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Abstract

Alcohol use disorders are chronically relapsing conditions characterized by persistent drinking
despite the negative impact on one’s life. The difficulty of achieving and maintaining sobriety
suggests that current treatment options fail to fully address the underlying causes of alcohol use
disorders, and thus identifying additional pathways controlling alcohol consumption may uncover
novel targets for medication development to improve treatment options. One family of proteins
recently implicated in the regulation of alcohol consumption is the cyclic nucleotide
phosphodiesterases (PDESs). As an integral component in the regulation of the second messengers
cyclic AMP and cyclic GMP, and thus their cognate signaling pathways, PDESs present intriguing
targets for pharmacotherapies to combat alcohol use disorders. As activation of cAMP/cGMP-
dependent signaling cascades can dampen alcohol intake, PDE inhibitors may provide a novel
target for reducing excessive alcohol consumption, as has been proposed for PDE4 and PDE10A.
This review highlights preclinical literature demonstrating the involvement of cyclic nucleotide-
dependent signaling in neuronal and behavioral responses to alcohol, as well as detailing the
capacity of various PDE inhibitors to modulate alcohol intake. Together these data provide a
framework for evaluating the potential utility of PDE inhibitors as novel treatments for alcohol use
disorders.
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Introduction

Alcohol use disorders pose a significant societal burden, afflicting about 10% of the
American population (Stinson et al., 2005) and contributing to 5.9% of deaths worldwide
(World Health Organization, 2014). Alcohol use disorders are chronically relapsing
conditions with recidivism rates of 40-60% (Moos & Moos, 2006). These high relapse rates
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highlight the need to identify new treatment targets so medications can be developed to
better address the underlying causes of excessive alcohol use. One class of proteins that has
recently gained attention as a putative regulator of alcohol drinking is the cyclic nucleotide
phosphodiesterases (PDEs).

PDEs are essential regulators of a variety of functions in the central nervous system, with
prominent roles in synaptic plasticity (Sanderson & Sher, 2013) and learning and memory
(Liddie, Anderson, Paz, & Itzhak, 2012; Roesler et al., 2014; Rutten et al., 2007; Werenicz
et al., 2012). PDE inhibitors have improved cognitive deficits in rodent models of
neurological dysfunction (Wang, Zhang, Zhang, & Li, 2015), including the
neurodegenerative disorders Alzheimer’s, Huntington’s and Parkinson’s diseases (Fusco &
Giampa, 2015) and neuropsychiatric disorders such as schizophrenia (Ramirez & Smith,
2014) and depression (Liebenberg, Harvey, Brand, & Brink, 2010; Zhang, 2009). Many of
the disease-related dysfunctions ascribed to PDEs suggest possible relevance to the
pathology of alcohol use disorders. Striatal PDEs negatively regulate dopaminergic
signaling (Ramirez & Smith, 2014), which could alter the reinforcing efficacy of alcohol.
Treatment with PDE inhibitors in rodent models of Huntington’s disease has been shown to
increase corticostriatal brain-derived neurotrophic factor (BDNF) expression (Fusco &
Giampa, 2015), a therapeutic effect that might also reduce excessive alcohol drinking since
escalating alcohol intake is accompanied by reduced corticostriatal BDNF expression
(Logrip, Janak, & Ron, 2009), whereas BDNF infusion into the dorsal striatum reduces
alcohol self-administration (Jeanblanc et al., 2009). The involvement of PDEs in learning
and memory processes is directly applicable to addictive disorders, which have been
characterized as diseases of maladaptive synaptic plasticity with molecular adaptations
producing excessive strengthening of drug-related memories to drive drug-seeking behaviors
(Luscher & Malenka, 2011; Nestler, 2013; Tronson & Taylor, 2013). If the aberrant
plasticity supporting alcohol seeking in addicted individuals is susceptible to PDE
regulation, then elucidating the PDEs able to modulate alcohol consumption may identify
new medication targets to reduce recidivism in alcohol-dependent patients. Central to the
understanding of how PDEs might control alcohol use is their unique capacity for
modulating the propagation of signals dependent on cyclic nucleotides.

PDEs regulate a variety of intracellular signaling cascades through deactivation of the
second messengers cyclic adenosine 3’,5’-monophosphate (CAMP) and cyclic guanosine 3’,
5’-monophosphate (cGMP). More than 100 PDE isoforms encoded by 21 different genes
have been sorted into 11 families, based on structure and enzymatic activity, and are
classified as CAMP-specific (PDE4, PDE7, PDES8), cGMP-specific (PDES5, PDE6, PDE9),
or dual specificity (PDE1, PDE2, PDE3, PDE10, PDE11), indicating activity at both cAMP
and cGMP (Bender & Beavo, 2006; Conti & Beavo, 2007). Together with the adenylyl (AC)
and guanylyl (GC) cyclases that synthesize cAMP and cGMP, respectively, PDEs play a
critical role in maintaining cyclic nucleotide levels, thereby regulating myriad intracellular
signaling cascades that employ cAMP or cGMP as second messengers. Primary signaling
pathways sensitive to PDE modulation of cyclic nucleotide levels include G protein-coupled
receptor signaling via the cAMP/cAMP-dependent protein kinase (PKA) pathway, nitric
oxide and natriuretic peptide receptor signaling through cGMP/cGMP-dependent protein
kinases (PKG) and cyclic nucleotide-gated ion channel activation by both cAMP and cGMP
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(Podda & Grassi, 2014). A vast body of literature has examined the involvement of CAMP-
and cGMP-dependent signaling in patterning alcohol-related behaviors, providing clues to
the possible therapeutic utility of PDE inhibitors for alcohol use disorders.

