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PDE inhibitors in psychiatry – future
options for dementia, depression and
schizophrenia?
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Phosphodiesterases are key enzymes in cellular signalling pathways. They degrade cyclic nucleotides

and their inhibition via specific inhibitors offers unique ‘receptor-independent’ opportunities to modify

cellular function. An increasing number of in vitro and animal model studies point to innovative

treatment options in neurology and psychiatry. This review critiques a selection of recent studies and

developments with a focus on dementia/neuroprotection, depression and schizophrenia. Despite

increased interest among the clinical neurosciences, there are still no approved PDE inhibitors for

clinical use in neurology or psychiatry. Adverse effects are a major impediment for clinical approval.

It is therefore necessary to search for more specific inhibitors at the level of different PDE sub-families

and isoforms.
Introduction
Phosphodiesterases (PDEs) are a class of key enzymes within the

intracellular signal transduction cascade that follow activation of

many types of membrane-bound receptors. PDEs degrade cyclic

Adenosine Mono Phosphate (cAMP) and/or cyclic Guanosine

Mono Phosphate (cGMP) by hydrolysis of phosphodiester bonds.

Thereby, they regulate intracellular levels of these ubiquitous

second messengers. In addition to the direct regulatory effects,

rising intracellular concentrations of cAMP/cGMP facilitate bond-

ing to their target enzymes, Protein Kinase A (PKA) and Protein

Kinase G (PKG) [1]. Activated protein kinases phosphorylate sub-

strates, such as ion channels, contractile proteins and transcrip-

tion factors that regulate pivotal cellular functions [2,3].

Localization, duration of action and concentration of cyclic

nucleotides within specific subcellular domains convey signal

strength and specificity. Any change within these parameters

may contribute to alterations in neuronal function [4]. Due to

their unique properties and participation in a variety of cellular

mechanisms, alterations in PDE activity can affect multiple cel-

lular processes, including apoptosis, differentiation, lipogenesis,

glycogenolysis, gluconeogenesis and muscle contraction [5].
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Twenty-one genes are currently known to encode at least 11

different PDE families (PDE1 to PDE11) [6,7]. Three genes (and

splice variants) constitute the PDE1 family. Its sensitivity to cal-

modulin is unique; depending on gene and splice variant, PDEs

differentially hydrolyse cAMP and cGMP. The PDE2 family hydro-

lyses cAMP and cGMP with preference for cGMP [8] and an

increase of cAMP hydrolysis if cGMP is present at the same time.

Three variants of a single gene exist. PDE2 has a functional role in

the heart [9]. In the brain it is localized in olfactory epithelia and

sensory neurons, bulb and tubercle and hippocampus pyramidal

and granular cells [10–12]. PDE3 has a high affinity for cGMP while

hydrolyzing cAMP in a rate 10 times higher than that of cGMP.

The presence of cGMP has therefore the quality of a competitive

inhibitor of cAMP [13]. Two genes with splice variants constitute

the PDE3 family which plays a critical role in cardiac contraction

[14]. The most extensive PDE family at present is PDE4; including

four genes with various splice variants [15]. PDE4 hydrolyses solely

cAMP. Rolipram is the prototype PDE4 inhibitor and has received

noticeable interest by the scientific and pharmaceutical commu-

nities. The multitude of subtypes suggests that PDEs exhibit dif-

ferentially compartmentalized expression [16]. Transgenic mice

models of reduced PDE4 function underscore the importance of

this PDE family for psychiatric conditions [17]. PDE5 exclusively

binds cGMP without being activated by calcium (or calmodulin).
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FIGURE 1

Schematic representation of intracellular phosphodiesterase activity: cAMP and cGMP are synthesized by Adenylyl Cyclase (AC) and (soluble) Guanylyl Cyclase
(sGC). Cyclic nucleotides act on Protein Kinase A (PKA for cAMP) and Protein Kinase G (PKG for cGMP), cAMP activated exchange protein (Epac) and cyclic

nucleotide-gated channels. PKA and PKG themselves can modify proteins (and thereby enzyme activity levels) via phosphorylation. The endpoints of cAMP and

cGMP pathways with respect to cellular and physiological effects are shown under ‘‘Biological response’’. While this figure is not exhaustive, it highlights the

complexity of cyclic nucleotide signaling, including themechanisms of precise control of cAMP/cGMP levels by phosphodiesterase (PDE) activity. It is important to
note that cAMP/cGMP are ubiquitous second messenger substrates with the ability to move unimpeded within the cell. Therefore, the diversity of effects cannot

be attributed only to the magnitude of interactions between constituents of nucleotide pathways. Rather, the localized activity of phosphodiesterases and other

effector proteins is crucial for the development of pinpointed pharmacological manipulation with fewer collateral effects on other systems. Table 1 notes the
relationship between each PDE family and either cAMP or cGMP.
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Zaprinast is a prototypical PDE5 inhibitor, resulting in an increase

of cGMP with associated vasodilatation [18]. Similar activity at the

catalytic subunits of PDE5 and PDE6 are the likely cause of silde-

nafil-induced side effects on visual function. This is because the

PDE6 family plays a major role in phototransduction [19]. PDE7

and 8 gene families both encompass two genes with high affinity

for cAMP suggesting a possible role for modulation of memory by

PDE7 [20]. PDE9 is highly specific for cGMP and activity at this

enzyme may also contribute to behavioural state regulation and

learning [21]. The PDE10 family hydrolyses cAMP and cGMP, and

various splice variants have been implicated in long-term poten-

tiation with recent studies showing an association with neurode-

generative disease [22,23]. PDE11 has two substrates and a recent

pharmacogenetic study shows evidence for a possible role of this

enzyme family in depression [24].

Adding to this functional heterogeneity, each PDE family con-

tains a number of sub-families and isoforms (>50) that are unique

with respect to three-dimensional structure, kinetic properties,
mode of regulation, intracellular localization, cellular expression

and inhibitor sensitivity. Modifying the rate of cyclic nucleotide

formation or degradation via PDEs will change the activation state

of related pathways (Figure 1). Therefore, PDE inhibitors can pro-

long or enhance the effects of physiological processes mediated by

cAMP or cGMP. It is noteworthy that PDEs are the most important

means of inactivating intracellular cAMP in the brain, suggesting

that PDE inhibitors present a potentially powerful means to

manipulate second messengers involved in learning, memory

and mood [4,15,25,26].

Several medications have already exploited the therapeutic

potential of selective PDE inhibitors. PDE5 inhibitors such as

sildenafil, tadalafil and vardenafil have had distinctive clinical

benefit and notable commercial success for the treatment of

erectile dysfunction. The quest to develop novel treatments for

unmet medical needs, across multiple diseases, has expanded the

therapeutic use of selective PDE inhibitors. In June 2005, the U.S.

