Chapter 15

Targeting Phosphodiesterases

in Pharmacotherapy for Substance
Dependence

Rui-Ting Wen, Jian-Hui Liang, and Han-Ting Zhang

Abstract Substance dependence is a chronic relapsing brain disorder associated
with adaptational changes in synaptic plasticity and neuronal functions. The high
levels of substance consumption and relapse rate suggest more reliable medications
are in need to better address the underlying causes of this disease. It has been well
established that the intracellular second messengers cyclic AMP (cAMP) and cyclic
GMP (cGMP) and their signaling systems play an important role in the molecular
mechanisms of substance taking behaviors. On this basis, the phosphodiesterase
(PDE) superfamily, which crucially controls cyclic nucleotide levels by catalyzing
their hydrolysis, has been proposed as a novel class of therapeutic targets for sub-
stance use disorders. This chapter reviews the expression patterns of PDEs in the
brain with regard to neural structures underlying the dependent process and high-
lights available evidence for a modulatory role of PDEs in substance dependence.
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15.1 Introduction

Substance dependence, also known as drug addiction, is a chronic relapsing brain
disorder. It can be characterized by compulsive and repetitive use of alcohol, nico-
tine or other drugs of abuse despite negative consequences, as well as multiple
physical and psychological signs indicating tolerance and withdrawal (American
Psychiatric Association 2000; World Health Organization 2004). Misuse of sub-
stances constitutes one of the most serious public health issues worldwide, which
requires more reliable medical approaches to better control substance consumption
and the high relapse rates. Exploration into specific mechanisms of the dependent
process may contribute to uncover novel therapeutic targets for medication
development.

From a neurobiological perspective, dependence can be defined as an adaptive
state of the central nervous system (CNS) (Koob and Le Moal 1997; Koob 2003a).
This process is associated with abnormal synaptic plasticity and a series of neuronal
dysfunctions that possibly develop as early as the first exposure to addictive sub-
stances (Wang et al. 2014; Pandey et al. 2005a; Jing et al. 2011; Qin et al. 2013; Liu
et al. 2012; Luo et al. 2011). The best established molecular mechanism of the
adaptational changes in individual neuron involves dysregulated intracellular signal
transduction, especially in the second messengers cyclic AMP (cAMP) and cyclic
GMP (cGMP) as well as their signaling systems (Peregud et al. 2013; Pandey et al.
2005a; Nestler 2004; Javadi et al. 2013). Accumulating evidence indicates that
altered activity of cAMP and/or cGMP signaling plays an important role in the
motivational aspects, rewarding properties, and relapsing features of substance tak-
ing behaviors (Pandey et al. 2001, b; Wen et al. 2015; Kleppisch and Feil 2009).

Intracellular cAMP and cGMP signal transduction is triggered by elevated levels
of cAMP and cGMP, which are generated by adenylyl cyclase (AC) and guanylyl
cyclase (GC), respectively. However, the concentrations of these cyclic nucleotides
are crucially determined by the activity of phosphodiesterases (PDEs), which repre-
sent the only known enzyme superfamily that catalyze the hydrolysis of cAMP and
c¢GMP. PDEs have been studied for about six decades and consist of more than 100
different protein products transcribed from at least 21 genes in human genome
(Lugnier 2006). All PDE isoforms can be identified in 11 families (PDE 1-11)
according to their structural and functional characteristics (Lugnier 2006; Bender
and Beavo 2006), and are classified into three groups based on their substrates:
cAMP-specific PDEs (PDE4, PDE7, PDES), cGMP-specific PDEs (PDES5, PDE®,
PDED9), or dual substrate PDEs (PDE1, PDE2, PDE3, PDE10, PDE11). Most mam-
malian cell types express PDEs. In the CNS, which contains all the PDE isoforms
(Menniti et al. 2006), the activity of PDEs have been reported as essential regulators
for multiple CNS functions, including synaptic plasticity (Sanderson and Sher
2013), learning and memory (Blokland et al. 2006; Rose et al. 2005). Based on the
significant involvement of cAMP and cGMP signaling in the key features of sub-
stance taking behaviors, PDEs have been proposed as potential therapeutic targets
for substance use and abuse (Logrip 2015; Mu et al. 2014; Lai et al. 2014; Thompson
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et al. 2004; Iyo et al. 1995; Wen et al. 2015). This chapter provides an overview of
PDE expression profiles in the brain with regard to neural structures underlying the
dependent process and highlights recent evidence that implicates a regulatory role
of PDEs in substance dependence.

15.2 Neural Structures Underlying Substance Dependence

Neurobiological responses to addictive substances involve complex interactions
between different parts of the CNS (Daglish et al. 2005). Although differing in pri-
mary actions on the brain, addictive substances are likely to share similar neural
mechanisms underlying their rewarding properties and dependent process (Li et al.
2008; Nestler 2005). The limbic corticostriatal circuitry, consisting of neural circuit
across multiple limbic cortical brain regions, has been considered as the key neural
system mediating the motivation, rewarding, and behavior response to substances of
abuse (Lingford-Hughes et al. 2010). The development of dependence can be seen
as a dysfunction of these processes. Among the key brain structures in this circuitry,
the nucleus accumbens (NAc), ventral tegmental area (VTA), amygdala, and hip-
pocampus are of most importance to the dependent process. Their general function
and neurochemical modulation will be briefly discussed here.

In the initial steps of dependent behaviors, psychoactive substances exert their
euphoric and rewarding effects mainly through activation of the mesolimbic dopa-
minergic system, which begins in the VTA of the midbrain and projects to the NAc
and prefrontal cortex (Moore and Bloom 1978). Preclinical studies have shown that
increased dopamine (DA) release in the NAc represents the primary regulator of
rewarding properties for nearly all substances of misuse (Hyman and Malenka
2001; Chao and Nestler 2004; Imperato and Di Chiara 1986). This up-regulation of
DA levels can be attributed to stimulation of dopaminergic neurons in the VTA (e.g.
opiates, alcohol), DA reuptake blockade in the NAc (e.g. cocaine), or blockade
combined with DA release from neuronal terminals (e.g. amphetamine) (Lingford-
Hughes et al. 2010). The NAc can be divided into core (NAcC) and shell (NAcSh)
subregions based on different morphology and functions (Heimer et al. 1991). The
NAcC, which is linked to the caudate putamen and substantia nigra, is involved in
motor function that facilitates reward acquisition (Heimer et al. 1997). However, the
NAcSh shares similar afferent projections and neurochemical modulation with the
central nucleus of the amygdala (CeA), leading to its inclusion in the “extended
amygdala” (EA) structure (Koob 2003a). Addictive substances usually cause higher
DA release in the NAcSh than in the NAcC (Zocchi et al. 2003). Therefore, the
NAc, especially the NAcSh, takes part in the initial positive reinforcement of addic-
tive substance exposure, contributing to habit-forming patterns of substance use.