Cyclic nucleotide signaling regulates molecular and behavioral responses

to alcohol

Adenylyl cyclase, cAMP, and PKA

Cyclic nucleotides and their signaling partners play integral roles both in acute responses to
alcohol and as sites of adaptation to chronic alcohol exposure. In particular, the CAMP/PKA
signaling pathway has been implicated in the regulation of molecular and behavioral
responses to alcohol. Recruitment of cAMP/PKA upon acute alcohol application has long
been established in vitro, where alcohol has been shown to increase CAMP levels, leading to
elevated PKA activity, nuclear translocation of the PKA catalytic subunit, Ca, and increased
gene expression via activation (phosphorylation) of the cAMP response element binding
protein (CREB) (Asher, Cunningham, Yao, Gordon, & Diamond, 2002; Constantinescu,
Diamond, & Gordon, 1999; Dohrman, Diamond, & Gordon, 1996; Gordon, Collier, &
Diamond, 1986). Activation of cAMP signaling upon acute alcohol treatment may result, at
least in part, from potentiating the stimulus-responsiveness of CAMP’s synthetic enzymes,
the ACs (Nelson, Hellevuo, Yoshimura, & Tabakoff, 2003; Yoshimura & Tabakoff, 1995).
Electrophysiological studies have highlighted the importance of the AC/CAMP/PKA
pathway in the potentiation of inhibitory GABAergic transmission by acute alcohol. For
example, alcohol acutely increases GABAergic potentials in the central nucleus of the
amygdala (CeA), at least in part via a presynaptic mechanism (Roberto, Madamba, Moore,
Tallent, & Siggins, 2003); however, this effect was lost in mice with a partial deletion of
AC7 (Cruz et al., 2011), previously shown to decrease AC activity (Hines et al., 2006).
Pharmacological inhibition of AC or PKA similarly blunted alcohol’s ability to potentiate
GABA release in the cerebellum (Kelm, Criswell, & Breese, 2008), while postsynaptic
inhibition of PKA blocked alcohol potentiation of evoked GABAergic potentials in the
basolateral amygdala (BLA) (Silberman, Ariwodola, & Weiner, 2012). A single alcohol
injection in vivo also may increase GABA release in the ventral tegmental area (VTA) 24 h
later via a PKA-dependent mechanism and occlude long-term potentiation of GABAergic
transmission (Guan & Ye, 2010; Melis, Camarini, Ungless, & Bonci, 2002), despite
continued responsiveness of VTA neurons to cAMP and cGMP mimetics. Taken together,
these data demonstrate the recruitment of AC/cCAMP/PKA signaling pathways in the acute
neuronal response to alcohol.

Whereas acute alcohol potentiates neuronal cAMP-dependent signaling, chronic alcohol
exposure may dysregulate this pathway. Chronic alcohol consumption reduced stimulus-
dependent AC activity in the cortex (Saito, Lee, Hoffman, & Tabakoff, 1987) and
hippocampus (Valverius, Hoffman, & Tabakoff, 1989), but inconsistently in cerebellar
neurons (Valverius et al., 1989; Wand, Diehl, Levine, Wolfgang, & Samy, 1993) of mice. In
rats, increased expression of MRNA for the PKA inhibitor PKI in the medial prefrontal
cortex (mPFC), nucleus accumbens (NAc), and amygdala was demonstrated after chronic
intermittent alcohol vapor exposure in rats (Repunte-Canonigo, Lutjens, van der Stap, &
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Sanna, 2007), while reduced levels of phosphorylated CREB were observed in the cortex,
CeA, and medial amygdala (MeA) during withdrawal from chronic consumption of an
alcohol-containing liquid diet (Pandey, Roy, & Mittal, 2001; Pandey, Roy, & Zhang, 2003).
It should be noted that increased PKA activity has been reported in the NAc after chronic
alcohol intake via liquid diet (Ortiz et al., 1995), but no changes were seen in cortical PKA
activity or in CeA or MeA PKA Ca levels during withdrawal (Pandey et al., 2001, 2003).
Given the wealth of evidence for recruitment of AC/cCAMP/PKA signaling by acute alcohol,
these chronic alcohol-induced alterations in AC/cCAMP/PKA activity suggest that this
pathway may be poised to shape behavioral responses to alcohol.

Recruitment of AC/cAMP/PKA by a single alcohol application indicates possible
involvement in establishing the initial sensitivity to alcohol’s sedative effects. Multiple
rodent lines display a direct relationship between cAMP and sedation duration. Rats bred for
elevated alcohol intake are slower to fall asleep after high alcohol doses than their lower
drinking counterparts, as has been displayed for alcohol-preferring (P) vs. nonpreferring
(NP) and high alcohol drinking (HAD) vs. low alcohol drinking (LAD) rat lines (Froehlich
& Wand, 1997; Kurtz, Stewart, Zweifel, Li, & Froehlich, 1996). Both preferring lines also
show deficits at one node of cAMP-regulated signaling, with lower AC activation in HAD
vs LAD rats (Froehlich & Wand, 1997) and decreased CREB phosphorylation in P vs. NP
rats (Pandey, Zhang, Roy, & Xu, 2005). Reduced sedation to alcohol, relative to wild type
littermates, has been observed in mice lacking AC5 (Kim, Kim, Baek, Lee, & Han, 2011) or
the PKA regulatory subunit RIIp (Fee et al., 2004; Thiele et al., 2000), mutations that
decrease stimulus-induced cAMP production (Lee et al., 2002) or PKA activation (Thiele et
al., 2000), respectively. Central PKA activation upon infusion of the cAMP mimetic Sp-
cAMPS significantly increased alcohol-induced sedation (Kumar et al., 2012), providing
additional support for cAMP involvement in alcohol’s sedative effects. It should be noted
that several mouse lines display the opposite pattern, with increased alcohol-induced sleep
time in mice lacking other AC isoforms (AC1 and AC1/AC8 knockouts) (Maas, Vogt, et al.,
2005), or with reduced AC (Gnas heterozygotes) or PKA (R[AB]+ expressing) activity
(Wand, Levine, Zweifel, Schwindinger, & Abel, 2001; Yang, Oswald, & Wand, 2003).
Nonetheless, the data primarily suggest that lower cAMP-directed signaling reduces initial
sensitivity to alcohol sedation.

Activation of AC/cAMP/PKA may regulate alcohol consumption as well, since both AC5
and RIIp knockouts drank more alcohol relative to wild-type counterparts when provided
continuous access to 2-bottle choice alcohol vs. water in the home cage (Fee et al., 2004;
Kim et al., 2011; Thiele et al., 2000). Interestingly, loss of RIIf appears to regulate alcohol
taking independent of alcohol seeking, as operant alcohol self-administration was at least
twice as high in wild-type females as in knockout females and all males (Ferraro, Sparta,
Knapp, Breese, & Thiele, 2006). Mouse lines displaying an inverse relationship between
AC/cAMP/PKA activity and alcohol-induced sedation did not uniformly consume more
alcohol, as might be predicted. Whereas reduced 2-bottle choice alcohol intake was
observed in Gnas haploinsufficient and R(AB)+ expressing mice (Wand et al., 2001),
sedation-sensitive AC1 knockouts did not differ from their wild-type counterparts in alcohol
consumption, and AC8 knockouts consumed significantly less alcohol than wild types,
despite minimal differences in alcohol-induced sedation (Maas, VVogt, et al., 2005). These
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data suggest that while sedation to and consumption of alcohol generally demonstrate
inverse relationships, the genetic determination of these two behaviors may be regulated by
distinct ACs, perhaps via differential behavior-specific AC engagement. Downstream of AC
activation, signals converge on the synthesis of CAMP and activation of PKA, a central
regulator of alcohol drinking. High and low levels of alcohol consumption in P and NP rats,
respectively, can be normalized by pharmacologically altering PKA activation (Pandey et
al., 2005). CeA infusion of the PKA activator Sp-cAMPS significantly reduced P rats’
alcohol drinking, whereas the PKA inhibitor Rp-cAMPS significantly increased NP rats’
alcohol intake (Pandey et al., 2005). Rp-cAMPS infused into the NAc similarly enhanced
alcohol drinking in outbred Sprague-Dawley rats, whereas Sp-cAMPS did not decrease
intake below the modest baseline levels (Misra & Pandey, 2006). It should be noted that
most genetic and pharmacological manipulations of AC/cAMP/PKA signaling did not alter
alcohol metabolism, nor did they affect consumption of bitter or sweet solutions, with one
exception (Kim et al., 2011). Together, these data support a vital function for neuronal AC/
cAMP/PKA signaling in the regulation of alcohol intake.