Food and Drug Administration (FDA) approved registration of
www.drugdiscoverytoday.com 871
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TABLE 1

Selected overview of PDE inhibitors

Substance PDE family Nucleotide substrate Potential benefit Model Subject

Bay 60-7550 PDE2 cAMP/cGMP Memory improvement Social/object recognition, T-maze Rat [36,40]

Cilostazol PDE3 cAMP/cGMP Neuroprotection Cerebral hypoperfusion

(water maze, immunohistochemistry)

Rat [47]

MK 0952 PDE4 cAMP Memory improvement Phase-II clinical trial Human [63]

RO 20-1724 PDE4 cAMP Depression Differential reinforcement of low response rate (DRL) Rat [71]

Rolipram PDE4 cAMP Memory improvement Object recognition Rat [37]

Radial-arm maze Rat [75,106]

Neuroprotection Carotid artery occlusion, immunostaining Mouse [52]

Depression Cell-injury models Rat [53]

Phase-II clinical trial Human [76]

DRL Rat [71]

Learned helplessness Rat [32]

Tail suspension, forced swim test Mouse [17]

Schizophrenia Evoked potentials Mouse [29,89]

Acoustic startle and prepulse inhibition Mouse [29,89]

Sildenafil PDE5 cGMP Memory improvement Attention, verbal recognition, evoked potentials Human [42]

Avoidance learning Rat [107]

Mouse [35]

Passive avoidance Chick [30]

Object recognition Mouse [108]

Rat [34]

Elevated-plus/T-maze (cognitive impairment model) Rat [107,109]

Neuroprotection Phase-I clinical trial Human [64]

Middle cerebral artery occlusion Rat [110]

Tadalafil PDE5 cGMP Neuroprotection Middle cerebral artery occlusion Rat [111]

Trequinsin PDE3 cAMP/cGMP Neuroprotecion Cell-injury models In vitro [53]

Depression DRL Rat [81]

Vardenafil PDE5 cGMP Memory improvement Object recognition, immunohistochemistry Rat [34,36]

Zaprinast PDE5 cGMP Memory improvement Object recognition Rat [33]

Y-maze Rat [112]

Depression DRL Rat [81]

Several PDE inhibitors have been examined for memory improvement, neuroprotection, depression and schizophrenia using preclinical animal models and early clinical trials in humans.

Studies in humans are thus far limited to rolipram and several PDE inhibitors that already have approval for use in humans including sildenafil, vardenafil, tadalafil and cilostazol.
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sildenafil for pulmonary arterial hypertension. Other applications

for PDE inhibitors currently under investigation include asthma,

atopic dermatitis, psoriasis and heart failure [27,28]. Based on

preclinical models, there is growing interest in their use for CNS

disorders (Table 1). Specifically, PDE inhibitors are currently being

investigated as possible memory enhancers, antidementia drugs,

antidepressants and antipsychotic agents [17,29–32].

Phosphodiesterase and dementia/cognition
Cyclic AMP/cGMP regulation plays a crucial role in a variety of

memory-related processes. Prickaerts et al. demonstrated an

improvement of memory when the cGMP- and PDE5-specific

inhibitor zaprinast was administered to rats immediately after

training in an object recognition task [33]. Zaprinast increased

the time rats spent exploring a novel object relative to a previously

experienced one, whereas vehicle-treated animals did not. This

finding is interpreted to mean that the rats remember the pre-
872 www.drugdiscoverytoday.com
viously experienced object and therefore choose to explore the

novel one. This increased memory for previously experienced

objects lasted for four hours and suggests that zaprinast treatment

improved memory of the previously experienced object. The

results with zaprinast were replicated with chicks in a passive

avoidance task [30]. Other selective PDE5 inhibitors have been

evaluated by the same author more recently [34]. Sildenafil and

vardenafil improved performance in the object recognition task

for 24 hours after being administered immediately after training.

Similarly, sildenafil has also been tested in one-trial learning tests

in mice using a passive avoidance task, following exposure to an

electric shock [35]. Sildenafil, administered immediately after the

learning trial, improved the retention performance 48 hours later.

Assessments of different PDE inhibitors administered at different

time points after a learning experience, indicated that these drugs

consolidate memory, most likely via elevating central cAMP and

cGMP levels in rats and mice [36–38]. So far, this was demonstrated
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for selective inhibitors of PDE families 2 (vardenafil), 4 (rolipram)

and 5 (Bay 60-7550). It is likely that memory consolidation has a

structural correlation and that neuronal plasticity including long-

term potentiation is critical for its formation [39]. Studies indicate

that central cAMP/cGMP levels likely affect synaptic plasticity in

rats [40,41]. The PDE2 inhibitor Bay 60-7550 enhanced long-term

potentiation in cultured neurons and hippocampal slices while no

alteration of basal synaptic transmission was observed. Further-

more, it improved performance in social and object recognition

memory tasks [40]. However, memory is a complex process, con-

sisting of multiple components, reducing the ability to generalize a

proposed beneficial role to other forms of learning or other classes

of PDEs.

A review of Medline (June 28, 2007) yielded only two studies in

humans investigating the effects of a PDE5 inhibitor on cognitive

processes in healthy humans. Sildenafil had no effect on attention

or verbal recognition, but did cause an alteration of auditory

event-related potentials (ERPs). These ERP changes were inter-

preted as indicative of an enhanced ability to focus attention

and select relevant target stimuli [42]. For sildenafil, the second

study indicates a slight improvement in reaction time. A lack of

stronger results may be due to the fact that only a single dose was

administered [43]. CNS effects of sildenafil are suggested by case

reports and case studies describing increased emotional reactivity

and psychological disturbances in men taking sildenafil [44].

However, the incidence of adverse effects such as these may be

related to coexisting disorders and/or excessive dosing [45]. Never-

theless, studies indicate that a number of PDE inhibitors are

capable of penetrating the blood brain barrier [29,42,46,47].

Dosage and frequency of drug intake are important parameters

that might need further adjustment to show memory-enhancing

effects. Although, little is known about the cognitive effects of

other PDE families, long-term potentiation in rats is associated

with an upregulation of PDE10A splice variants [22].

Neuroprotection and dementia
The role of cAMP in functional and metabolic regulation of the

nervous system has been emphasized in a number of studies. Early

studies by Nishino et al. highlight a significant decrease in cAMP in

patients with Parkinson’s disease [48]. Furthermore, PDE1A2 is

inhibited by some antiparkinson drugs, suggesting a potential role

of PDE1A2 in Parkinson’s disease [49,50]. Although additional

recent studies in humans could not be identified in our review

of the literature, two studies used a cerebral hypoperfusion model

in rats to demonstrate neuroprotective efficacy of the PDE3 inhi-

bitor cilostazol [47,51]. A hypoperfusion model in mice also

showed enhanced proliferation of newborn hippocampal neurons

under physiological conditions, but not after ischemia [52]. The

neuroprotective efficacy of other PDE inhibitor subtypes was

recently demonstrated using lesion models with rat cortical neu-

rons [53].

Several studies suggest that the cAMP-response-element-bind-

ing-protein (CREB) is a key control point for long-term memory

(LTM) formation [54–56]. Interestingly, deactivating CREB does

not affect the ability to acquire or retain short-term memory (STM)

but does impair LTM. Alternatively, increasing CREB function

augments LTM while leaving acquisition and STM unchanged.

Thus, CREB regulation produces parallel effects on LTM, indicat-
ing that the expression of CREB may be an obligatory target of

cAMP-mediated modulation of memory consolidation. The accu-

mulation of amyloid-beta peptide in animal models Alzheimer’s

disease (AD) leads to inhibition of CREB-mediated intracellular

signalling pathways and impairs long-term potentiation [57].