Studies to date indicate that, despite positive reinforcing properties of addictive
substances, the anhedonic or dysphoric states (e.g. anxiety, depression) derived
from pre-existing conditions or substance withdrawal are also implicated as a nega-
tive reinforcer in substance use and abuse (Koob 2003b; Thompson et al. 2012;
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Koob and Kreek 2007). Continuous substance consumption or relapse is considered
as a way to alleviate these aversive conditions (Koob et al. 1993; Pandey 2003). The
amygdala appears to be closely involved in modulating the negative emotional
states (Koob et al. 1998; Pandey 2004). The interconnected nuclei of the amygdala
can be grouped into the central, medial, and basolateral divisions, each with differ-
ent afferent and efferent projections (Pitkanen et al. 1997). The central and medial
amygdala (CeA and MeA, respectively), which represent major components of the
EA structure, are shown to be critical for the innate and withdrawal-induced dys-
phoric reactions, especially anxiety-like behaviors (Koob et al. 1998; Moonat et al.
2010). Dysregulated neural functions in the CeA and MeA can offer genetic predis-
position to excessive substance use in animal models (Moonat et al. 2013; Pandey
et al. 2005a, b; Prakash et al. 2008). On the other hand, the basolateral nuclei of
amygdala (BLA) is necessary for motivational value or sensory specific properties
of substance reinforcers (Fuchs and See 2002; Fuchs et al. 2006). Lesions of the
BLA disrupt drug-seeking behavior in rodent models (Fuchs and See 2002; Meil
and See 1997). Moreover, the nonadrenergic nucleus of locus coeruleus (LC) is
specifically involved in the development of opiate dependence and withdrawal.
Biochemical changes in LC regulate chronic actions of opiates and attenuate somatic
signs of opiate withdrawal symptoms (Han et al. 2006; Lane-Ladd et al. 1997,
Punch et al. 1997; Guitart et al. 1992).

The hippocampus is an important brain structure for declarative memory, i.e.
memory of events and facts. To some extent, physical and psychological depen-
dence to addictive substances can be conceptualized as maladaptive memories
obtained from repeated substance exposure (Milton and Everitt 2012). It has been
well-established that exposure to contexts previously associated with drug use can
promote relapse in both human and animal models (O’Brien et al. 1992; Kearns and
Weiss 2007). Inactivation of the dorsal hippocampus leads to reduction in the
context-induced reinstatement of drug seeking in rodents (Fuchs et al. 2007; Fuchs
et al. 2005). Meanwhile, neurogenesis in the hippocampus has been shown to allevi-
ate anxiety and depression, two important factors that can promote substance taking
behaviors (Li et al. 2009; Li et al. 2011).

15.3 Biodistribution of PDEs in the Brain

In situ hybridization is widely used in examining mRNA expression of a single PDE
subtype in different brain regions, and shows more consistent results than immuno-
histochemistry detecting PDE protein expression (Bender and Beavo 2006). The
later application of quantitative real-time polymerase chain reaction (RT-PCR) has
enabled quantitative comparison of the expression levels for all PDEs in different
tissues (Lakics et al. 2010). Available data shows that PDEs are widely distributed
in the brain in a tissue- and cell-specific manner, and their expression patterns are
distinct among different subtypes.
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15.3.1 cAMP-Specific PDEs

Among the 11 PDE families, PDE4 is most important in the control of intracellular
cAMP (Zhang 2009). There are four subtypes (PDE4A, 4B, 4C, and 4D) and at least
25 different splice variants of PDE4, among which PDE4B is most highly expressed
across the human brain (Lakics et al. 2010). PDE4B is abundantly expressed in the
cortex, amygdala, striatum, hippocampus, hypothalamus, and cerebellum, suggest-
ing its possible role in DA-associated and emotion-related processes (Zhang 2009).
PDE4A and PDE4D share a similar distribution pattern with PDE4B but at lower
expression levels in DA-enriched brain regions. Relative abundant expression of
PDE4D in area postrema and nucleus of solitary tract may account for the side
effects of nausea and emesis associated with PDE4 inhibitor treatment (Perez-
Torres et al. 2000). In contrast to these PDE4 subtypes, PDE4C is predominantly
located in peripheral tissues, with little CNS functions.

The PDE7 family is encoded by two genes, PDE7A and 7B. Relatively low lev-
els of PDE7 mRNA are detected in the hippocampus, cortex, striatum, and hypo-
thalamus, with PDE7B as the major isoform (Reyes-Irisarri et al. 2005; Lakics et al.
2010). PDE7B has a very selective and high expression in the Purkinje cells.

PDES expression is detected throughout the human brain, albeit at relative low
levels. PDES has two subtypes, PDESA and 8B. PDE8A mRNA levels are similar
to PDESB in the cerebellum, thalamus, and substantia nigra, but lower in all other
CNS tissues. To date, no data regarding the effects of PDES inhibitors have been
reported.

15.3.2 c¢GMP-Specific PDEs

PDESA, the only isoform of PDES, is expressed in cerebellar Purkinje neurons. Its
expression level appears to be very low in the human brain compared with other PDEs.
PDESG expression is restricted to the retina and pineal gland and appears to play
no direct role in neural functions (Bender and Beavo 2006).
Moderate levels of PDE9A mRNA are present in cerebellar Purkinje cells, hip-
pocampus, hypothalamus, and substantia nigra. A selective PDE9 inhibitor has been
shown to improve learning and memory in rodents (van der Staay et al. 2008).

15.3.3 PDEs with Dual Enzyme Specificity

Three subtypes of PDE1 (PDE1A, 1B, and 1C) have been shown to exhibit compa-
rable distribution patterns in the human brain, with PDE1A expressed at the lowest
levels. PDE1B and PDEIC are highly distributed in the cortex, hippocampus, stria-
tum, substantia nigra, and cerebellum. PDE1B is the most prevalent PDE isoform in
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the NAc, while PDE1B together with PDE10A is the most abundant in the caudate
nucleus. The high levels of PDEIB in the caudate putamen and NAc indicate its
possible enrollment in rewarding and motivational behaviors. Compared to PDE1B,
PDEI1C has much higher expression levels in the substantia nigra and hypothalamus
and similar expression levels in the cortex, hippocampus, and cerebellum.

