LARBS is likely one of the

reasons for the success of this compound.

Although a preferential interaction with LARBS is a worthwhile approach for the

development of PDE4 inhibitors as anti-inflammatory drugs, this strategy might not be

suitable for therapeutics targeting the CNS because HARBS is highly enriched in the brain

and some of the therapeutically beneficial effects of PDE4 inhibitors, including their

memory- and cognition-enhancing properties, may well be due to inhibition of HARBS.

Indeed, the antidepressant effects of Rolipram have been associated with Rolipram-binding

to HARBS [125].

4.2. Subtype-selective PDE4 inhibitors

With the characterization of knock-out mice deficient in individual PDE4 genes, it was

clearly established that individual PDE4 subtypes play unique and often non-overlapping

physiological and pathophysiological roles [18,95,126]. Development of subtype-selective

PDE4 inhibitors may thus open the opportunity to dissect therapeutically beneficial from the

side effects of PDE4 inhibitors in so far as they are mediated by distinct PDE4 subtypes.

Although the catalytic domains of PDE4 subtypes are composed largely of conserved

residues, several compounds with selectivity towards either PDE4B [127-130] or PDE4D

[31,36,131] have now been reported suggesting that compounds with high selectivity for

individual PDE4 subtypes can eventually be developed.

Importantly, the duration of α2-adrenoceptor-mediated xylazine/ketamine-induced

anesthesia, a correlate of emesis in rodents, was found to be shortened in mice deficient in

PDE4D, but unaffected in mice deficient in PDE4B [132]. This has led to the hypothesis that

emesis is mediated by inhibition of PDE4D, but not PDE4B, and that, thus, PDE4B-

selective inhibitors would be nonemetic. As ablation of PDE4B mediates many of the anti-

inflammatory properties of PAN-PDE4 inhibitors, development of subtype-selective PDE4B

inhibitors has become a major focus for the development of these PDE4 inhibitors as anti-

inflammatory drugs. PDE4B-selective inhibitors may also be attractive therapeutics for CNS

disorders, including for schizophrenia [110] as well as diseases associated with

neuroinflammation including Alzheimer’s [62,107] (see Section 3.2.).

As a word of caution, PDE4A, PDE4B and PDE4D mRNAs are expressed in the area

postrema and the nucleus of the solitary tract, areas associated with emetic responses

[75,85,89,90,132]. Thus, the hypothesis that PDE4B inhibitors are non-emetic needs to be

confirmed in humans. In addition, the role of PDE4A in emesis remains to be determined.
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4.3. Allosteric modulators

Burgin and co-workers recently reported development of so-called “allosteric PDE4D

modulators” that exert potent pro-cognitive and anti-inflammatory effects in animal models

[31]. Allosteric modulators do not behave as pure competitive inhibitors at the active site

and do not completely inhibit enzyme activity. The authors propose that the limited

magnitude of PDE4 inhibition may serve to maintain basal aspects of cAMP signaling and

thereby improve tolerability compared to active-site-directed “full” inhibitors. Whether this

hypothesis is correct remains to be confirmed, given that the procognitive effects as well as

the emetic effects of conventional PDE4 inhibitors also occur at well below maximum

inhibition. It will be of interest to determine whether allosteric modulators of other PDE4

subtypes can also be developed.

4.4. Displacement of PDE4s from macro-molecular signaling complexes

There is now a large body of evidence suggesting that PDEs/PDE4s function in

microdomains of signaling that are generated by macromolecular signaling complexes and

to which PDEs are tethered via protein/protein or protein/lipid interactions (for a recent

review see: [19]). Thus, it may be sufficient to displace PDE4s from critical signaling

complexes rather than inhibit their catalytic activity to affect physiologically relevant cAMP

signaling events. In line with this idea, several studies have shown that overexpression of

dominant-negative PDE4s, constructs which encode catalytically inactive enzymes that act

by displacing endogenous PDEs from signaling complexes, elevate cAMP signals and PKA

activity in subcellular compartments controlled by anchored PDE4 [133-136]. Developing

this idea a step further, several groups mapped the interaction domains between PDE4s and

their scaffold proteins and developed disrupting peptides based on this information.

Treatment of cells with these peptides was shown to augment discrete pools of cAMP and

thereby exert specific biological functions via PDE4 displacement from signaling complexes

[109,137,138]. Although no therapeutic has been generated thus far, these studies

demonstrate, in proof of concept, that development of small molecule disruptors of PDE4

signaling complexes is a viable option for future drug development. The major limitation for

this approach is our current lack of understanding of the relevant molecular targets that

mediate the procognitive effects of PDE4 inhibitors.

4.5. Targeting drug delivery to the brain

To limit the side effects associated with systemic exposure to PDE4 inhibitors, the idea of a

local application of these drugs has been previously entertained for various inflammatory

diseases. These include inhalation for inflammatory lung diseases such as asthma and COPD

and topical application for skin diseases such as dermatitis or psoriasis. A similarly targeted,

local delivery of PDE4 inhibitors to the CNS might appear unrealistic at present, given that

delivery of drugs beyond the blood-brain-barrier per se can be challenging. However,

targeted drug delivery to the brain is a field of active investigation; major advances being

driven in particular by the need to deliver antineoplastic drugs to treat brain tumors yet limit

the systemic exposure to these cytotoxic compounds [139,140]. Advances in the delivery

options for these drugs, which generally aim to overcome or circumvent the blood-brain-

barrier, may eventually also benefit delivery of drugs for neurodegenerative and psychiatric
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diseases. These may include direct delivery to the brain via intranasal delivery or

intracerebral implants that release drugs over extended periods of time [140-144].