These data suggest that PDE inhibitors, which enhance cGMP

signalling, may be able to overcome the detrimental effects of

amyloid-beta peptide on the CREB pathway and provide a novel

approach to the treatment of AD [58]. These results require further

clarification, including the role of local compartmentalization of

cAMP/cGMP and target protein function.

The PDE4 inhibitor, rolipram, produces behavioural effects that

are similar to the aforementioned CREB-dependent memory

enhancement. For example, rolipram enables memory formation

in less than half of the normal amount of training, suggesting that

PDE4 inhibitors are a possible target for memory enhancement

[55]. Although PDE4 and its inhibitors have been specifically

implicated in modulating long-term memory, effects have also

been observed for working memory. One study that examined

aging rats and monkeys found that the beneficial effects of the Gi-

coupled alpha 2A receptor agonist guanfacine on working memory

were reversed by rolipram [59]. Once again, the effect of PDE

inhibition cannot be separated from the intracellular site of action

in order to explain the impact on different stages of memory. A

proposed role for PDE7 and PDE8 inhibitors in the treatment of

dementia comes from post-mortem studies of AD. Specifically, one

study suggests that the expression of messenger RNA (mRNA) for

the PDE7 and PDE8 isoenzymes is altered in brains of people

affected with AD. Furthermore, the regulation of these PDE

families in AD depends on the stage of illness [60]. Therefore,

further research is needed to clarify the specific stages of illness

during which PDE7 or PDE8 modulators may have therapeutic

effects.

Promising yet inconsistent results have emerged from trials with

the PDE4/PDE5 inhibitor denbufylline. In one clinical trial, 96

patients suffering from Alzheimer’s disease or multiinfarct demen-

tia (MID) received denbufylline or placebo for 2 weeks. Denbufyl-

line, but not placebo, induced a statistically and clinically

significant improvement in both AD and MID patients [61]. A

later trial could not find a major affect under denbufylline [62].

A phase-II randomized, double-blind clinical trial is currently

underway to determine if the PDE4 inhibitor MK-0952 can

improve cognitive impairments in patients with AD during mild

to moderate stages of disease [63]. Additionally, a phase-I clinical

trial is presently assessing the efficacy and optimal dosage for

sildenafil in the treatment of subacute ischemic stroke to assess

possible neuroprotective properties of PDE5 inhibitors [64]. This is

based on earlier preclinical in vitro studies in which zaprinast

protected cultured spinal motor and non-motor neurons against

chronic glutamate-induced and reactive oxygen species-induced

toxicity [65]. Similarly, Otsuka Pharmaceuticals is exploring indi-

cations for a selective PDE3 inhibitor, cilostazol, in a phase-IV

study. Cilostazol, an approved antiplatelet agent for the treatment

of intermittent claudication, will be compared to aspirin with

respect to prevention of stroke recurrence and safety for bleeding

complications in acute stroke [66,67]. Little is known about the

potential role of other PDE gene families in neuroprotection.

However, there is some emerging data for PDE10 in this domain.
www.drugdiscoverytoday.com 873
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Using a mouse model of Huntingon’s disease (HD), transgenic

mice expressed a transgene that contains exon 1 of the human

mutant HD mice. It was shown that the expression of the mutant

gene was related to a decreased PDE10A2 mRNA transcription [68].

Thus, loss of PDE activity may contribute to dysregulation of

intracellular cAMP/cGMP in brain areas responsible for the control

of movements and cognition [4,23].

Phosphodiesterase and depression
Impairments in signal transduction have also been implicated as

possible mechanisms of reduced plasticity and neuronal survival

in major depressive disorders [69]. This hypothesis provides a

framework in which the pathophysiology and pharmacotherapy

for depressive illness converge on cAMP-mediated signalling

rather than being organized by receptor or neurotransmitter sys-

tems [70]. In animal models, elevated intracellular cAMP levels

have been shown to possess antidepressant-like effects. This can be

achieved by PDE inhibition or by the stimulation of adrenergic

receptors and numerous studies have focused on the PDE4 subtype

for therapeutic interventions [15,26,71]. However, contradictory

results have also been reported. The role of cGMP levels in this

matter appears to be different.

Treatment with memantine, a noncompetitive NMDA receptor

antagonist, has been shown to reduce immobility in the forced

swim test (FST) in mice, a result that is interpreted as an anti-

depressant-like effect [72,73]. Pretreatment with sildenafil reversed

this increased mobility effect following memantine. This indicates

that increasing cGMP level via PDE5 inhibitors like sildenafil may

block antidepressant effects in this validated animal model of

depression [73]. To add to the contrary, a 2006 genetic study of

284 Mexican Americans found that the diagnosis of major depres-

sive disorder is associated with single nucleotide polymorphisms

in PDE9A and PDE11A. Furthermore, antidepressant responsive-

ness was significantly associated with polymorphisms in PDE1A

and PDE11A. Because cGMP is the exclusive substrate of PDE9,

while PDE1 and PDE11 hydrolyse both cAMP and CGMP, these

data suggest a role for cGMP levels in the development of depres-

sive disorders as well as a possible role in treatment response [24].

The inhibition of PDE4D by rolipram produces antidepressant-

like and memory enhancing effects in animal models

[17,52,74,75]. Rolipram has also been tested as a potential mono-

therapy for depression [76]. Activity of rolipram at the PDE4D

subtype may represent a significant aspect of its action because

several norepinephrine and serotonin reuptake inhibitors with

proven antidepressant efficacy share this characteristic [77]. Thus,

inhibition of PDE4 may represent a shared mechanism for efficacy

among different classes of antidepressants [26,29]. Notably, PDE4

is the predominant enzyme that hydrolyses cAMP formed by

the stimulation of beta-adrenergic receptors, which are thought

to mediate the effects of several known antidepressant agents

[78–80].

The PDE4 family is composed of multiple sub-families (PDE4A,

PDE4B and PDE4D) that vary in their cerebral distribution, sug-

gesting differential roles for each sub-families [15,25]. Some inves-

tigators have suggested that the PDE4D gene product may be

particularly involved in the mediation of depressive symptoms

and antidepressant responsiveness [26,77]. Other studies have

evaluated this hypothesis by assessing the behavioural phenotypes
874 www.drugdiscoverytoday.com
and pharmacological sensitivity in PDE4D knockout mice [17].

These studies indicate that PDE4D knockout mice display

decreased immobility in tail-suspension and forced-swim tests,

which have positive predictive value for an antidepressant-like

effect in humans. Although desipramine and fluoxetine produced

similar effects in complete PDE4D knockouts, heterozygous

PDE4D knockout and wild-type mice, only rolipram produced

antidepressant-like effects in wild-types. Potentiation of cAMP

formation through isoproterenol could only be induced in wild

types. Together with studies by O’Donnell and colleagues, these

results strongly suggest that PDE4D is an essential mediator of the

antidepressant-like effects of rolipram and provides further evi-

dence that PDE4D-regulated cAMP signalling plays a role in the

pathophysiology and pharmacotherapy of depression [26,71,81].