Guanylyl cyclase, cGMP, and PKG

While fewer studies have investigated the involvement of cGMP-mediated signaling in the
molecular response to alcohol and intake control, data suggest that cGMP/PKG signaling
regulates alcohol drinking similarly to cAMP/PKA. Consumption of an alcohol-containing
liquid diet for at least 2 weeks increased cGMP levels in the cortex, striatum, and
hippocampus, with cortical and striatal levels normalizing within 24 h of diet removal
(Uzbay et al., 2004). Alcohol induction of cGMP likely contributes to regulation of alcohol-
related behaviors, as deletion of the gene encoding PKG type Il reduced alcohol’s sedative
effects and potentiated alcohol intake, without affecting alcohol clearance or consumption of
sweet solutions (Werner et al., 2004). Conversely, increasing cGMP levels in either the VTA
or the mPFC via infusion of the C-type natriuretic peptide reduced the ability of alcohol
deprivation to enhance drinking, an effect that was reversed by inhibiting PKG (Romieu,
Gobaille, Aunis, & Zwiller, 2008). Together, these data indicate similar roles for cGMP and
cAMP in suppressing alcohol intake, and suggest that a delicate balance may exist between
the activities of the cAMP and cGMP synthetic enzymes, AC and GC, and the degrading
enzymes, the PDEs, to maintain moderate alcohol consumption.

Phosphodiesterase regulation of alcohol intake

The wealth of data implicating cyclic nucleotide-dependent signaling in the suppression of
alcohol consumption suggests the possibility that PDEs may promote alcohol intake through
reduction of cyclic nucleotide activity. Given the wide variety of PDEs, identifying those
likely to support high levels of alcohol drinking has presented a particular challenge. Many
PDEs are expressed in brain regions that subserve reward and motivated behaviors,
including the frontal cortex and striatum (Lakics, Karran, & Boess, 2010), and overlapping
expression patterns in these areas indicate that multiple PDEs may regulate alcohol-related
behaviors. The fact that both cAMP- and cGMP-dependent signaling modulate alcohol
intake also suggests that more than one PDE may regulate alcohol consumption. Microarray
analyses have variably identified Pdela, Pdelb, Pdedb, or Pdel0a as genes differentially
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expressed in whole brain samples from alcohol-naive high (HAP) vs. low (LAP) alcohol-
preferring mouse lines (Pdedb, Pdel0a; Mulligan et al., 2006) or in frontal cortex samples
from C57BL/6J mice following a single 4-h intake period (Pdela; Mulligan et al., 2011) or
chronic intermittent intake (Pdelb, Pdel0a; Osterndorff-Kahanek, Ponomarev, Blednov, &
Harris, 2013), but the functionality of these adaptations was not confirmed. Efforts to
pharmacologically identify PDEs regulating alcohol intake have tested the ability of multiple
nonspecific and specific PDE inhibitors to reduce alcohol consumption in rodent drinking
models, with varying efficacy (Table 1). The nonspecific PDE inhibitor propentofylline
failed to significantly alter alcohol intake under a continuousaccess 2-bottle choice paradigm
(Blednov, Benavidez, Black, & Harris, 2014), whereas another nonspecific inhibitor,
ibudilast (Gibson et al., 2006), reduced alcohol consumption in multiple rodent models
utilizing limited, 2-h daily alcohol access (Bell et al., 2013). Ibudilast decreased alcohol
drinking in two distinct alcohol-preferring rat lines (P and HAD1), significantly reducing
both maintenance and relapse-like drinking. Ibudilast also dose-dependently decreased the
heightened alcohol intake of mice made physically dependent on alcohol through multiple
cycles of intermittent alcohol vapor inhalation, with minimal effects on drinking in non-
dependent mice. Together, these data suggest that nonspecific PDE inhibitors may reduce
the heightened alcohol drinking observed in genetically preferring and alcohol-dependent
rodents, with little impact on more moderate levels of alcohol consumption. However, it
remains to be determined whether the differential success of these nonspecific inhibitors
resulted from differences in the drinking paradigms (moderate vs. higher levels of alcohol
intake) or from the distinct PDE inhibitory profiles of the drugs. The dramatic effect of
manipulating cyclic nucleotide signaling on alcohol drinking, even at moderate levels of
consumption, suggests the likely participation of one or more PDEs in regulating alcohol
intake. The following sections detail the use of specific PDE inhibitors to investigate the
involvement of individual PDEs in the modulation of alcohol consumption and related
behaviors.

PDEL1 and alcohol-related cognitive deficits

The PDE1 family of dual-specificity phosphodiesterases, comprised of 3 subtypes each
encoded by a distinct gene, is unique among PDEs in its activation by calcium/calmodulin
(Goraya & Cooper, 2005). PDEL1 is widely expressed in the brain, particularly in the cortex
and hippocampus (Lakics et al., 2010), and the compensatory up-regulation of cortical PDE1
activity in mice expressing a constitutively active form of Gas (Kelly et al., 2009) suggests a
central role for PDEL1 in the maintenance of cortical cCAMP levels. Elevated cortical Pdela/b
expression after acute or chronic intermittent alcohol consumption (Mulligan et al., 2011;
Osterndorff-Kahanek et al., 2013) indicates that cortical PDE1 might regulate behaviors
altered by excessive alcohol consumption; however, the PDE1 inhibitor vinpocetine did not
significantly change the moderate levels of alcohol consumed by nondependent mice
provided continuous 2-bottle choice access to alcohol (Blednov et al., 2014). It remains to be
determined whether PDE1 inhibitors might yet prove efficacious to reduce binge-like
alcohol drinking or the high alcohol intake of alcohol-dependent rodents. Intriguingly,
vinpocetine has shown remarkable promise for ameliorating cognitive deficiencies in
rodents exposed to alcohol during early postnatal development, the equivalent of the third
trimester in human embryonic development. Alcohol exposure during this period causes
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cortical neurodegeneration that is exacerbated by genetic deletion of AC1 and/or AC8
(Maas, Indacochea, et al., 2005). Inhibition of PDEL1 by vinpocetine reversed alcohol
exposure-related cortical deficits, rescuing ocular dominance plasticity in ferrets and mice
(Lantz, Wang, & Medina, 2012; Medina, Krahe, & Ramoa, 2006) and preventing Morris
water maze acquisition impairments in rats (Filgueiras, Krahe, & Medina, 2010). Similar
improvement of fetal alcohol-related deficits in ocular dominance plasticity can be generated
by co-administration of inhibitors to PDE4 and PDES, but not by treatment with either
inhibitor alone (Krahe, Paul, & Medina, 2010; Lantz et al., 2012), implying that PDE1
inhibitors improve fetal alcohol-related pathology through coordinated elevations in cAMP
and cGMP. It is of interest for future investigations to determine whether PDEL inhibitors
similarly reduce cognitive deficits due to excessive alcohol consumption in adulthood, as
well as whether PDEL1 plays a role in patterning alcohol intake, a function now well
established for PDE4.