PDE2A is found highly expressed across the human brain. It represents the most
prevalent PDE in hippocampal and cortical regions and second highest in the NAc,
supporting its role in learning, memory, and rewarding properties (Boess et al. 2004).

PDE3 is comprised of PDE3A and PDE3B. It shows relatively high levels only
in the cerebellum, with negligible expression in other parts of the brain.

PDE10A shows high levels of expression in the striatum, substantia nigra, cere-
bellum, and hypothalamus. In the caudate nucleus, it is one of the two most preva-
lent PDE, the other being PDE1B. Selective inhibition of PDE10 has been shown to
exhibit antipsychotic activity in rodent models, indicating therapeutic potential of
PDEI10 inhibitors in schizophrenia (Siuciak et al. 2006; Schmidt et al. 2008).

PDEL11 is the most recently described PDE family, with PED11A being the only
isoform. PDE11A is present at particularly low levels in most brain regions in
human except the dorsal root ganglia.

The distinct distribution patterns and substrate-specific modulation of PDE iso-
enzymes indicate their potential regulation of different neural functions. Therapeutic
effects may be achieved via chemical or biological manipulation of specific PDE
isoforms, although studies regarding their CNS functions are needed for further
demonstrations.

15.4 Cyclic Nucleotide Signaling in Substance Dependence

The main cellular signal pathways sensitive to PDE regulation are the second mes-
senger cCAMP and cGMP signal transduction together with the cyclic nucleotide-
gated ion channels (Podda and Grassi 2014). In the cAMP signal system, AC
catalyzed cAMP generation is functionally coupled to multiple neuronal receptors
via guanine nucleotide binding proteins (G proteins). Elevated cAMP levels ulti-
mately lead to phosphorylation of the gene transcription factor cAMP response
element-binding protein (CREB) via cAMP-dependent protein kinase (PKA).
CREB occupies a central position for the interaction of multiple intracellular signal
cascades, including the signal pathways from Ras to extracellular regulated kinases
(ERK1/2) and p38 mitogen activated protein kinase (MAPK) (Impey et al. 1999;
Mayr and Montminy 2001; Lonze and Ginty 2002). Phosphorylated CREB (pCREB)
regulates gene expression by binding to the cAMP response element (CRE) region
in the promoter regions of their target genes (Shaywitz and Greenberg 1999). The
above impacts of the cAMP signaling render it a critical modulator in experience-
based neuroadaptations. On the other hand, intracellular cGMP is synthesized by
cytosolic soluble guanylyl cyclases (sGCs) and membrane-bound particulate gua-
nylyl cyclases (pGCs) in response to nitric oxide (NO) and natriuretic peptides
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(NP), respectively. Elevated cGMP levels activate cGMP-dependent protein kinase
(PKG) and alter cellular functions via phosphorylation of substrate proteins. In
comparison with PKA, PKG plays only a minor role in the regulation of CRE-
dependent gene transcription (Collins and Uhler 1999). However, both cAMP- and
cGMP-mediated signals have been shown to play an integral role in patterning
behavior responses to substance exposure.

15.4.1 cAMP Signal Transduction

Signal transduction triggered by cAMP, Ca?*, neurotrophic factors, or other cellular
stimuli ultimately culminates in specific gene expression patterns via CREB phos-
phorylation or dephosphorylation (Xing et al. 1998; Impey et al. 1999; Lonze and
Ginty 2002). For addictive substances with primary actions on G protein coupled
receptors (GPCRs) (e.g. opiates and cannabis), stimulatory or inhibitory G-proteins
(Gs or Gi, respectively) mediates their post-receptor actions via CREB phosphory-
lation or dephosphorylation. Likewise, substances with primary actions on other
types of targets (e.g. alcohol and cocaine) also induce functional changes in cAMP
signal system. Since CREB has been implicated in the expression of many immedi-
ate early genes (e.g. c-fos) and neuropeptide genes [e.g. neuropeptide Y (NPY)],
CREB phosphorylation may be an important early nuclear event mediating long-
term consequences of substance use and abuse. Moreover, DA represent the com-
mon modulator for euphoric effects of most addictive substances, with its D, (D1,
D5)- and D, (D2, D3 and D4)-like receptors all coupled to G proteins (Hopf et al.
2003; Kebabian and Greengard 1971). On these grounds, it is hypothesized that the
cAMP signaling represents a common route for intracellular actions induced by
addictive substances in the CNS (Table 15.1).

The three types of opioid receptors (j, 6, and ) all belong to the GPCR super-
family. Opiates mainly act on the p-opioid receptors (MORs) which are negatively
coupled to AC-activated cAMP generation via inhibitory Gi proteins (Childers
1991). Acute morphine exposure in vitro down-regulates cAMP signal transduction
in neurons and brain tissues of the striatum, frontal cortex, LC, and dorsal raphe
(Kaplan et al. 1998; Duman et al. 1988). Compounds that increase intracellular
cAMP levels attenuate morphine-induced discriminative-stimulus effects in the rat
models, indicating they decrease the reinforcing properties of morphine (Yan et al.
2006). On the contrary, chronic opiate exposure leads to a compensatory up-
regulation of the cAMP signaling in a brain region-specific manner (Nestler and
Aghajanian 1997; Kaplan et al. 1998; Duman et al. 1988). The LC and dorsal root
ganglion/spinal cord exhibit enhanced levels of AC and PKA after chronic mor-
phine exposure, while the NAc and amygdala show increased AC and PKA activity,
and the thalamus shows increased PKA activity only (Nestler 2015; Kaplan et al.
1998; Duman et al. 1988). Activated cAMP transduction is also detected following
opiate removal or naloxone administration, which may contribute to features of
withdrawal (Kaplan et al. 1998; Guitart et al. 1992). Decreased CREB levels in the
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Table 15.1 Main types of addictive substances and their impact on cAMP signal transduction

cAMP signal transduction
Primary action Acute Chronic
Category Substances target exposure | exposure | Withdrawal
Opiates Morphine MOR (GPCR) | 1 1
Heroin MOR (GPCR) 1 1
Cannabis CBI1 receptor | 111
(GPCR)
Sedatives Alcohol GABA/glutamate | - "
receptor
Stimulants Amphetamine 1 1 |
Methamphetamine 1 1 171
Cocaine DA transporter 1 171 11
Nicotine N-AChR - | 11