A clinical trial sponsored by the National Institute of Mental

Health is currently trying to elucidate the hypothesis of phospho-

diesterase manipulation as a common feature shared by many

antidepressants. In this study, (R)-[11C] rolipram positron emission

tomography (PET) is being used to compare PDE4 levels between

unmedicated depressed patients and healthy subjects [82].

Brain-derived neurotrophic factor (BDNF) is also thought to

play an important role in development, plasticity and survival

of neurons in the central nervous system and has been implicated

as a possible mediator of depressive disorders [83]. Itoh et al.

administered rolipram, imipramine and their combination to rats

performing a learned helplessness task, which is proposed to have

predictive value as an animal model for depression. In this model,

CREB activity and BDNF levels in frontal cortex and hippocampus

were significantly increased by treatment with a combination of

rolipram and imipramine compared to those in imipramine-only

treated rats. The repeated coadministration of rolipram and imi-

pramine significantly reduced the escape failures in rats. Imipra-

mine alone could not ameliorate the escape behaviour to a similar

level, even at the highest dose tested. Thus, coadministration of

PDE4 inhibitors with classical antidepressants might enhance the

effect of receptor-bound drugs [32].

Phosphodiesterase and schizophrenia
All currently approved antipsychotic medications produce their

beneficial effects through antagonism of the dopamine (DA) D2

receptor. Specifically, the treatment of positive symptoms of

schizophrenia, and other forms of psychosis, appears to be

related to antagonism of the D2 receptor. The DA D2 receptor

is a G-protein-coupled, membrane-bound receptor, linked to the

inhibition of adenylyl cyclase [84]. The binding of dopamine to

this receptor subtype leads to a cascade of events that decrease

adenylyl cyclase activity, which, in turn, reduces cAMP forma-

tion and activation of PKA. PKA activity is thought to effect the

long-term adaptive changes that produce therapeutic benefits of

antipsychotic medications over the course of weeks or months of

treatment. The phosphorylation of many intracellular substrates

including ion channels and DNA binding proteins depends

heavily on the activation of this pathway. Antipsychotic med-

ications are thought to oppose the activity of DA at the D2

receptor and, therefore, increase intracellular cAMP levels and

its downstream effects. Thus, an intact cAMP signal transduction

pathway seems to be essential for antipsychotic drug action

(Figure 1) [85].
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There have been efforts to reproduce antipsychotic effects using

novel receptor-independent mechanisms, including inhibition of

the enzymes that degrade cAMP. The rationale for this approach is

that a disruption of cAMP formation in animals replicates many

phenotypic markers of schizophrenia, including deficits in pre-

pulse inhibition (PPI) of startle, event-related potentials (ERP), as

well as learning and memory [86–88]. PDE inhibitors, in particular,

have been shown to meet several key criteria as antipsychotic

agents in preclinical animal models and may present a new class of

receptor-independent treatment approach [29,89]. For example,

Maxwell et al. used amphetamine-induced abnormalities in audi-

tory event-related potentials to study the antipsychotic potential

of non-receptor based compounds such as rolipram. Ampheta-

mine is an indirect dopamine agonist and an established model to

produce auditory sensory processing deficits similar to those seen

in schizophrenia. Currently approved antipsychotic treatments

reverse the effects of amphetamine in this paradigm. Similarly,

rolipram reverses the ERP abnormalities caused by amphetamine

[29]. Concordantly, Kanes et al. explored antipsychotic-like activ-

ity for rolipram using behavioural measures [89]. To test this

hypothesis, the effect of an acute treatment with rolipram on

acoustic startle and PPI was studied in C57BL/6J mice. PPI is

disrupted in unmedicated schizophrenia patients and the ability

to increase PPI in mice is predictive of the antipsychotic efficacy of

a drug. Treatment with rolipram significantly increased PPI at

doses that do not alter the acoustic startle response. Rolipram also

blocked the disruptive effects of amphetamine on PPI and induced

catalepsy at high doses, thus exhibiting many of the same beha-

vioural effects as traditional antipsychotic medications. Several

lines of research suggest that the antipsychotic effects of rolipram

are likely mediated by PDE4B. Siuciak et al. observed a threefold

shift in the ED50 of rolipram in PDE4B knockout mice undergoing

conditioned avoidance responding [90]. Similar to the study by

Kanes, rolipram produced catalepsy only at the highest dose,

suggesting a lower dose for behavioural efficacy than for adverse

events. It appears, therefore, to have a pharmacological profile

similar to that of some newer antipsychotics that claim to reduce

motor side effect liability at therapeutic doses. However rolipram

produces nausea and emesis at doses that overlap the therapeutic

range, suggesting that more selective agents may be needed.

There are also important associations between members of the

PDE4 family and genetic susceptibility factors for schizophrenia.

DISC1 (Disrupted in Schizophrenia 1) is among the genes asso-

ciated with schizophrenia [91–93]. The familial DISC1 association

is the product of a balanced chromosomal translocation (t(1;1

1)(q42;q14) [94,95]. This observation followed a study in which

Millar et al. identified an individual with schizophrenia who

carried a DISC1 translocation and had a history of repeated psy-

chotic episodes characterized by auditory hallucinations and delu-

sions [96]. The authors demonstrated that the breakpoint of the

translocation on chromosome 1 disrupts the gene encoding for

phosphodiesterase 4B (PDE4B) enzyme, using fluorescence in situ

hybridization. According to the finding in this study, elevated

cellular cAMP levels lead to increased PDE4B activity, affecting

cAMP catabolism with an associated psychiatric outcome. This

result was confirmed by another recent case control association

study [97]. Complementary evidence from mice is consistent with

this data. Genetic and behavioural assessment of mice demon-
strated reduced binding of two mutant DISC1 proteins to the

DISC1 binding partner PDE4B. Mice with these mutations exhibit

phenotypes related to depression and schizophrenia [98].

Several studies have suggested that nicotinic agents may hold

therapeutic potential in schizophrenia. Interestingly, PDE4B has

been associated with the effects of nicotine in the brain. Chronic

exposure to nicotine decreases the expression of PDE4B mRNA in

prefrontal cortex of adolescent rats treated with 12 mg/day.

Researchers determined that increasing the dose to 24 mg/day

resulted in extension of this finding to other brain regions includ-

ing the nucleus accumbens and hippocampus. These findings

suggest that chronic nicotine exposure is responsible for a

dose-dependent down-regulation of PDE4B [99]. This study

underlines the complex relationship between smoking and

schizophrenia.

It has been proposed that selective PDE10A inhibitors represent

novel therapeutic agents for individuals with schizophrenia. In

mice, papaverine, a PDA10A inhibitor, is associated with increased

cGMP levels in the striatum and increased phosphorylation of

CREB, which are both crucial for striatal function [100]. Interest-

ingly, papaverine was also found to reduce deficits caused by

chronic phencyclidine treatment, a recognized animal model

for schizophrenia [101].