PDE4 regulation of alcohol intake

The cAMP-selective PDE4 family is comprised of 4 subtypes (PDE4A-D), each encoded by
a unique gene, with at least 25 isoforms identified to date (Richter, Menniti, Zhang, & Conti,
2013). PDE4 is widely expressed in the brain, with enrichment in reward-responsive brain
regions, particularly for PDE4B (Cherry & Davis, 1999). PDE4 has been shown to
participate in synaptic plasticity (Rutten et al., 2008, 2011; Wiescholleck & Manahan-
Vaughan, 2012; Zhong et al., 2012) and memory, with PDE4 inhibitors utilized to enhance
memories or rescue pharmacologically generated memory deficits (Werenicz et al., 2012;
Zhang, Crissman, Dorairaj, Chandler, & O'Donnell, 2000; Zhang & O'Donnell, 2000; Zhang
et al., 2004). PDE4 may also regulate emotional behavior, as the PDE4 inhibitor rolipram
decreased depressive-like and anxiety-like behaviors in mice (Li et al., 2009). Deletion of
PDE isoform 4D recapitulated rolipram’s suppression of depressive-like behavior (Zhang et
al., 2002); however, Pdedb knockout mice displayed heightened anxiety-like behavior
(Zhang et al., 2008). Overall, the data support the ability of PDE4 inhibitors to rescue
aberrant memories and ameliorate negative emotional states, properties that could suggest
efficacy of PDE4 inhibitors to decrease alcohol consumption.

Reduction in alcohol drinking upon treatment with PDE4 inhibitors was first demonstrated
in mice provided unlimited 2-bottle choice access to alcohol (Hu et al., 2011). Twice daily
administration of the PDE4 inhibitors rolipram or Ro 20-1724 dose-dependently reduced
alcohol intake without significantly affecting 2-bottle choice sucrose or quinine
consumption. Rolipram did not alter alcohol metabolism or alcohol-induced sedation, and
while it did produce a short-lived reduction in locomotor activity, this should have similarly
affected intake of all reinforcers, not just alcohol. Together these data support a specific
involvement of PDE4 in the regulation of alcohol intake. Single daily doses of PDE4
inhibitors also reduced 2-bottle choice alcohol drinking and preference in mice, resulting in
shorter duration reductions in alcohol drinking by rolipram, CDP 840, and piclamilast, but
producing an extended suppression of alcohol intake across the entire 24-h access period by
mesopram (Blednov et al., 2014). In addition, all 4 PDE4 inhibitors reduced 3-h limited-
access 2-bottle choice drinking. Inhibitors targeting several other PDEs did not alter alcohol
consumption under the continuous-access paradigm (Table 1), but they have yet to be tested
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under limited-access conditions. Rolipram also demonstrated efficacy to reduce alcohol
intake in Fawn Hooded rats, a strain displaying comorbid elevations in depressive-like
behavior and alcohol intake (Rezvani, Parsian, & Overstreet, 2002). Rolipram dose-
dependently reduced operant self-administration of alcohol, but not sucrose, as well as 2-
bottle choice alcohol intake during the first 30 min of the drinking session (Wen et al.,
2012). Chronic rolipram treatment also decreased 2-bottle choice alcohol consumption in
Fawn Hooded rats, an effect that persisted for several days after cessation of treatment.
Together, these data support a central role for PDE4 in the regulation of alcohol drinking. It
should be noted that food intake also was reduced in Fawn Hooded rats on rolipram
treatment days under the chronic dosing regimen, possibly due to its nauseating effects
(Rock, Benzaquen, Limebeer, & Parker, 2009); however, the fact that sucrose intake was
unaffected by chronic rolipram administration in mice (Hu et al., 2011) suggests that malaise
is unlikely to be the sole factor underlying the efficacy of PDE4 inhibitors to reduce alcohol
intake. Indeed, rolipram previously was shown to reduce intracranial self-stimulation
thresholds — a sign of enhanced reward — when infused into the NAc (Knapp, Lee, Foye,
Ciraulo, & Kornetsky, 2001), suggesting that PDE4 inhibitors may reduce alcohol intake by
changing its reinforcing efficacy. Together, these data support further development of PDE4
inhibitors, particularly those with reduced emetic properties (Rutter et al., 2014), as
treatments for alcohol use disorders.

Stress, alcohol intake, and phosphodiesterase 10A

Despite the efficacy of PDE4 inhibitors to decrease alcohol intake, the modulation of
alcohol consumption observed upon altering cGMP-dependent signaling suggests that
phosphodiesterases with cGMP hydrolytic activity may also participate in the regulation of
alcohol drinking. PDE10A, a dual-specificity phosphodiesterase able to deactivate both
cAMP and cGMP, may fulfill a role distinct from PDE4 in the regulation of alcohol
consumption, as might be implied by their different striatal expression patterns and signaling
profiles (Nishi et al., 2008). PDE10A expression is highly enriched in the striatum, although
it also has been detected in cortical, hippocampal, and cerebellar tissues, albeit at lower
levels (Coskran et al., 2006; Seeger et al., 2003). PDE10A has been implicated in the
negative regulation of neuronal activity, as PDE inhibitors potentiated both cortically
evoked neuronal activity in the striatum (Threlfell, Sammut, Menniti, Schmidt, & West,
2009) and amphetamine-induced reductions in VTA neuron firing rates (Sotty, Montezinho,
Steiniger-Brach, & Nielsen, 2009). Changes in PDE10A expression could be a molecular
adaptation contributing to synaptic plasticity, as hippocampal long-term potentiation
induced elevated expression of Pdel0a mRNA transcripts that appeared to preferentially
target cGMP over cAMP (O'Connor et al., 2004). Whereas these studies suggest the
possibility that PDE10A could participate in experience-dependent synaptic adaptations,
medications development of PDE10A inhibitors has focused on their therapeutic potential to
reduce antipsychotic-like behaviors, including conditioned avoidance of a shock-paired
chamber and NMDA antagonist- or amphetamine-induced behavioral abnormalities
(hyperlocomotion, potentiated acoustic startle, or deficits in acoustic gating) (Grauer et al.,
2009; Megens et al., 2014; Schmidt et al., 2008; Smith et al., 2012; Sotty et al., 2009;
Suzuki, Harada, Shiraishi, & Kimura, 2015). A common feature of these paradigms is the
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utilization of stressors or addictive substances to generate maladaptive behaviors, suggesting
that PDE10A might play a more general role in regulating the behavioral response to
aversive and appetitive stimuli, including alcohol. PDE10A inhibition reduced
amphetamine-induced dopamine release in the NAc (Sotty et al., 2009) and increased striatal
dopamine turnover (Schmidt et al., 2008), indicating that PDE10A might regulate neuronal
responses to reinforcers and thus alter motivated behaviors like alcohol self-administration.