Alternatively, nano-sized carrier and delivery systems may facilitate transport of drugs past

the blood-brain-barrier and to their target cells while keeping the systemic exposure to

active/free compounds low [139-144]. In this context, an advantageous delivery system

could also be key for the successful development of a PDE4 inhibitor for cognition

enhancement.

5. Expert opinion

5.1. What are the key findings so far?

There is now a large array of preclinical studies attesting to the potent memory- and

cognition-enhancing as well as neuroprotective and neuroregenerative properties of PAN-

PDE4 inhibitors (see Sections 2.2. and 2.3.). In fact, it can be argued that PDE4 inhibition is

the best-replicated cognitive enhancement in preclinical studies. These compounds are

effective in ameliorating or reversing pharmacologically or genetically induced impairments

in a broad range of animal models of human diseases, suggesting a therapeutic potential of

targeting PDE4s for a spectrum of CNS defects including Alzheimer’s disease and other

forms of dementia, as well as neuropsychiatric conditions such as schizophrenia and

depression. Indeed, the PAN-PDE4 inhibitor Rolipram often serves as a ‘standard’ in

preclinical studies against which other cognitive enhancers are compared.

5.2. What are the key weaknesses in this field?

Despite this significant body of preclinical research, there is no PDE4 inhibitor in clinical

use for the treatment of any cognitive disorder. To date, all of the PDE4 inhibitors examined

in clinical trials of cognitive and neuropsychiatric disorders have been PAN-selective. These

compounds suffer from significant side effects, in particular emesis and nausea, which also

largely prevented their clinical application for non-CNS diseases.

5.3. What is the ultimate goal of PDE4 inhibitor development?

Given that PDE4s are widely expressed throughout the human body, systemic exposure to

PAN-selective PDE4 inhibitors is bound to affect cAMP signaling in many cells and tissues

and, therefore, produce a range of biological effects including those that are therapeutically

beneficial but also untoward side effects. Thus, the conceptually simple strategy to

overcome this hurdle is the development of inhibitors that selectively block only that portion

of total PDE4 activity that is therapeutically relevant to the particular disease being targeted

(see Sections 4.1.-4.5.). The practical steps to accomplish this goal involve identifying

PDE4-regulated signaling cascades underlying specific, disease-related cognitive

dysfunctions and then developing means of selectively targeting PDE4 inhibitors to these

disease-related pathways. Progress is being made in regards to both of these steps, despite

the considerable complexity.

5.4. What research or knowledge is needed to achieve this goal?

To date, progress towards identifying disease-relevant PDE4 signaling pathways has come

primarily from the study of mice deficient in individual PDE4 subtypes and the knock-down
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of individual PDE4 subtypes and splicing variants [34,65,66,105,106,121,122,132]. The four

genes that comprise the PDE4 family are expressed as more than 25 individual proteins [10].

Through the characterization of genetically modified mouse models, it is now well

established that individual PDE4s serve unique and non-redundant physiological and

pathological roles in the body. In fact, the literature reviewed here has begun to demonstrate

that targeting individual PDE4 subtypes and variants opens the opportunity to identify PDE4

targets that are therapeutically beneficial (see Sections 3.1. to 3.4.). It remains to be

determined whether identification of these targets will also yield compounds that lack the

side effects of non-selective PDE4 inhibitors. To date, only PDE4D subtype-selective

inhibitors have been available for clinical testing in airway inflammatory disorders such as

COPD [145]. Unfortunately, these compounds proved to be as emetic as PAN-PDE4

inhibitors and were not viable for therapeutic use for airway disorders [7,146]. It has not

been determined whether such compounds have procognitive effects in humans, as predicted

from the preclinical studies in PDE4D-KO mice reviewed here (see Section 3.4.). If such

were the case, it would still be critical to determine whether there may be a therapeutic index

for such effects relative to emesis and nausea.

5.5. Where do we see the field going in the coming years?

An increasingly diverse array of PDE4 inhibitors with unique pharmacology is becoming

available. These include compounds selective for individual PDE4 subtypes, in particular for

PDE4B or PDE4D, as well as compounds that may modulate activity by mechanisms that go

beyond simple competitive inhibition at the substrate binding site [31,36,127-131]. The

study of these compounds in preclinical models will undoubtedly shed new light on the roles

of different subtypes in mediating cognitive processes. Clinical evaluation of such

compounds, for use in cognitive disorders or other diseases, will also help clarify the role of

PDE4 isotypes in producing nausea and emesis in humans.