1 increase in levels or function,| decrease in levels or function, — remain unchanged, MOR
p-opioid receptor, GPCR G-protein coupled receptor, GABA y-aminobutyric acid, N-AChR nico-
tinic acetylcholine receptor

LC via genetic CREB knockout or knockdown attenuate the severity of opiate with-
drawal symptoms (Lane-Ladd et al. 1997; Punch et al. 1997; Maldonado et al. 1996;
Han et al. 2006). Thus, alterations in the cAMP pathway are involved in both the
acute reinforcing effects of and long-term adaptive responses to opiate exposure
(Lane-Ladd et al. 1997; Punch et al. 1997), supporting a crucial role of the cAMP
signals in opiate dependent process. Similar cAMP modulation is observed with
heroin. In rodents exhibiting heroin-seeking behaviors, activated cAMP signaling
can reduce the rewarding properties of heroin (Sun et al. 2015). Chronic heroin
treatment increases AC activity, cCAMP generation and CREB phosphorylation in
the rat NAc, while spontaneous withdrawal increases pCREB in the caudate puta-
men (Jiang et al. 2012; Edwards et al. 2009). Agents that inhibit cCAMP signal trans-
duction alleviate heroin withdrawal symptoms (Jiang et al. 2012). However, in
humans, chronic heroin consumption leads to decreased amount and activity of AC
in the temporal cortex (TC), but not the NAc, of heroin addicted brains, indicating a
down-regulating mechanism of cAMP signaling (Shichinohe et al. 2001; Shichinohe
et al. 1998).

The endogenous cannabinoid (CB) receptors, including CB1, CB2 receptors,
and GPRS55, are all functionally coupled to G proteins (Baker et al. 2006; Munro
etal. 1993). Upon cannabis derivative binding, CB receptors negatively regulate AC
activity and inhibit cAMP signal transduction via Gi proteins. CB1 (the brain type)
receptors, with confined expression on presynaptic terminals, represent the predom-
inant type of CB receptors expressed in the CNS, while CB2 (the peripheral type)
receptors are mainly located in leukocytes of peripheral tissues (Pertwee et al.
2010). Activation of CB1 receptors usually causes inhibition of neurotransmitter
release. The reduction of inhibitory neurotransmitters, such as y-aminobutyric acid
(GABA), is critically responsible for stress and reward mechanisms related to can-
nabis dependence.
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Alcohol has many different effects on the CNS. The pleasurable effects are
thought to be mediated via MORs in the VTA, while other effects, such as ataxia,
sedation and anxiolysis, are mediated through the GABA-benzodiazepine receptor
complex (Lingford-Hughes et al. 2010). Acute ethanol exposure causes activation in
cAMP signal transduction both in vitro (Asher et al. 2002; Constantinescu et al.
2002; Gordon et al. 1986) and in vivo (Asyyed et al. 2006; Yang et al. 1996), which
might be attributed to stimulation in AC activity (Nelson et al. 2003; Yoshimura and
Tabakoff 1995). Among the nine membrane-bound AC isoforms (AC1-9), the activ-
ity of AC7 is most sensitive to ethanol exposure with 2-3 fold greater cAMP genera-
tion than other isoforms (Yoshimura and Tabakoff 1995; Yoshimura and Tabakoff
1999). On the other hand, chronic ethanol treatment attenuates acute ethanol induced
rapid increase in cAMP signal transduction. Decreased cAMP signaling is detected
in the mouse cortex (Saito et al. 1987) and hippocampus (Valverius et al. 1989) as
well as in the rat cerebellum (Yang et al. 1996, Yang et al. 1998a, b) and striatum
(Yang et al. 1998a, b) after long-term alcohol exposure. It should be noted that
chronic voluntary ethanol intake decreases CREB phosphorylation in the NAcSh,
but not the NAcC, in rats (Li et al. 2003; Misra et al. 2001). Down-regulated cAMP
signaling is also found in the rat cortex and CeA in response to ethanol withdrawal,
while CREB phosphorylation and CRE-DNA binding ability in the cortical struc-
ture remain unaffected during long-term ethanol exposure (Pandey et al. 2001a, b;
Pandey et al. 2003; Pandey et al. 1999a, b). In contrast, hippocampal pCREB levels
in the rat brain are increased during ethanol withdrawal after being decreased by
chronic ethanol treatment (Bison and Crews 2003). Thus, different neurons or brain
regions may differ in intracellular cAMP signal transduction in response to ethanol
exposure, which ultimately results in distinct alcohol-induced effects.

In addition to mediating the intracellular actions of alcohol, key elements of the
cAMP signaling have been proposed to act as genetic factors for the predisposition
and modulation of alcohol tolerance and dependence. AC1 and AC8 are the only AC
isoforms primarily activated by calcium through activation of calmodulin. Decreased
ACI1 levels have been found in cortical structures of postmortem brains from clini-
cal alcoholic patients who have been abstinent from alcohol for at least 6 months
(Sohma et al. 1999; Hashimoto et al. 1998). The subsequent RT-PCR analysis has
shown that mRNA levels of AC1 and ACS are lower in blood cells of alcoholics with
a positive family history compared to non-drinker controls (Sohma et al. 1999). In
preclinical studies, Muglia and colleagues have demonstrated that AC1 knockout
mice display enhanced sensitivity to ethanol-induced sedative effect, while AC8
knockout lead to decreased voluntary ethanol intake (Maas et al. 2005). In contrast,
mice lacking AC5 display increased ethanol intake and preference as well as reduced
sensitivity to ethanol sedation (Kim et al. 2011). The opposite modulation pattern of
ACS compared with AC1 and AC8 may be attributed to its different brain distribu-
tion feature. AC5 shows a preferential concentration in the dorsal striatum and NAc
(Kim et al. 2008), while calmodulin-sensitive AC1 and ACS8 are predominantly
expressed in olfactory system and neocortex (Muglia et al. 1999; Xia et al. 1991).
On the other hand, Pandey and colleagues have found that CREB, pCREB, and
downstream NPY expression are innately lower in the NAcSh, but not in the NAcC,
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of alcohol-preferring C57BL/6 (C57) mice compared to non-preferring DBA/2
(DBA) mice (Misra and Pandey 2003; Belknap et al. 1993). Similarly, levels of
CREB and pCREB have been shown to be lower in the CeA and MeA, but not in the
BLA, in alcohol-preferring (P) rats compared with non-preferring (NP) rats.