A relationship between PDE10A levels and alcohol self-administration was first suggested
by the observation that Pdel0a mRNA expression in the prelimbic subdivision of the mPFC
correlated with operant alcohol self-administration during a relapse-like period (Logrip &
Zorrilla, 2012). In a subset of rats — those with a history of lower alcohol consumption prior
to extinction training — a history of stress resulted in a doubling in self-administration levels
upon renewed alcohol access, relative to baseline and low-drinking stress-naive controls.
Those same previously low-drinking stress history rats showed elevated prelimbic Pdel0Oa
expression relative to low-drinking controls, as well as a correlation between prelimbic
Pdel0a expression and relapse-like alcohol self-administration. Stress history also increased
Pdel0a mRNA levels in the BLA, independent of high vs. low self-administration
classification, an effect similarly observed during both acute and prolonged abstinence from
chronic intermittent alcohol vapor exposure (Logrip & Zorrilla, 2014). Whereas Pdel0a
expression was elevated in multiple subdivisions of the mPFC and amygdala 8-10 h into
withdrawal, only the BLA showed a persistent increase in PDE10A after 6 weeks of
abstinence. The similar patterns of elevated Pdel0a mRNA expression in stress history and
acutely withdrawn rats, both of which display elevated alcohol self-administration,
suggested that increased PDE10A might be a neuroadaptation involved in potentiating
alcohol intake and therefore that PDE10A inhibitors might reduce excessive alcohol
consumption.

Treatment with the selective PDE10A inhibitor TP-10 dose-dependently reduced alcohol
self-administration in all groups tested, not only in rats with a history of stress, alcohol
dependence, or a genetic predisposition toward high alcohol intake (Scr:sP), but also in
stress-naive controls and non-dependent rats (Logrip, Vendruscolo, Schlosburg, Koob, &
Zorrilla, 2014). This broad efficacy of TP-10 to reduce alcohol self-administration was due,
at least in part, to inhibition of PDE10A in the dorsolateral striatum (DLS), as site-specific
DLS infusion of TP-10 dose-dependently reduced alcohol self-administration, whereas the
same infusion into the NAc did not significantly alter alcohol intake. Surprisingly, TP-10
reduced both alcohol and saccharin self-administration with equivalent potency, indicating
that, unlike the alcohol-specific effects of PDE4 inhibitors, PDE10A may function more
generally to regulate motivated behavior. In support of this theory, mice deficient in
PDE10A showed deficits in acquiring reward cue-related actions (Piccart, Langlois,
Vanhoof, & D'Hooge, 2013) and selectively consumed less highly palatable, but not
standard, food (Nawrocki et al., 2013). Nonetheless, inhibiting PDE10A significantly
reduced alcohol self-administration in multiple rat models of treatment-resistant high-
drinking populations, i.e., stress history, alcohol-dependent, and genetically alcohol-
preferring rats. Taken together, the data support further development of PDE10A inhibitors
as novel treatments for disordered use of any reinforcing substance, including alcohol.
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Translational potential of PDE inhibitors

Summary

Preclinical data suggest PDE inhibitors as novel therapeutics for alcohol use disorders, yet to
date clinical trials for this indication have been limited. The exception is ibudilast, which is
currently in a Phase 1 clinical trial for alcohol use disorders (ClinicalTrials.gov identifier:
NCT02025998 [Ray, Roche, Heinzerling, & Shoptaw, 2014]), as well as in Phase 2 clinical
trials for methamphetamine dependence (NCT01860807) and oxycodone abuse
(NCT01740414). Multiple clinical trials have been initiated for the use of PDE inhibitors to
treat cognitive deficits in neurodegenerative diseases, depression, and schizophrenia (Wang
et al., 2015), including the PDEL1 inhibitor vinpocetine, which recently completed Phase 1 of
a clinical trial for improvement of cognition in epilepsy (NCT02011971). Because of the
varied functions subserved both centrally and peripherally by PDEs, a major hurdle for the
clinical use of PDE inhibitors has been the incidence of off-target side effects, such as
emetic (Rock et al., 2009) and cataleptic (Grauer et al., 2009) properties of PDE4 and
PDEZ10A inhibitors, respectively. While some side effects can be minimized through
reduced dosing, efforts are underway to develop inhibitors with reduced side effect profiles,
particularly with regard to reducing the emetic properties of PDE4 inhibitors (Burgin et al.,
2010; Rutter et al., 2014). Whether through the discovery of specific PDE inhibitors with
fewer off-target effects, or by identifying broader acting drugs such as ibudilast with
reduced negative effects, the preclinical data strongly support the continued development of
PDE inhibitors as pharmacotherapies for alcohol use disorders.

PDEs are essential players in neuronal signal propagation through regulation of cAMP and
cGMP second messenger availability, and thus may negatively affect cyclic nucleotide-
dependent moderation of alcohol intake. Early studies into PDE regulation of alcohol
consumption have suggested that PDE inhibitors, particularly those targeting PDE4 and
PDE10A, may be effective treatments to reduce alcohol drinking. Intriguingly, PDEs have
also been proposed as a site of neuroadaptation underlying the persistence of alcohol use
disorders, as suggested by elevated BLA Pdel0a mRNA expression even 6 weeks after
cessation of alcohol exposure. However, much remains unknown about the involvement of
PDEs in alcohol use disorders and the therapeutic efficacy of PDE inhibitors. For instance,
alcohol-induced neuroadaptations in PDE expression likely generate more complex
behavioral alterations than the simple modulation of drinking, such as the amelioration of
fetal alcohol-related cognitive deficits by PDEL inhibition. Additionally, PDE4 inhibitors
have been shown to reduce depressive-like behaviors (Zhang, 2009) and have been proposed
as general cognitive enhancers (Richter et al., 2013). While it remains to be determined
whether most PDE inhibitors improve or exacerbate cognitive and emotional deficits
generated by excessive alcohol use, the intriguing possibility exists that PDE inhibitors
could ameliorate multiple negative outcomes in alcohol-dependent individuals. The studies
covered in this review highlight the deleterious impact of reduced neuronal cCAMP and
cGMP signaling, which may both be caused by and contribute to excessive alcohol
consumption. Reduction of PDE activity can reverse deficits in CAMP/cGMP levels and thus
warrant further exploration into the efficacy of multiple PDE inhibitors as novel treatment
targets for alcohol use disorders.

Alcohoal. Author manuscript; available in PMC 2016 December 01.


http://ClinicalTrials.gov

1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Logrip Page 11

Acknowledgments

This is manuscript number 29034 from The Scripps Research Institute. Work on this review was supported by the
National Institute on Alcohol Abuse and Alcoholism of the National Institutes of Health award K99AA021802. The
content is solely the responsibility of the author and does not necessarily represent the official views of the National
Institutes of Health.