Limitations
Despite the abundance of studies indicating a potential role for

PDEs and their inhibitors in CNS-borne diseases like AD, depres-

sion or schizophrenia, certain caveats must be considered. The first

consideration relates to the potential reasons why there are no PDE

inhibitors currently available for CNS illness. One reason may be

the incidence and types of adverse effects that occur with existing

PDE inhibitors. Although preliminary adverse effect profiles of the

newer PDE4 inhibitors appear to be improved, older prototype

PDE4 inhibitors had substantial adverse effects, most notably

headache, nausea and emesis. It is noteworthy that rolipram

was not commercialised, despite promising preclinical and

phase-II study data [76]. Unfortunately, the mechanisms respon-

sible for the side effects of PDE4 inhibitors are still not well

understood. A second consideration results from the necessary

lag between drug target discovery and practical application of the

resulting ideas. The majority of studies for PDE inhibitors in CNS

illness have been basic investigations using animal models of

memory, neurodegeneration, depression and psychosis. The trans-

fer of these results must incorporate differences between humans

and rodents, as well as toxicological and regulatory issues. To the

best of our knowledge, only very few studies to date have inves-

tigated the CNS effects of a PDE inhibitor in humans [42]. Addi-

tionally, it is possible that the positive findings in the

beforementioned study by Schultheiss et al. were a product of

increased cerebral blood flow rather than neuronal in nature.

Zaprinast was also previously shown to cause relaxation of cerebral

arteries in a concentration-dependent manner in guinea-pigs

[102].

The effects of PDEs and their inhibitors have been known for

many years and there is a concrete demand for novel treatments

that may capitalize on several of these known properties. However,

efforts by both the academic and pharmaceutical scientific com-

munities have not yet yielded practical PDE-related therapeutic
www.drugdiscoverytoday.com 875
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interventions for CNS illness. Although there are links between

susceptibility genes for CNS illnesses, including DISC1 for schizo-

phrenia and CREB for memory enhancement, these relationships

lack sufficient specificity to identify concrete targets for each

illness. Nevertheless, the lack of specificity among currently avail-

able PDE inhibitors is not necessarily unfavourable. For example,

the most selective DA D2-specific antagonist antipsychotic med-

ications do not necessarily produce a more favourable clinical

outcome. Specifically, clozapine has been shown to be superior

to all other agents, despite a broad pharmacological profile at

therapeutic doses [103,104]. There are, in fact, many G-protein-

coupled receptors that are relevant for schizophrenia. Unfortu-

nately, both older and newer atypical antipsychotic medications

only improve the positive symptoms of schizophrenia, such as

delusions and hallucinations [105]. Because the adverse effects of

PDE inhibitors have limited their utilization in schizophrenia, we

have no empirical knowledge regarding how this class of agents

might affect negative symptoms in schizophrenia. This remains

one of the most important and elusive therapeutic targets for a

major CNS disorder such as schizophrenia and therefore presents

the horizon for a major breakthrough.

Conclusions/future directions
The growing knowledge related to the molecular pharmacology of

PDEs has already fostered development of selective inhibitors.

From the pharmacological point of view, the development of

more specific inhibitors for all isoenzymes appears to be a sensible

approach to pursue the outstanding clinical needs in CNS disor-

ders. The challenge remains to identify selective inhibitors given
876 www.drugdiscoverytoday.com
the high degree of identity among the active sites of many of the

isoenzymes. From a clinical perspective, that follows decades of

pharmacologically similar antipsychotic medications, the chal-

lenge will be to determine whether a shift from targeting receptors

with a shared second messenger pathway, might allow for a more

direct, receptor-independent approach to manipulating different

cellular functions. To test this hypothesis, the adverse event

profiles that have limited clinical acceptance of PDE inhibitors

will have to be reduced. Identification of new PDE isoforms, as well

as variants of those previously described, has implicated involve-

ment of PDEs in various pathological conditions. By employing

advanced techniques, like tissue-specific conditional gene disrup-

tion and conditional RNA interference expression in mice, it may

be feasible to probe PDE function and validate drug targets. Further

understanding of the real-time enzyme kinetics and subcellular

localization are additional areas of potential benefit. Since cAMP

rapidly diffuses within cells, the concept of sequestered or com-

partmentalized PDE populations is appealing to explain the

plethora of cellular manipulations attributed to PDE function

achieved with only two cyclic nucleotides [15]. It is, therefore,

important to understand the local, intracellular mechanisms of

PDE function and its inhibition for a concerted intervention that

minimises undesired side effects due to a lack of specificity.

Acknowledgements
Preparation of this manuscript was supported by the Deutsche

Forschungsgemeinschaft (DFG, IRTG 1328), The Stanley Medical

Research Institute (RCG 01-314) and The National Institutes of

Health (P50 MH064045).
References
1 Kopperud, R. et al. (2003) cAMP effector mechanisms. Novel twists for an ‘old’

signaling system. FEBS Lett. 546, 121–126

2 Vaandrager, A.B. and de Jonge, H.R. (1996) Signalling by cGMP-dependent protein

kinases. Mol. Cell Biochem. 157, 23–30

3 Henn, V. et al. (2005) Compartmentalized cAMP signalling regulates vasopressin-

mediated water reabsorption by controlling aquaporin-2. Biochem. Soc. Trans. 33,

1316–1318

4 Hebb, A.L. and Robertson, H.A. (2007) Role of phosphodiesterases in neurological

and psychiatric disease. Curr. Opin. Pharmacol. 7, 86–92

5 Boswell-Smith, V. et al. (2006) Phosphodiesterase inhibitors. Br. J. Pharmacol. 147

(Suppl. 1), 252–257

6 Conti, M. and Beavo, J. (2007) Biochemistry and physiology of cyclic nucleotide

phosphodiesterases: essential components in cyclic nucleotide signaling. Annu.

Rev. Biochem. 76, 481–511

7 Lugnier, C. (2006) Cyclic nucleotide phosphodiesterase (PDE) superfamily: a new

target for the development of specific therapeutic agents. Pharmacol. Ther. 109,

366–398

8 Erneux, C. et al. (1981) Specificity of cyclic GMP activation of a multi-substrate

cyclic nucleotide phosphodiesterase from rat liver. Eur. J. Biochem. 115,

503–510

9 Rivet-Bastide, M. et al. (1997) cGMP-stimulated cyclic nucleotide

phosphodiesterase regulates the basal calcium current in human atrial myocytes. J.

Clin. Invest. 99, 2710–2718

10 Meyer, M.R. et al. (2000) A cGMP-signaling pathway in a subset of olfactory

sensory neurons. Proc. Natl. Acad. Sci. U.S.A. 97, 10595–10600

11 Van Staveren, W.C. et al. (2003) mRNA expression patterns of the cGMP-

hydrolyzing phosphodiesterases types 2, 5, and 9 during development of the rat

brain. J. Comp. Neurol. 467, 566–580

12 Juilfs, D.M. et al. (1997) A subset of olfactory neurons that selectively express

cGMP- stimulated phosphodiesterase (PDE2) and guanylyl cyclase-D define a

unique olfactory signal transduction pathway. Proc. Natl. Acad. Sci. U.S.A. 94,

3388–3395
13 Beavo, J.A. (1995) Cyclic nucleotide phosphodiesterases: functional implications

of multiple isoforms. Physiol. Rev. 75, 725–748

14 Omori, K. and Kotera, J. (2007) Overview of PDEs and their regulation. Circ. Res.

100, 309–327

15 Houslay, M.D. et al. (2005) Keynote review: phosphodiesterase-4 as a therapeutic

target. Drug Discov. Today 10, 1503–1519

16 Iona, S. et al. (1998) Characterization of the rolipram-sensitive, cyclic AMP-specific

phosphodiesterases: identification and differential expression of immunologically

distinct forms in the rat brain. Mol. Pharmacol. 53, 23–32

17 Zhang, H.T. et al. (2002) Antidepressant-like profile and reduced sensitivity to

rolipram in mice deficient in the PDE4D phosphodiesterase enzyme.