A major negative reinforcer of alcohol use and abuse is anxiety. Correspondingly,
brain-region specific deficits of CREB function mentioned in the preceding para-
graph correlated with anxiety-like behavior and higher alcohol preference in P rats
(Pandey et al. 2005a, b; Pandey et al. 1999a, b). Pandey and co-workers have shown
increased anxiety-like behavior and higher ethanol preference in CREB-
haplodeficient mice compared to wild-type littermates (Pandey et al. 2004); they also
demonstrated that infusions of the PKA inhibitor Rp-cAMP into the CeA inhibited
CREB phosphorylation provoked anxiety-like behavior and increased ethanol con-
sumption in NP rats (Pandey et al. 2005a, b). In contrast, acute ethanol treatment via
voluntary intake or systemic injections increases pCREB levels and produce anxio-
lytic-like effects in P rats, but not in NP rats. Pharmacological activation of CREB
signaling in the CeA by the PKA activator Sp-cAMP or NPY decreases both anxiety
levels and ethanol consumption in P rats. These results suggest an important role of
CREB function in anxiety-like and alcohol drinking behaviors. In addition to being
associated with an innately higher alcohol preference, anxiety is involved in with-
drawal symptoms. Sprague-Dawley (SD) rats withdrawn from ethanol after chronic
exposure display anxiety-like behavior, which is correlated with decreased levels of
pCREB and NPY in the CeA or MeA, while expression of total CREB remains
unchanged (Pandey et al. 2003). Infusions of Sp-cAMP directly into the CeA increase
pCREB and NPY expression to normal levels, and prevent the development of anxi-
ety-like behavior in response to abstinence in SD rats. In contrast, Rp-cAMP infu-
sions into the CeA decrease CREB phosphorylation and provoke anxiety and
increase alcohol preference in normal SD rats (Pandey et al. 2003). Taken together,
these results suggest the activity of cAMP signaling is negatively related to alcohol
drinking behavior. Deficits of CREB activation in the NAc and/or CeA, either
innately or due to alcohol withdrawal, may promote alcohol intake; blocking these
deficits may decrease alcohol consumption and prevent alcohol addiction.

Although psychostimulants, such as amphetamine, cocaine, and nicotine, don’t
directly act on GPCRs, altered cAMP signal transduction is also found as neuronal
response to these drug exposure. Acute and chronic amphetamine treatment causes
increased CREB phosphorylation and CRE-mediated transcription in rodent striatum
and primary striatal cultures (Konradi et al. 1994; Turgeon et al. 1997; Shaw-Lutchman
et al. 2003; Cole et al. 1995). CREB has also been shown to be necessary for amphet-
amine induced c-fos gene expression and possibly the long-term adaptive responses of
amphetamine administration (Konradi et al. 1994). Similar modulatory patterns have
also observed following methamphetamine exposure. Extended access to metham-
phetamine self-administration causes increased stiatal and hippocampal CREB phos-
phorylation and downstream gene expression in rat models (Krasnova et al. 2016; Liu
et al. 2014). Likewise, both acute and chronic cocaine treatment results in increased
cAMP generation and signal transduction in the NAc neurons of rats (Terwilliger et al.
1991; Zhdanova and Giorgetti 2002). However, continuous intracerebroventricular
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(ICV) infusions of cocaine decreases CREB phosphorylation in the rat caudate puta-
men (Di Benedetto et al. 2007), indicating a brain region-specific pattern of cocaine
action on cAMP signaling. Chronic intermittent administration of psychostimulants,
such as cocaine and amphetamine, can produce a sensitized behavioral response char-
acterized by locomotor hyperactivity and stereotyped behavior in rodent models (Post
and Rose 1976). This behavioral sensitization involves the changes in mesolimbic DA
systems (Heidbreder et al. 1996; Parsons and Justice 1993; Post and Rose 1976), and
is thought to underlie drug craving and relapse (Steketee 2005). Pretreatment with
selective AC activator in the VTA induces sensitization to the locomotor stimulant
effects of amphetamine and cocaine, while intra-VTA microinjection of PKA inhibi-
tor blocks amphetamine-induced behavioral sensitization (Tolliver et al. 1996).
Similarly, concurrent intra-NAc injection of §-bromo-cAMP, an analogue of cAMP
which activates PKA, increases locomotor activity in responses to acute cocaine expo-
sure and the subsequent challenge (Miserendino and Nestler 1995). Moreover,
repeated ICV injection of forskolin, a direct AC activator, enhances behavioral sensi-
tization to systemic cocaine administration in rats (Schroeder et al. 2004). These find-
ings suggest that enhanced cAMP signal transduction can potentiate the sensitizing
effects of psychostimulants and may underlie a molecular mechanism for the develop-
ment of behavioral sensitization. Similar with the case in alcohol dependence, down-
regulation of CREB-mediated signal transduction via overexpression of a
dominant-negative mutant CREB in the NAcSh decrease the threshold of cocaine to
induce conditioned place preference (CPP) in rat models; conversely, up-regulated
CREB signaling by CREB overexpression in the NAcSh increases cocaine doses to
induce CCP and makes low doses of this drug aversive (Carlezon et al. 1998). These
results indicate that innate levels of CREB signal transduction in the NAcSh play a
critical role in regulating rewarding properties of cocaine. Finally, acute nicotine
administration activates neuronal nicotinic acetylcholine receptors (nAChRs), which
belong to the ligand-gated ion channel receptor family, but exhibits no impact on PKA
activity; whereas chronic nicotine exposure results in nAChR desensitization and
decreased PKA activity in the rat brain, suggesting inhibited PKA signaling may be
responsible for nicotine tolerance and dependence (Sun et al. 2004).

In summary, the cAMP/PKA/CREB signal pathway is prominently involved in
rewarding properties and neuroadaptational responses to addictive substances.
Activation of this signaling is considered as an important compensatory mechanism
to decrease the motivational properties of drugs of abuse.

15.4.2 c¢GMP Signal Transduction

Although relatively fewer studies have investigated the involvement of cGMP-mediated
signaling in substance use and abuse, components of this signal system may also play
a role in the neuronal adaptations and behavioral responses to multiple substances.
Most of the cGMP effects are mediated via activation of PKG and its effects on subse-
quent targets. In the CNS, the canonical NO/sGC/cGMP/PKG pathway modulates
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long-term changes in synaptic activity and contributes to many forms of learning and
memory processes (Kleppisch and Feil 2009). Studies have shown that cGMP reduces
DA release in cells and in brain regions related to addictive behaviors in animal models
(Samson et al. 1988; Guevara-Guzman et al. 1994; Thiriet et al. 2001).