References

Asher O, Cunningham TD, Yao L, Gordon AS, Diamond I. Ethanol stimulates cAMP-responsive
element (CRE)-mediated transcription via CRE-binding protein and cAMP-dependent protein
kinase. The Journal of Pharmacology and Experimental Therapeutics. 2002; 301:66-70. [PubMed:
11907158]

Ashton MJ, Cook DC, Fenton G, Karlsson JA, Palfreyman MN, Raeburn D, et al. Selective type IV
phosphodiesterase inhibitors as antiasthmatic agents. The syntheses and biological activities of 3-
(cyclopentyloxy)-4-methoxybenzamides and analogues. Journal of Medicinal Chemistry. 1994;
37:1696-1703. [PubMed: 8201604]

Bell RL, Lopez MF, Cui C, Egli M, Johnson KW, Franklin KM, et al. Ibudilast reduces alcohol
drinking in multiple animal models of alcohol dependence. Addiction Biology. 2013; 20:38-42.
[PubMed: 24215262]

Bender AT, Beavo JA. Cyclic nucleotide phosphodiesterases: molecular regulation to clinical use.
Pharmacological Reviews. 2006; 58:488-520. [PubMed: 16968949]

Blednov YA, Benavidez JM, Black M, Harris RA. Inhibition of phosphodiesterase 4 reduces ethanol
intake and preference in C57BL/6J mice. Frontiers in Neuroscience. 2014; 8:129. [PubMed:
24904269]

Burgin AB, Magnusson OT, Singh J, Witte P, Staker BL, Bjornsson JM, et al. Design of
phosphodiesterase 4D (PDE4D) allosteric modulators for enhancing cognition with improved
safety. Nature Biotechnology. 2010; 28:63-70.

Cherry JA, Davis RL. Cyclic AMP phosphodiesterases are localized in regions of the mouse brain
associated with reinforcement, movement, and affect. The Journal of Comparative Neurology.
1999; 407:287-301. [PubMed: 10213096]

Constantinescu A, Diamond I, Gordon AS. Ethanol-induced translocation of cAMP-dependent protein
kinase to the nucleus. Mechanism and functional consequences. The Journal of Biological
Chemistry. 1999; 274:26985-26991. [PubMed: 10480911]

Conti M, Beavo J. Biochemistry and physiology of cyclic nucleotide phosphodiesterases: essential
components in cyclic nucleotide signaling. Annual Review of Biochemistry. 2007; 76:481-511.

Coskran TM, Morton D, Menniti FS, Adamowicz WO, Kleiman RJ, Ryan AM, et al.
Immunohistochemical localization of phosphodiesterase 10A in multiple mammalian species. The
Journal of Histochemistry and Cytochemistry. 2006; 54:1205-1213. [PubMed: 16864896]

Cruz MT, Bajo M, Maragnoli ME, Tabakoff B, Siggins GR, Roberto M. Type 7 Adenylyl Cyclase is
Involved in the Ethanol and CRF Sensitivity of GABAergic Synapses in Mouse Central
Amygdala. Frontiers in Neuroscience. 2011; 4:207. [PubMed: 21258618]

Dinter H, Tse J, Halks-Miller M, Asarnow D, Onuffer J, Faulds D, et al. The type IV
phosphodiesterase specific inhibitor mesopram inhibits experimental autoimmune
encephalomyelitis in rodents. Journal of Neuroimmunology. 2000; 108:136-146. [PubMed:
10900347]

Dohrman DP, Diamond I, Gordon AS. Ethanol causes translocation of cAMP-dependent protein
kinase catalytic subunit to the nucleus. Proceedings of the National Academy of Sciences of the
United States of America. 1996; 93:10217-10221. [PubMed: 8816779]

Fee JR, Sparta DR, Knapp DJ, Breese GR, Picker MJ, Thiele TE. Predictors of high ethanol
consumption in Rllbeta knock-out mice: assessment of anxiety and ethanol-induced sedation.
Alcoholism: Clinical and Experimental Research. 2004; 28:1459-1468.

Ferraro FM 3rd, Sparta DR, Knapp DJ, Breese GR, Thiele TE. Increased consumption but not operant
self-administration of ethanol in mice lacking the Rllbeta subunit of protein kinase A. Alcoholism:
Clinical and Experimental Research. 2006; 30:825-835.

Alcohoal. Author manuscript; available in PMC 2016 December 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Logrip

Page 12

Filgueiras CC, Krahe TE, Medina AE. Phosphodiesterase type 1 inhibition improves learning in rats
exposed to alcohol during the third trimester equivalent of human gestation. Neuroscience Letters.
2010; 473:202-207. [PubMed: 20219634]

Froehlich JC, Wand GS. Adenylyl cyclase signal transduction and alcohol-induced sedation.
Pharmacology, Biochemistry, and Behavior. 1997; 58:1021-1030.

Fusco FR, Giampa C. Phosphodiesterases as therapeutic targets for Huntington's disease. Current
Pharmaceutical Design. 2015; 21:365-377. [PubMed: 25159076]

Gibson LC, Hastings SF, McPhee I, Clayton RA, Darroch CE, Mackenzie A, et al. The inhibitory
profile of Ibudilast against the human phosphodiesterase enzyme family. European Journal of
Pharmacology. 2006; 538:39-42. [PubMed: 16674936]

Goraya TA, Cooper DM. Ca2+-calmodulin-dependent phosphodiesterase (PDE1): current
perspectives. Cellular Signalling. 2005; 17:789-797. [PubMed: 15763421]

Gordon AS, Collier K, Diamond I. Ethanol regulation of adenosine receptor-stimulated cAMP levels
in a clonal neural cell line: an in vitro model of cellular tolerance to ethanol. Proceedings of the
National Academy of Sciences of the United States of America. 1986; 83:2105-2108. [PubMed:
3008152]

Grauer SM, Pulito VL, Navarra RL, Kelly MP, Kelley C, Graf R, et al. Phosphodiesterase 10A
inhibitor activity in preclinical models of the positive, cognitive, and negative symptoms of
schizophrenia. The Journal of Pharmacology and Experimental Therapeutics. 2009; 331:574-590.
[PubMed: 19661377]

Guan YZ, Ye JH. Ethanol blocks long-term potentiation of GABAergic synapses in the ventral
tegmental area involving mu-opioid receptors. Neuropsychopharmacology. 2010; 35:1841-1849.
[PubMed: 20393452]

Hines LM, Hoffman PL, Bhave S, Saba L, Kaiser A, Snell L, et al. A sex-specific role of type VII
adenylyl cyclase in depression. The Journal of Neuroscience. 2006; 26:12609-12619. [PubMed:
17135423]

Hu W, Lu T, Chen A, Huang Y, Hansen R, Chandler LJ, et al. Inhibition of phosphodiesterase-4
decreases ethanol intake in mice. Psychopharmacology (Berl). 2011; 218:331-339. [PubMed:
21509503]