Neuropsychopharmacology 27, 587–595

18 Lugnier, C. et al. (1986) Selective inhibition of cyclic nucleotide

phosphodiesterases of human, bovine and rat aorta. Biochem. Pharmacol. 35,

1743–1751

19 Cote, R.H. (2004) Characteristics of photoreceptor PDE (PDE6): similarities and

differences to PDE5. Int. J. Impot. Res. 16 (Suppl. 1), S28–S33

20 Sasaki, T. et al. (2004) Transcriptional activation of phosphodiesterase 7B1 by

dopamine D1 receptor stimulation through the cyclic AMP/cyclic AMP-dependent

protein kinase/cyclic AMP-response element binding protein pathway in primary

striatal neurons. J. Neurochem. 89, 474–483

21 Andreeva, S.G. et al. (2001) Expression of cGMP-specific phosphodiesterase 9A

mRNA in the rat brain. J. Neurosci. 21, 9068–9076

22 O’Connor, V. et al. (2004) Differential amplification of intron-containing

transcripts reveals long term potentiation-associated up-regulation of specific

Pde10A phosphodiesterase splice variants. J. Biol. Chem. 279, 15841–15849

23 Hebb, A.L. et al. (2004) Striatal phosphodiesterase mRNA and protein levels are

reduced in Huntington’s disease transgenic mice prior to the onset of motor

symptoms. Neuroscience 123, 967–981

24 Wong, M.L. et al. (2006) Phosphodiesterase genes are associated with susceptibility

to major depression and antidepressant treatment response. Proc. Natl. Acad. Sci.

U.S.A. 103, 15124–15129



Drug Discovery Today � Volume 12, Numbers 19/20 �October 2007 REVIEWS

R
ev
ie
w
s
�
P
O
S
T
S
C
R
E
E
N

25 Houslay, M.D. et al. (2007) cAMP-specific phosphodiesterase-4 enzymes in the

cardiovascular system: a molecular toolbox for generating compartmentalized

cAMP signaling. Circ. Res. 100, 950–966

26 O’Donnell, J.M. and Zhang, H.T. (2004) Antidepressant effects of inhibitors of

cAMP phosphodiesterase (PDE4). Trends Pharmacol. Sci. 25, 158–163

27 Deng, Y.M. et al. (2006) Effects of ciclamilast, a new PDE 4 PDE4 inhibitor, on

airway hyperresponsiveness, PDE4D expression and airway inflammation in a

murine model of asthma. Eur. J. Pharmacol. 547, 125–135

28 Stehlik, J. and Movsesian, M.A. (2006) Inhibitors of cyclic nucleotide

phosphodiesterase 3 and 5 as therapeutic agents in heart failure. Expert Opin.

Investig. Drugs 15, 733–742

29 Maxwell, C.R. et al. (2004) Phosphodiesterase inhibitors: a novel mechanism for

receptor-independent antipsychotic medications. Neuroscience 129, 101–107

30 Campbell, E. and Edwards, T. (2006) Zaprinast consolidates long-term memory

when administered to neonate chicks trained using a weakly reinforced single trial

passive avoidance task. Behav. Brain Res. 169, 181–185

31 Menniti, F.S. et al. (2007) Phosphodiesterase 10A inhibitors: a novel approach to the

treatment of the symptoms of schizophrenia. Curr. Opin. Investig. Drugs 8, 54–59

32 Itoh, T. et al. (2004) Effects of rolipram, a phosphodiesterase 4 inhibitor, in

combination with imipramine on depressive behavior, CRE-binding activity and

BDNF level in learned helplessness rats. Eur. J. Pharmacol. 498, 135–142

33 Prickaerts, J. et al. (1997) Possible role of nitric oxide-cyclic GMP pathway in object

recognition memory: effects of 7-nitroindazole and zaprinast. Eur. J. Pharmacol.

337, 125–136

34 Prickaerts, J. et al. (2002) Effects of two selective phosphodiesterase type 5

inhibitors, sildenafil and vardenafil, on object recognition memory and

hippocampal cyclic GMP levels in the rat. Neuroscience 113, 351–361

35 Baratti, C.M. and Boccia, M.M. (1999) Effects of sildenafil on long-term retention

of an inhibitory avoidance response in mice. Behav. Pharmacol. 10, 731–737

36 Rutten, K. et al. (2007) Time-dependent involvement of cAMP and cGMP in

consolidation of object memory: studies using selective phosphodiesterase type 2,

4 and 5 inhibitors. Eur. J. Pharmacol. 558, 107–112

37 Rutten, K. et al. (2006) Rolipram reverses scopolamine-induced and time-

dependent memory deficits in object recognition by different mechanisms of

action. Neurobiol. Learn Mem. 85, 132–138

38 Blokland, A. et al. (2006) Improving memory: a role for phosphodiesterases.

Curr. Pharm. Des. 12, 2511–2523

39 Cooke, S.F. and Bliss, T.V. (2006) Plasticity in the human central nervous system.

Brain 129, 1659–1673

40 Boess, F.G. et al. (2004) Inhibition of phosphodiesterase 2 increases neuronal

cGMP, synaptic plasticity and memory performance. Neuropharmacology 47,

1081–1092

41 Kimura, S. et al. (1998) cAMP-dependent long-term potentiation of nitric oxide

release from cerebellar parallel fibers in rats. J. Neurosci. 18, 8551–8558

42 Schultheiss, D. et al. (2001) Central effects of sildenafil (Viagra) on auditory

selective attention and verbal recognition memory in humans: a study with

event-related brain potentials. World J. Urol. 19, 46–50

43 Grass, H. et al. (2001) Sildenafil (Viagra): is there an influence on psychological

performance? Int. Urol. Nephrol. 32, 409–412

44 Milman, H.A. and Arnold, S.B. (2002) Neurologic, psychological, and aggressive

disturbances with sildenafil. Ann. Pharmacother. 36, 1129–1134

45 Savitz, S.A. and Caplan, L.R. (2002) Transient global amnesia after sildenafil

(Viagra) use. Neurology 59, 778

46 Wakita, H. et al. (2003) Ibudilast, a phosphodiesterase inhibitor, protects against

white matter damage under chronic cerebral hypoperfusion in the rat. Brain Res.