Activated ¢cGMP signal transduction via in situ injection of cGMP-elevating
agents in the median prefrontal cortex, but not the NAc, reduces intravenous cocaine
self-administration (Deschatrettes et al. 2013). Besides, stimulation of cGMP sig-
naling in the VTA decreases cocaine-induced locomotor hyperactivity and relative
gene expression in dopaminergic brain regions. This effect is reversed by pretreat-
ment with a selective PKG inhibitor (Jouvert et al. 2004). However, systemic
increases in NO or cGMP availability promote cocaine-induced behavior sensitiza-
tion and hippocampal long-term potentiation (LTP) (Gabach et al. 2013). These
results indicate that cGMP signaling pathway may have brain region- or system-
specific effects on neuroadaptation and behavioral response to cocaine.

Chronic ethanol exposure increases cGMP levels in the rat cortex, striatum, and
hippocampus, while cessation of this treatment decreases cortical and striatal cGMP
to normal levels (Uzbay et al. 2004). Consistent with previous studies implicating
c¢GMP signaling in the modulation of anxiety (Li et al. 2005; Volke et al. 2003),
PKG type II knockout mice show increased anxiety-like behaviors, reduced etha-
nol’s sedative effects, and potentiated voluntary alcohol consumption (Werner et al.
2004). Conversely, pharmacological activation of cGMP signaling in either the VTA
or the prefrontal cortex reduces alcohol deprivation and causes higher ethanol
intake, an effect that can be reversed by PKG inhibition (Romieu et al. 2008). Thus,
the activity of cGMP signaling is negatively correlated to alcohol-drinking behav-
iors in a way similar to cAMP signaling.

The cGMP signaling pathway has also been implicated in morphine and nicotine
use. In an electrophysiological study, GC activation has been shown to initiate a novel
form of LTP in GABA-mediated synaptic transmission. Morphine exposure in vitro
and in vivo prevented this type of LTP by inhibiting presynaptic glutamate release or
interrupting the signaling from NO to GC, respectively, indicating the involvement of
c¢GMP signaling in neuroadaptations to opioid drugs (Nugent et al. 2007). In addi-
tion, opiate withdrawal studies have shown selective sGC inhibition suppressed the
behavioral signs of morphine withdrawal precipitated by naloxone (Sullivan et al.
2000). With regards to nicotine, a genome wide study has identified an association of
the human PKG type I gene with nicotine dependence (Uhl et al. 2007).

15.5 Role of PDEs in the Process of Substance Dependence

The crucial involvement of cAMP and cGMP-mediated signals in substance depen-
dence raises the possibility of their essential modulators, PDEs, as potential thera-
peutic targets for the treatment of this disease. As the brain expression profile and
substrate specificity are distinct among PDE isoforms, it is hypothesized that more
than one PDE may be involved in the dependent process. Available evidence has
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revealed the enrollment of several subtypes of PDEs in substance dependent animal
models (Table 15.2). However, further studies are still needed to verify their modu-
latory mechanism and the functional roles of other PDEs in substance related
disorders.

15.5.1 PDEI

The PDEI family consists of three subtypes of dual-substrate PDEs, which are acti-
vated by calcium and calmodulin (Bender and Beavo 2006). With high expression
level in the striatum as well as the regulation of both cAMP and cGMP signaling,
PDEI has been proposed to play a role in substance dependent behaviors. However,
the selective PDEI inhibitor vinpocetine showed no significant effect on alcohol
intake in the two-bottle choice test via systemic administration (Blednov et al.
2014). Microinjections of the PDEI inhibitor into drug dependence-related brain
nuclei may aid to better determine whether PDE1 modulates substance actions in
the CNS. Nevertheless, it is noteworthy that vinpocetine shows cognitive-enhancing
effects by facilitating LTP (Molnar and Gaal 1992) and improving memory consoli-
dation (Deshmukh et al. 2009) in rodent models. Furthermore, it ameliorates learn-
ing and memory impairment in rodents exposed to alcohol during fetal development
(Filgueiras et al. 2010). It remains to be studied whether this protective effect on
cognition is present against other substances or in adulthood as well.

15.5.2 PDE3

PDE3 is expressed at relatively low levels throughout the brain, and mainly known
for its cardiovascular modulations. Correspondingly, the PDE3 inhibitors milrinone
and olprinone show negative effects on alcohol intake when tested in the two-bottle
choice test (Blednov et al. 2014). Further studies are needed to detect the CNS
actions of PDE3.

15.5.3 PDE4

Widely distributed in the brain, the cAMP-specific PDE4 exhibits a multitude of
effects on the CNS. Pharmacological blockade or genetic knockout of PDE4 pro-
duces anti-depressive (Li et al. 2009; Zhang 2009; Zhang et al. 2002), anxiolytic
(Siuciak et al. 2007; Rutter et al. 2014; Ankur et al. 2013) and antipsychotic (Kelly
et al. 2007) effects; enhances LTP (Chen et al. 2010; Navakkode et al. 2004); and
improves performance in learning and memory (Barad et al. 1998; Rutten et al.
2008; Li et al. 2011; Zhang et al. 2000; Zhang et al. 2004). The ability of PDE4
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inhibition to ameliorate negative emotional state and improve memory performance
suggests that PDE4 may play a role in substance use disorders.

The functionalrole of PDE4 has first proved in animal models of methamphetamine-
induced behavioral sensitization (Nishikawa et al. 1983). This sensitization appears
to be mediated by enhanced DA efflux in mesolimbic and/or nigrostriatal DA sys-
tems (Kalivas and Stewart 1991; Akimoto et al. 1990). Co-administration of the
selective PDE4 inhibitor rolipram inhibits methamphetamine-induced locomotor
sensitization by increasing cAMP levels while not affecting DA release (Iyo et al.
1996). However, stereotyped behavior is not altered by rolipram, indicating PDE4
partly regulates behaviors related to hyperdopaminergic activity.