Hughes B, Howat D, Lisle H, Holbrook M, James T, Gozzard N, et al. The inhibition of antigen-
induced eosinophilia and bronchoconstriction by CDP840, a novel stereo-selective inhibitor of
phosphodiesterase type 4. British Journal of Pharmacology. 1996; 118:1183-1191. [PubMed:
8818342]

Jeanblanc J, He DY, Carnicella S, Kharazia V, Janak PH, Ron D. Endogenous BDNF in the
dorsolateral striatum gates alcohol drinking. The Journal of Neuroscience. 2009; 29:13494-13502.
[PubMed: 19864562]

Kelly MP, Stein JM, Vecsey CG, Favilla C, Yang X, Bizily SF, et al. Developmental etiology for
neuroanatomical and cognitive deficits in mice overexpressing Galphas, a G-protein subunit
genetically linked to schizophrenia. Molecular Psychiatry. 2009; 14:398-415. [PubMed:
19030002]

Kelm MK, Criswell HE, Breese GR. The role of protein kinase A in the ethanol-induced increase in
spontaneous GABA release onto cerebellar Purkinje neurons. Journal of Neurophysiology. 2008;
100:3417-3428. [PubMed: 18945815]

Kim KS, Kim H, Baek IS, Lee KW, Han PL. Mice lacking adenylyl cyclase type 5 (AC5) show
increased ethanol consumption and reduced ethanol sensitivity. Psychopharmacology (Berl). 2011;
215:391-398. [PubMed: 21193983]

Knapp CM, Lee K, Foye M, Ciraulo DA, Kornetsky C. Additive effects of intra-accumbens infusion of
the cAMP-specific phosphodiesterase inhibitor, rolipram and cocaine on brain stimulation reward.
Life Sciences. 2001; 69:1673-1682. [PubMed: 11589507]

Krahe TE, Paul AP, Medina AE. Phosphodiesterase type 4 inhibition does not restore ocular
dominance plasticity in a ferret model of fetal alcohol spectrum disorders. Alcoholism: Clinical
and Experimental Research. 2010; 34:493-498.

Kumar S, Ren Q, Beckley JH, O'Buckley TK, Gigante ED, Santerre JL, et al. Ethanol Activation of
Protein Kinase A Regulates GABA(A) Receptor Subunit Expression in the Cerebral Cortex and

Alcohoal. Author manuscript; available in PMC 2016 December 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Logrip

Page 13

Contributes to Ethanol-Induced Hypnosis. Frontiers in Neuroscience. 2012; 6:44. [PubMed:
22509146]

Kurtz DL, Stewart RB, Zweifel M, Li TK, Froehlich JC. Genetic differences in tolerance and
sensitization to the sedative/hypnotic effects of alcohol. Pharmacology, Biochemistry, and
Behavior. 1996; 53:585-591.

Lakics V, Karran EH, Boess FG. Quantitative comparison of phosphodiesterase mRNA distribution in
human brain and peripheral tissues. Neuropharmacology. 2010; 59:367-374. [PubMed: 20493887]

Lantz CL, Wang W, Medina AE. Early alcohol exposure disrupts visual cortex plasticity in mice.
International Journal of Developmental Neuroscience. 2012; 30:351-357. [PubMed: 22617459]

Lee KW, Hong JH, Choi IY, Che Y, Lee JK, Yang SD, et al. Impaired D2 dopamine receptor function
in mice lacking type 5 adenylyl cyclase. The Journal of Neuroscience. 2002; 22:7931-7940.
[PubMed: 12223546]

Li YF, Huang Y, Amsdell SL, Xiao L, O'Donnell JM, Zhang HT. Antidepressant- and anxiolytic-like
effects of the phosphodiesterase-4 inhibitor rolipram on behavior depend on cyclic AMP response
element binding protein-mediated neurogenesis in the hippocampus. Neuropsychopharmacology.
2009; 34:2404-2419. [PubMed: 19516250]

Liddie S, Anderson KL, Paz A, Itzhak Y. The effect of phosphodiesterase inhibitors on the extinction
of cocaine-induced conditioned place preference in mice. Journal of Psychopharmacology. 2012;
26:1375-1382. [PubMed: 22596207]

Liebenberg N, Harvey BH, Brand L, Brink CB. Antidepressant-like properties of phosphodiesterase
type 5 inhibitors and cholinergic dependency in a genetic rat model of depression. Behavioural
Pharmacology. 2010; 21:540-547. [PubMed: 20555254]

Logrip ML, Janak PH, Ron D. Escalating ethanol intake is associated with altered corticostriatal
BDNF expression. Journal of Neurochemistry. 2009; 109:1459-1468. [PubMed: 19453942]

Logrip ML, Vendruscolo LF, Schlosburg JE, Koob GF, Zorrilla EP. Phosphodiesterase 10A regulates
alcohol and saccharin self-administration in rats. Neuropsychopharmacology. 2014; 39:1722—
1731. [PubMed: 24549104]

Logrip ML, Zorrilla EP. Stress history increases alcohol intake in relapse: relation to
phosphodiesterase 10A. Addiction Biology. 2012; 17:920-933. [PubMed: 22741603]

Logrip ML, Zorrilla EP. Differential changes in amygdala and frontal cortex Pde10a expression during
acute and protracted withdrawal. Frontiers in Integrative Neuroscience. 2014; 8:30. [PubMed:
24782725]

Lischer C, Malenka RC. Drug-evoked synaptic plasticity in addiction: from molecular changes to
circuit remodeling. Neuron. 2011; 69:650-663. [PubMed: 21338877]

Maas JW Jr, Indacochea RA, Muglia LM, Tran TT, Vogt SK, West T, et al. Calcium-stimulated
adenylyl cyclases modulate ethanol-induced neurodegeneration in the neonatal brain. The Journal
of Neuroscience. 2005; 25:2376-2385. [PubMed: 15745964]

Maas JW Jr, Vogt SK, Chan GC, Pineda VV, Storm DR, Muglia LJ. Calcium-stimulated adenylyl
cyclases are critical modulators of neuronal ethanol sensitivity. The Journal of Neuroscience.
2005; 25:4118-4126. [PubMed: 15843614]

Medina AE, Krahe TE, Ramoa AS. Restoration of neuronal plasticity by a phosphodiesterase type 1
inhibitor in a model of fetal alcohol exposure. The Journal of Neuroscience. 2006; 26:1057-1060.
[PubMed: 16421325]

Megens AA, Hendrickx HM, Hens KA, Fonteyn |, Langlois X, Lenaerts |, et al. Pharmacology of
JNJ-42314415, a centrally active phosphodiesterase 10A (PDE10A) inhibitor: a comparison of
PDE10A inhibitors with D2 receptor blockers as potential antipsychotic drugs. The Journal of
Pharmacology and Experimental Therapeutics. 2014; 349:138-154. [PubMed: 24421319]