992, 53–59

47 Watanabe, T. et al. (2006) Cilostazol protects against brain white matter damage

and cognitive impairment in a rat model of chronic cerebral hypoperfusion. Stroke

37, 1539–1545

48 Nishino, N. et al. (1993) Transmembrane signalling systems in the brain of patients

with Parkinson’s disease. Rev. Neurosci. 4, 213–222

49 Kakkar, R. et al. (1996) Inhibition of bovine brain calmodulin-dependent cyclic

nucleotide phosphodiesterase isozymes by deprenyl. Life Sci. 59, 337–341

50 Kakkar, R. et al. (1997) Amantadine: an antiparkinsonian agent inhibits bovine

brain 60 kDa calmodulin-dependent cyclic nucleotide phosphodiesterase

isozyme. Brain Res. 749, 290–294

51 Ye, Y.L. et al. (2007) Cilostazol, a phosphodiesterase 3 inhibitor, protects mice

against acute and late ischemic brain injuries. Eur. J. Pharmacol. 557, 23–31

52 Sasaki, T. et al. (2007) The phosphodiesterase inhibitor rolipram promotes survival

of newborn hippocampal neurons after ischemia. Stroke 38, 1597–1605

53 Chen, R.W. et al. (2007) Broad spectrum neuroprotection profile of

phosphodiesterase inhibitors as related to modulation of cell-cycle elements and

caspase-3 activation. Neurosci. Lett. 418, 165–169
54 Tully, T. (1997) Regulation of gene expression and its role in long-term memory

and synaptic plasticity. Proc. Natl. Acad. Sci. U.S.A. 94, 4239–4241

55 Tully, T. et al. (2003) Targeting the CREB pathway for memory enhancers. Nat. Rev.

Drug Discov. 2, 267–277

56 Pittenger, C. et al. (2002) Reversible inhibition of CREB/ATF transcription factors

in region CA1 of the dorsal hippocampus disrupts hippocampus-dependent spatial

memory. Neuron 34, 447–462

57 Puzzo, D. et al. (2006) Involvement of the nitric oxide pathway in synaptic

dysfunction following amyloid elevation in Alzheimer’s disease. Rev. Neurosci. 17,

497–523

58 Puzzo, D. et al. (2005) Amyloid-beta peptide inhibits activation of the nitric oxide/

cGMP/cAMP-responsive element-binding protein pathway during hippocampal

synaptic plasticity. J. Neurosci. 25, 6887–6897

59 Ramos, B.P. et al. (2006) Alpha2A-adrenoceptor stimulation improves prefrontal

cortical regulation of behavior through inhibition of cAMP signaling in aging

animals. Learn Mem. 13, 770–776

60 Perez-Torres, S. et al. (2003) Alterations on phosphodiesterase type 7 and 8 isozyme

mRNA expression in Alzheimer’s disease brains examined by in situ hybridization.

Exp. Neurol. 182, 322–334

61 Saletu, B. et al. (1992) EEG mapping and psychopharmacological studies with

denbufylline in SDAT and MID. Biol. Psychiatry 32, 668–681

62 Treves, T.A. and Korczyn, A.D. (1999) Denbufylline in dementia: a double-blind

controlled study. Dement. Geriatr. Cogn. Disord. 10, 505–510

63 Merck & Co., I. (2006-[cited July 10, 2007].) Randomized, double blind, placebo

controlled treatment study. MK-0952 is a phosphodiesterase type IV (PDE4)

inhibitor in development for improvement of cognitive impairment in mild-to-

moderate Alzheimer’s disease. ClinicalTrials.gov [Internet]. Bethesda (MD): National

Library of Medicine (US). Available from: http://clinicaltrials.gov/show/NCT00362024

NLM Identifier: NCT00362024

64 Henry Ford Health System; Henry Ford Hospital, D.M. (2005-[cited July 10, 2007])

Phase 1 Study of Sildenafil (Viagra) Treatment of Subacute Ischemic Stroke.

ClinicalTrials.gov [Internet]. Bethesda (MD): National Library of Medicine (US).

Available from: http://clinicaltrials.gov/show/NCT00452582 NLM Identifier:

NCT00452582

65 Nakamizo, T. et al. (2003) Phosphodiesterase inhibitors are neuroprotective to

cultured spinal motor neurons. J. Neurosci. Res. 71, 485–495

66 Jacoby, D. and Mohler, E.R., III (2004) Drug treatment of intermittent

claudication. Drugs 64, 1657–1670

67 Korea Otsuka Pharmaceutical Co., L. (2006-[cited July 10, 2007]) The Double-

Blind, Randomized, Multi-Center, and Active Controlled Trial for Efficacy and

Safety of Cilostazol in Acute Ischemic Stroke. ClinicalTrials.gov [Internet]. Bethesda

(MD): National Library of Medicine (US). Available from: http://clinicaltrials.gov/show/

NCT00272454 NLM Identifier: NCT00272454

68 Hu, H. et al. (2004) Mutant huntingtin affects the rate of transcription of striatum-

specific isoforms of phosphodiesterase 10A. Eur. J. Neurosci. 20, 3351–3363

69 Manji, H.K. and Duman, R.S. (2001) Impairments of neuroplasticity and cellular

resilience in severe mood disorders: implications for the development of novel

therapeutics. Psychopharmacol. Bull. 35, 5–49

70 Perez, J. and Tardito, D. (2001) Implications of the cAMP signaling pathway

in psychiatric disorders: a systematic review of the evidence. CNS Spectr. 6,

294–305

71 O’Donnell, J.M. (1993) Antidepressant-like effects of rolipram and other inhibitors

of cyclic adenosine monophosphate phosphodiesterase on behavior maintained

by differential reinforcement of low response rate. J. Pharmacol. Exp. Ther. 264,

1168–1178

72 Porsolt, R.D. et al. (1977) Behavioral despair in mice: a primary screening test for

antidepressants. Arch. Int. Pharmacodyn. Ther. 229, 327–336

73 Almeida, R.C. et al. (2006) Evidence for the involvement of L-arginine-nitric oxide-

cyclic guanosine monophosphate pathway in the antidepressant-like effect of

memantine in mice. Behav. Brain Res. 168, 318–322

74 Houslay, M.D. (2001) PDE4 cAMP-specific phosphodiesterases. Prog. Nucleic Acid

Res. Mol. Biol. 69, 249–315

75 Zhang, H.T. and O’Donnell, J.M. (2000) Effects of rolipram on scopolamine-

induced impairment of working and reference memory in the radial-arm maze

tests in rats. Psychopharmacology (Berlin) 150, 311–316

76 Zeller, E. et al. (1984) Results of a phase II study of the antidepressant effect of

rolipram. Pharmacopsychiatry 17, 188–190

77 Dlaboga, D. et al. (2006) Regulation of phosphodiesterase-4 (PDE4) expression in

mouse brain by repeated antidepressant treatment: comparison with rolipram.