5.6. What areas of research are of particular interest?

PDE drug development efforts are increasingly benefiting from knowledge derived from the

atomic structures of these enzymes. This includes crystal structures encompassing areas of

the enzymes beyond the catalytic domains. Indeed, such data has already proven particularly

useful in elucidating the mechanism of subtype-selective inhibition for a novel class of

PDE4D-selective inhibitors [31]. More complete PDE structures are also beginning to reveal

mechanisms of allosteric regulation of catalytic activity by the N-terminal regulatory

domains [31]. Such knowledge may soon make it feasible to target the N-terminal domains

independently of the catalytic sites for the discovery of novel PDE allosteric modulators.

Another area of high interest for drug discovery is the identification of the mechanisms and

protein partners involved in the subcellular localization of PDE isoforms and the

significance of macromolecular protein complexes containing PDEs in regulating the spatial

dynamics of cyclic nucleotide signaling [19]. This knowledge offers the hope of identifying

new classes of compounds that can modulate PDE activity (and thereby cAMP levels)

within very discrete signaling domains such as via disruption of specific signaling

complexes. However, as disruption of protein-protein interactions has been diffciualt to
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achieve through traditional small molecule intervention, this avenue of research may require

new thinking in delivering relevant molecules to such drug targets.

5.7. What potential does this research hold?

Given the extensive body of preclinical literature indicating that PDE4 inhibition exerts

procognitive efficacy in a number of neurodegenerative and neuropsychiatric disorders,

PDE4 remains a target of high interest for CNS drug development. Research that reveals

means to better target specific PDE4 isoforms associated with disease-relevant signaling

pathways holds the promise of delivering a new generation of PDE4 inhibitors for the

treatment of various CNS diseases.
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Article highlights box

1. The PDE4 family comprises four genes, PDE4A to D, which together are

expressed as more than 25 splicing variants that each exert unique and non-

redundant physiological functions.

2. PAN-PDE4 inhibitors exert memory- and cognition-enhancing as well as

neuroprotective, neuroregenerative and anti-inflammatory effects in preclinical

models.

3. Inactivation of PDE4D replicates a significant number of the behavioral

phenotypes that define the memory- and cognition-enhancing properties of

PDE4 inhibitors, identifying PDE4D as a promising target for memory- and

cognition-enhancing drugs.

4. Emesis and nausea are dose-limiting side effects of PAN-PDE4 inhibitors.

5. Targeting subpopulations of PDE4 activity, such as individual PDE4 subtypes,

splice variants or conformational states, promises drugs/inhibitors with reduced

side effects and a wider therapeutic window.
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Figure 1. Members, domain organization and regulatory properties of the PDE4 family
The PDE4 family comprises four genes, PDE4A-D, and each is expressed as multiple

variants. At least six PDE4A variants (PDE4A1, PDE4A4/5, PDE4A7, PDE4A8, PDE4A10

and PDE4A11), five PDE4B variants (PDE4B1-5), three PDE4C variants (PDE4C1-3), and

eleven PDE4D variants (PDE4D1-11) have been reported. Shown is the domain

organization of the eleven variants generated from the PDE4D gene. Domains are depicted

as ‘barrels’ connected by ‘wires’ indicating linker regions. Domains functioning as targeting

sequences by mediating protein/protein interactions are indicated as red striated barrels.

These are generally encoded by variant-specific first exons. Phosphorylation sites for protein

kinase A (PKA) and extracellular signal-regulated kinase 2 (ERK2) are depicted as cyan

circles. Long and short PDE4 variants are distinguished by the complete or partial presence

of the UCR1/2 module. The regions of the UCR domains that mediate dimerization of PDE4

long forms are indicated by a blue rectangle.
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Figure 2. PDE4 inhibition, cAMP signaling and brain function
Scheme illustrating the signaling events linking PDE4 inhibition to improved brain function.

Inhibition of PDE4 triggers an increase in cAMP which in turn exerts its downstream effects

via activation of protein kinase A (PKA), exchange proteins activated by cAMP (EPACs)

and cyclic nucleotide-gated (CNG) and hyperpolarization-activated cyclic nucleotide-

modulated (HCN) channels. PKA is well known to phosphorylate a range of signaling

proteins including CREB (cAMP response element binding protein), synapsin, DARPP32

(dopamine- and cAMP-regulated phosphoprotein of Mr 32 kDa) and tyrosine hydroxylase

(TH) and thereby modulate gene expression, ion channel function, neurotransmitter

synthesis and release as well as various other signaling events that regulate memory and

cognitive processes. Recent evidence suggests that EPAC is involved in many of the same

signaling paradigms previously associated with PKA, suggesting that some of the

established effects of PDE4 inhibitors on memory and cognition might be mediated by

EPAC rather than PKA activation [147-154]. Although a role for cyclic nucleotide-regulated

channels (CNG and HCN) in brain function is well established [155,156], little is known

thus far about the role of PDEs in regulating the pool of cAMP that controls the function of

these channels. NT, neurotransmitter; AC, adenylyl cyclase; GsPCR, Gs protein-coupled

receptor; GiPCR, Gi protein-coupled receptor; βAR, β-adrenergic receptor; αAR, α-

adrenergic receptor; DR, dopamine receptor; 5HTR, serotonin type 1D receptor
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