Consistently, rolipram co-administration prevents the development of locomotor
sensitization to cocaine, but has no effect on cocaine-induced activation of the ERK
transcriptional pathway in the NAc (Janes et al. 2009), which represents critical
neuroadaptation for cocaine-related behavioral plasticity (Girault et al. 2007; Valjent
et al. 2006). However, these results conflicts with the above mentioned findings
revealing that enhanced cAMP levels increase behavioral sensitization to cocaine
and amphetamine (Miserendino and Nestler 1995; Tolliver et al. 1996). These dis-
crepancies may be attributable to different experimental procedures of drug treat-
ment and behavior measurement procedures. In studies involving cocaine
self-administration, both rolipram and Ro 20-1724 prolong the latency for cocaine
self-administration and reduce the number of cocaine infusions (Knapp et al. 1999).
This suppression of cocaine-seeking behavior is consistent with the results obtained
from D1-like receptor agonists, indicating a negative modulatory influence of PDE4
inhibitors on motivational systems and mesolimbic dopaminergic neurotransmis-
sion. Moreover, intra-VTA or systemic injections of rolipram can attenuate the
acquisition, but not the expression, of cocaine-induced CPP (Thompson et al. 2004;
Zhong et al. 2012). Systemic rolipram administration shows no effect on the extinc-
tion of cocaine CPP (Liddie et al. 2012), but can increase c-fos expression in the
NAcSh, but not NAcC or caudate putamen (Thompson et al. 2004). Finally, intra-
NAc infusions of rolipram produce enhancement of the sensitivity of brain stimula-
tion reward (BSR) pathways, an effect that is potentiated when combined with
systemic cocaine administration (Knapp et al. 2001). On the contrary, systemic
administration of rolipram blocks the effects of BSR or raises BSR thresholds, indi-
cating a NAc-specific role of rolipram. The above results suggest that PDE4
inhibition can produce suppression in multiple behaviors related to cocaine expo-
sure possibly through activation of cAMP signaling in mesolimbic DA systems,
including the VTA and NAc.

Research regarding PDE4 functions in the development of morphine dependence
has been mainly focused on morphine withdrawal. Naloxone-participated with-
drawal symptoms following cessation of chronic morphine exposure are usually
associated with up-regulation of the cAMP and cGMP signal pathways as well as
immediate early gene expression in rodent models. Studies from Abe and co-
workers demonstrated that the elevated cAMP signaling following morphine with-
drawal may be attributed to lack of PDE4 activation (Kimura et al. 2006). A
combination of rolipram and morphine chronic treatment significantly reduces
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naloxone-precipitated withdrawal manifestations and prevents the increase in brain
c-fos gene expression in morphine dependent mice (Hamdy et al. 2001). Similar
results have also been observed in rat models. Co-administration of the PDE4 inhib-
itor rolipram or diazepam with morphine during the pre-treatment period signifi-
cantly reduces withdrawal symptoms as well as the enhanced noradrenaline turnover
and cAMP levels in the heart and hypothalamic paraventricular nucleus (PVN) of
rats (Gonzalez-Cuello et al. 2007; Nunez et al. 2009). However, cGMP levels are
not affected by these inhibitors, and c-fos expression is not modified in PVN either.
Besides its involvement in the long-term dependent process, PDE4-mediated cAMP
signaling has also been implicated in the establishment of reward valence to opiates.
Rolipram by systemic administration reduces the acquisition, but not the expres-
sion, of morphine-induced CPP by increasing c-fos expression in the NAcSh but not
NAcC (Thompson et al. 2004). Rolipram also decreases heroin-seeking behaviors,
which is correlated with the increases in CREB phosphorylation in the NAc of rats
(Lai et al. 2014).

Finally, PDE4 inhibitors have been shown to decrease alcohol seeking and con-
sumption behaviors. Our studies showed that, in C57BL/6J mice and FH/Wjd rats,
systemic administration of PDE4 inhibitors rolipram or Ro-20 1724 selectively
reduced ethanol intake without altering total fluid or water intake in the two-bottle
free-choice drinking paradigm (Hu et al. 2011; Wen et al. 2012). This inhibitory
effect on ethanol drinking seemed to mainly result from PDE4 regulation and less
likely to be related to taste preference, rolipram-induced sedation or nausea, or
interference in alcohol metabolism. These findings were later confirmed by a simi-
lar study examining the effects of several selective PDE4 inhibitors, including rolip-
ram, CDP840, piclamilast, and mesopram, in the two-bottle choice test (Blednov
et al. 2014). These agents all produce a suppression in ethanol intake of C57BL/6J
mice in both long-term and limited-access two-bottle choice drinking. Similar with
our results, the effect of single-dose rolipram, CDP840, or piclamilast only lasts for
the first 6 h, while mesopram exhibits a long-lasting reduction of ethanol intake.
Moreover, rolipram also selectively reduced operant ethanol self-administration
without altering sucrose or water seeking in FH/Wjd rats (Wen et al. 2012). All
these data strongly support a positive correlation of PDE4 activity with alcohol
dependent behaviors.

15.5.4 PDES

The cGMP-specific PDES is a single gene PDE family. Studies of PDESA have
mainly focused on its regulation of smooth muscle vasodilation by using selective
PDESA inhibitors, such as sildenafil, vardenafil, and tadalafil. With the significant
expression in cerebellar Purkinje cells, PDESA has been shown to modulate mem-
ory performance (Xuetal.2011) and produce antidepressant-like effects (Liebenberg
et al. 2010).
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As cGMP signaling may underlie many substance dependent processes, studies
have begun to test the efficacy of PDESA inhibitors in regulating addictive behav-
iors. PDESA blockade by sildenafil increases cGMP availability, potentiates behav-
ioral cocaine sensitization, and reduces threshold to generate hippocampal LTP
(Gabach et al. 2013), a regulation pattern opposite to PDE4. Zaprinast, another
PDESA inhibitor, reduces intravenous cocaine self-administration by rats when
injected into the prefrontal cortex, but not the NAc (Deschatrettes et al. 2013),
which might involve epigenetic modulation in dopaminergic brain regions.
Noteworthy, however, though zaprinast has the highest selectivity for PDESA, it
may also elicit effects through inhibition of PDE1, 9, 10 and 11 (Bender and Beavo
2006). Thus, while mainly targeting cGMP hydrolysis, it may also increase cAMP
levels to some extent.

15.5.5 PDE9A

Along with high expression in the hippocampus, the expression of cGMP-specific
PDEOYA is also strong in cerebellar Purkinje cells. The selective PDE9 inhibitor
BAY-73-6691 has been shown to enhance long-term memory and attenuate memory
deficits associated with aging in rodent models (Domek-Lopacinska and Strosznajder
2010; van der Staay et al. 2008). Thus, PDE9A inhibition is considered as a poten-
tial therapeutic manipulation for memory deficits related to neurodegenerative dis-
orders including Alzheimer’s disease (Wunder et al. 2005). Likewise, in a mouse
CPP model, acute administration of BAY-73-6691 facilitates extinction and dimin-
ishes the reinstatement of cocaine-induced place preference (Liddie et al. 2012),
possibly by elevating cGMP levels in the amygdala and hippocampus, two areas
involved in regulating emotional and spatial learning.