Brain Res. 1096, 104–112

78 Ye, Y. et al. (1997) Noradrenergic activity differentially regulates the expression of

rolipram-sensitive, high-affinity cyclic AMP phosphodiesterase (PDE4) in rat

brain. J. Neurochem. 69, 2397–2404
www.drugdiscoverytoday.com 877

http://clinicaltrials.gov/show/NCT00362024
http://clinicaltrials.gov/show/NCT00452582
http://clinicaltrials.gov/show/NCT00272454
http://clinicaltrials.gov/show/NCT00272454


REVIEWS Drug Discovery Today � Volume 12, Numbers 19/20 �October 2007

R
eview

s
�P

O
S
T
S
C
R
E
E
N

79 Ye, Y. et al. (2001) Development of rolipram-sensitive, cyclic AMP

phosphodiesterase (PDE4) in rat primary neuronal cultures. Brain Res. Dev. Brain

Res. 130, 115–121

80 Ye, Y. et al. (2000) Effects of repeated antidepressant treatment of type 4A

phosphodiesterase (PDE4A) in rat brain. J. Neurochem. 74, 1257–1262

81 O’Donnell, J.M. and Frith, S. (1999) Behavioral effects of family-selective

inhibitors of cyclic nucleotide phosphodiesterases. Pharmacol. Biochem. Behav. 63,

185–192

82 National Institute of Mental Health (NIMH). (2006-[cited July 10, 2007])

Antidepressant Effects on cAMP Specific Phosphodiesterase (PDE 4) in Depressed

Patients. ClinicalTrials.gov [Internet]. Bethesda (MD): National Library of Medicine

(US). Available from: http://clinicaltrials.gov/show/NCT00369798 NLM Identifier:

NCT00369798

83 Arancio, O. and Chao, M.V. (2007) Neurotrophins, synaptic plasticity and

dementia. Curr. Opin. Neurobiol. 17, 325–330

84 Senogles, S.E. (1994) The D2 dopamine receptor isoforms signal through distinct

Gi alpha proteins to inhibit adenylyl cyclase. A study with site-directed mutant Gi

alpha proteins. J. Biol. Chem. 269, 23120–23127

85 Burris, K.D. et al. (2002) Aripiprazole, a novel antipsychotic, is a high-affinity

partial agonist at human dopamine D2 receptors. J. Pharmacol. Exp. Ther. 302,

381–389

86 Gould, T.J. et al. (2004) Sensorimotor gating deficits in transgenic mice expressing

a constitutively active form of Gs alpha. Neuropsychopharmacology 29, 494–501

87 Kelly, M.P. et al. (2007) Constitutive activation of Galphas within forebrain

neurons causes deficits in sensorimotor gating because of PKA-dependent

decreases in cAMP. Neuropsychopharmacology 32, 577–588

88 Maxwell, C.R. et al. (2006) Mice expressing constitutively active Gsalpha exhibit

stimulus encoding deficits similar to those observed in schizophrenia patients.

Neuroscience 141, 1257–1264

89 Kanes, S.J. et al. (2007) Rolipram: a specific phosphodiesterase 4 inhibitor with

potential antipsychotic activity. Neuroscience 144, 239–246

90 Siuciak, J.A. et al. (2007) Antipsychotic profile of rolipram: efficacy in rats and

reduced sensitivity in mice deficient in the phosphodiesterase-4B (PDE4B)

enzyme. Psychopharmacology (Berlin) 192, 415–424

91 Lewis, C.M. et al. (2003) Genome scan meta-analysis of schizophrenia and bipolar

disorder. Part II. Schizophrenia. Am. J. Hum. Genet. 73, 34–48

92 James, R. et al. (2004) Disrupted in Schizophrenia 1 (DISC1) is a

multicompartmentalized protein that predominantly localizes to mitochondria.

Mol. Cell Neurosci. 26, 112–122

93 Harrison, P.J. and Weinberger, D.R. (2005) Schizophrenia genes, gene expression,

and neuropathology: on the matter of their convergence. Mol. Psychiatry 10, 40–68

94 Millar, J.K. et al. (2000) Disruption of two novel genes by a translocation

co-segregating with schizophrenia. Hum. Mol. Genet. 9, 1415–1423

95 Blackwood, D.H. et al. (2001) Schizophrenia and affective disorders –

cosegregation with a translocation at chromosome 1q42 that directly disrupts
878 www.drugdiscoverytoday.com
brain-expressed genes: clinical and P300 findings in a family. Am. J. Hum. Genet.

69, 428–433

96 Millar, J.K. et al. (2005) DISC1 and PDE4B are interacting genetic factors in

schizophrenia that regulate cAMP signaling. Science 310, 1187–1191

97 Pickard, B.S. et al. (2007) The PDE4B gene confers sex-specific protection against

schizophrenia. Psychiatr. Genet. 17, 129–133

98 Clapcote, S.J. et al. (2007) Behavioral phenotypes of Disc1 missense mutations in

mice. Neuron 54, 387–402

99 Polesskaya, O.O. et al. (2007) Chronic nicotine doses down-regulate PDE4 isoforms

that are targets of antidepressants in adolescent female rats. Biol. Psychiatry 61,

56–64

100 Siuciak, J.A. et al. (2006) Inhibition of the striatum-enriched phosphodiesterase

PDE10A: a novel approach to the treatment of psychosis. Neuropharmacology 51,

386–396

101 Rodefer, J.S. et al. (2005) PDE10A inhibition reverses subchronic PCP-induced

deficits in attentional set-shifting in rats. Eur. J. Neurosci. 21, 1070–1076

102 Kruuse, C. et al. (2001) The role of cGMP hydrolysing phosphodiesterases 1 and 5

in cerebral artery dilatation. Eur. J. Pharmacol. 420, 55–65

103 Davis, J.M. et al. (2003) A meta-analysis of the efficacy of second-generation

antipsychotics. Arch. Gen. Psychiatry 60, 553–564

104 Geddes, J. et al. (2000) Atypical antipsychotics in the treatment of schizophrenia:

systematic overview and meta-regression analysis. BMJ 321, 1371–1376

105 Ginsberg, D.L. et al. (2005) Optimizing treatment of schizophrenia. Enhancing

affective/cognitive and depressive functioning. CNS Spectr. 10, 1–13 [discussion

14–15]

106 Zhang, H.T. et al. (2000) Inhibition of cyclic AMP phosphodiesterase (PDE4)

reverses memory deficits associated with NMDA receptor antagonism.

Neuropsychopharmacology 23, 198–204

107 Patil, C.S. et al. (2006) Modulatory effect of sildenafil in diabetes and

electroconvulsive shock-induced cognitive dysfunction in rats. Pharmacol. Rep. 58,

373–380

108 Rutten, K. et al. (2005) The selective PDE5 inhibitor, sildenafil, improves object

memory in Swiss mice and increases cGMP levels in hippocampal slices. Behav.

Brain Res. 164, 11–16

109 Devan, B.D. et al. (2006) Phosphodiesterase inhibition by sildenafil citrate

attenuates a maze learning impairment in rats induced by nitric oxide synthase

inhibition. Psychopharmacology (Berlin) 183, 439–445

110 Zhang, R.L. et al. (2006) Delayed treatment with sildenafil enhances neurogenesis

and improves functional recovery in aged rats after focal cerebral ischemia.

J. Neurosci. Res. 83, 1213–1219

111 Zhang, L. et al. (2006) Tadalafil, a long-acting type 5 phosphodiesterase isoenzyme

inhibitor, improves neurological functional recovery in a rat model of embolic

stroke. Brain Res. 1118, 192–198

112 Erceg, S. et al. (2005) Restoration of learning ability in hyperammonemic rats by

increasing extracellular cGMP in brain. Brain Res. 1036, 115–121

http://clinicaltrials.gov/show/NCT00369798

	Outline placeholder
	Introduction
	Phosphodiesterase and dementia/cognition
	Neuroprotection and dementia
	Phosphodiesterase and depression
	Phosphodiesterase and schizophrenia
	Limitations
	Conclusions/future directions
	Acknowledgements
	References