15.5.6 PDEIOA

PDEI10A is a dual-specificity PDE that regulates both cAMP and cGMP activation.
Its relatively high expression levels in striatal brain regions render it as a possible
modulator of dopamine-associated and stress-related processes. Both of the
PDEI1OA inhibitors, TP-10 and papaverine, exhibits antipsychotic properties by
decreasing psychotic-like behaviors, including phencyclidine- or amphetamine-
induced behavioral abnormalities (Grauer et al. 2009; Schmidt et al. 2008; Siuciak
et al. 2006). These effects are likely attributed to suppression in mesolimbic dopa-
minergic neurotransmission (Sotty et al. 2009).

A positive relationship between PDE10A expression levels and stress or alcohol
drinking patterns has been well established by Logrip and colleagues. In an operant
alcohol self-administration model, the baseline of alcohol lever preference in high
and low alcohol-drinking rats is positively correlated with BLA and CeA Pdel0Oa
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mRNA levels, respectively. Rats with a stress history of repeated footshock during
alcohol self-administration training show increased Pdel/Oa mRNA expression in
the BLA. This stress history ultimately increases ‘relapse’ of alcohol self-
administration in low alcohol-drinking rats following an extinction period; it does
not alter alcohol seeking or intake in high alcohol-drinking rats or change sucrose
self-administration in either group rats. This protracted effect of stress history shows
a positive relationship to Pde/0a mRNA levels in the prelimbic subdivision of the
prefrontal cortex (Logrip and Zorrilla 2012). In addition to further supporting the
negative reinforcing effects of aversive affective states on substance use and relapse
these results demonstrate the involvement of stress-induced Pdel0Oa expression in
the motivational aspect of substance taking behaviors. Measurements of PdelOa
mRNA expression have also been taken in alcohol withdrawal period (Logrip and
Zorrilla 2014). In response to acute (8—10 h) alcohol withdrawal, Pde/0a mRNA
levels were increased in the MeA, BLA, as well as the infralimbic and anterior cin-
gulate subdivisions of the prefrontal cortex. Following protracted (6w) withdrawal,
Pdel0a expression was increased only in the BLA, but down-regulated in the MeA,
prelimbic prefrontal cortex, and dorsal striatum. These suggest that consistent up
regulation of Pdel/Oa mRNA expression in the BLA is a lasting neuroadaptation
associated with alcohol dependence.

To confirm the above findings, the efficacy of the selective PDE10A inhibitor
TP-10 was tested in alcohol self-administration models (Logrip et al. 2014).
Relapse-like alcohol seeking and intake were decreased by systemic pretreated
TP-10 in rats with or without a stress experience. TP-10 also reduced alcohol self-
administration in genetically alcohol-preferring rats (Scr:sP) as well as in alcohol-
dependent and non-dependent Wistar rats. Region-specific microinjections of TP-10
implicated the dorsolateral striatum as an additional structure to the NAc involved
in modulating the inhibitory effects on alcohol seeking and drinking behavior.
However, saccharin self-administration was also inhibited by TP-10, suggesting a
nonspecific modulating pattern of PDE10A on reinforcing properties of rewards.
On the other hand, the PDE10A inhibitor papaverine, despite increasing both cAMP
and cGMP levels in the hippocampus and amygdala, didn’t show any significant
effect as the PDE9A inhibitor on cocaine-induced place preference after extinction
training in a mice CPP model (Liddie et al. 2012). This may be attributable to lower
density of PDEI10A in the hippocampus, which play a key role in extinction learn-
ing, and less efficiency in hydrolyzing cGMP compared to PDE9A.

15.5.7 Nonspecific

Nonspecific PDE inhibitors have also been tested for efficacy in substance related
behaviors. For instance, isobutylmethylxanthine (IBMX), a nonspecific PDE inhibi-
tor and an adenosine receptor antagonist, attenuates the development of cocaine-
induced behavior sensitization following ICV administration. However, whether
this effect is resulted from direct enhancement of cAMP signal transduction or
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inhibition of adenosine production along with Al receptor-mediated noradrenergic
activation needs to be further elucidated (Schroeder et al. 2012). In the two-bottle
free choice drinking test, propentofylline does not alter alcohol consumption
(Blednov et al. 2014), while ibudilast reduces alcohol intake in three different rodent
models of alcohol dependence, i.e. alcohol-preferring P rats, high-alcohol drinking
HADI rats, and alcohol dependent C57BL/6J mice (Bell et al. 2015). The effects
observed with ibudilast may derive from its preferential inhibition of PDE3A,
PDEA4, PDE 10, and PDEI11 (Gibson et al. 2006), demonstrating the down-regulat-
ing properties of PDE4 and PDE10A in alcohol drinking behavior.

15.6 Conclusions and Future Perspectives

As described above, PDEs represent promising therapeutic targets for treatment of
substance dependence through regulation of cAMP and cGMP signal transduction.
Based on the studies to date, PDE4, PDESA, PDE9A, and PDE10A appear to play
a functional role in modulating behavioral responses and neural adaptation to mul-
tiple substances. For the most part, inhibition of these PDEs produces suppression
in substance-related behaviors. Additional studies are still needed to get more in-
depth knowledge in the mechanisms of PDE mediations. For instance, more sophis-
ticated technology including genetic manipulations should be employed to
characterize the involvement and modulation patterns of individual PDE subtypes or
isoforms in the dependent behavior. This may aid in the development of novel and
specific PDE inhibitors that may reduce the off-target side effects of current PDE
inhibitors (e.g. the emetic properties of PDE4 inhibitors), which represent a major
hurdle for their clinical use (Rutter et al. 2014). On the other hand, the discovery of
broader acting PDE inhibitors with fewer side effects may also be beneficial because
substance dependence involves both cAMP and cGMP signaling as well as the inter-
action among multiple brain regions with different PDE distribution. Together, the
available studies raise the possibility of PDEs as potential therapeutic targets for
substance-related disorders. Further research into the CNS function of PDEs and the
discovery and development of novel PDE inhibitors will provide a better basis for
developing therapeutic manipulations with higher translational potential.
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