Melis M, Camarini R, Ungless MA, Bonci A. Long-lasting potentiation of GABAergic synapses in
dopamine neurons after a single in vivo ethanol exposure. The Journal of Neuroscience. 2002;
22:2074-2082. [PubMed: 11896147]

Meskini N, Némoz G, Okyayuz-Baklouti I, Lagarde M, Prigent AF. Phosphodiesterase inhibitory
profile of some related xanthine derivatives pharmacologically active on the peripheral
microcirculation. Biochemical Pharmacology. 1994; 47:781-788. [PubMed: 8135854]

Alcohoal. Author manuscript; available in PMC 2016 December 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Logrip

Page 14

Misra K, Pandey SC. The decreased cyclic-AMP dependent-protein kinase A function in the nucleus
accumbens: a role in alcohol drinking but not in anxiety-like behaviors in rats.
Neuropsychopharmacology. 2006; 31:1406-1419. [PubMed: 16192983]

Mizushige K, Ueda T, Yukiiri K, Suzuki H. Olprinone: a phosphodiesterase I11 inhibitor with positive
inotropic and vasodilator effects. Cardiovascular Drug Reviews. 2002; 20:163-174. [PubMed:
12397365]

Moos RH, Moos BS. Rates and predictors of relapse after natural and treated remission from alcohol
use disorders. Addiction. 2006; 101:212-222. [PubMed: 16445550]

Mulligan MK, Ponomarev I, Hitzemann RJ, Belknap JK, Tabakoff B, Harris RA, et al. Toward
understanding the genetics of alcohol drinking through transcriptome meta-analysis. Proceedings
of the National Academy of Sciences of the United States of America. 2006; 103:6368-6373.
[PubMed: 16618939]

Mulligan MK, Rhodes JS, Crabbe JC, Mayfield RD, Harris RA, Ponomarev I. Molecular profiles of
drinking alcohol to intoxication in C57BL/6J mice. Alcoholism: Clinical and Experimental
Research. 2011; 35:659-670.

Nawrocki AR, Rodriguez CG, Toolan DM, Price O, Henry M, Forrest G, et al. Genetic deletion and
pharmacological inhibition of phosphodiesterase 10A protects mice from diet-induced obesity and
insulin resistance. Diabetes. 2014; 63:300-311. [PubMed: 24101672]

Nelson EJ, Hellevuo K, Yoshimura M, Tabakoff B. Ethanol-induced phosphorylation and potentiation
of the activity of type 7 adenylyl cyclase. Involvement of protein kinase C delta. The Journal of
Biological Chemistry. 2003; 278:4552-4560. [PubMed: 12454008]

Nestler EJ. Cellular basis of memory for addiction. Dialogues in Clinical Neuroscience. 2013; 15:431-
443. [PubMed: 24459410]

Nishi A, Kuroiwa M, Miller DB, O'Callaghan JP, Bateup HS, Shuto T, et al. Distinct roles of PDE4
and PDE10A in the regulation of cAMP/PKA signaling in the striatum. The Journal of
Neuroscience. 2008; 28:10460-10471. [PubMed: 18923023]

O'Connor V, Genin A, Davis S, Karishma KK, Doyeére V, De Zeeuw Cl, et al. Differential
amplification of intron-containing transcripts reveals long term potentiation-associated up-
regulation of specific Pde10A phosphodiesterase splice variants. The Journal of Biological
Chemistry. 2004; 279:15841-15849. [PubMed: 14752115]

Ortiz J, Fitzgerald LW, Charlton M, Lane S, Trevisan L, Guitart X, et al. Biochemical actions of
chronic ethanol exposure in the mesolimbic dopamine system. Synapse. 1995; 21:289-298.
[PubMed: 8869159]

Osterndorff-Kahanek E, Ponomarev |, Blednov YA, Harris RA. Gene expression in brain and liver
produced by three different regimens of alcohol consumption in mice: comparison with immune
activation. PLoS One. 2013; 8:e59870. [PubMed: 23555817]

Pandey SC, Roy A, Mittal N. Effects of chronic ethanol intake and its withdrawal on the expression
and phosphorylation of the creb gene transcription factor in rat cortex. The Journal of
Pharmacology and Experimental Therapeutics. 2001; 296:857-868. [PubMed: 11181917]

Pandey SC, Roy A, Zhang H. The decreased phosphorylation of cyclic adenosine monophosphate
(cAMP) response element binding (CREB) protein in the central amygdala acts as a molecular
substrate for anxiety related to ethanol withdrawal in rats. Alcoholism: Clinical and Experimental
Research. 2003; 27:396-4009.

Pandey SC, Zhang H, Roy A, Xu T. Deficits in amygdaloid cAMP-responsive element-binding protein
signaling play a role in genetic predisposition to anxiety and alcoholism. The Journal of Clinical
Investigation. 2005; 115:2762-2773. [PubMed: 16200210]

Piccart E, Langlois X, Vanhoof G, D'Hooge R. Selective inhibition of phosphodiesterase 10A impairs
appetitive and aversive conditioning and incentive salience attribution. Neuropharmacology. 2013;
75:437-444. [PubMed: 23973318]

Podda MV, Grassi C. New perspectives in cyclic nucleotide-mediated functions in the CNS: the
emerging role of cyclic nucleotide-gated (CNG) channels. Pfliigers Arch. 2014; 466:1241-1257.
[PubMed: 24142069]

Alcohoal. Author manuscript; available in PMC 2016 December 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Logrip

Page 15

Ramirez AD, Smith SM. Regulation of dopamine signaling in the striatum by phosphodiesterase
inhibitors: novel therapeutics to treat neurological and psychiatric disorders. Central Nervous
System Agents in Medicinal Chemistry. 2014; 14:72-82. [PubMed: 25540976]

Ray LA, Roche DJ, Heinzerling K, Shoptaw S. Opportunities for the development of neuroimmune
therapies in addiction. International Review of Neurobiology. 2014; 118:381-401. [PubMed:
25175870]

Repunte-Canonigo V, Lutjens R, van der Stap LD, Sanna PP. Increased expression of protein kinase A
inhibitor alpha (PKI-alpha) and decreased PKA-regulated genes in chronic intermittent alcohol
exposure. Brain Research. 2007; 1138:48-56. [PubMed: 17270154]

Rezvani AH, Parsian A, Overstreet DH. The Fawn-Hooded (FH/Wjd) rat: a genetic animal model of
comorbid depression and alcoholism. Psychiatric Genetics. 2002; 12:1-16. [PubMed: 11901354]

Richter W, Menniti FS, Zhang HT, Conti M. PDE4 as a target for cognition enhancement. Expert
Opinion on Therapeutic Targets. 2013; 17:1011-1027. [PubMed: 23883342]

Roberto M, Madamba SG, Moore SD, Tallent MK, Siggins GR. Ethanol increases GABAergic
transmission at both pre- and postsynaptic sites in rat central amygdala neurons. Proceedings of
the National Academy of Sciences of the United States of America. 2003; 100:2053-2058.
[PubMed: 12566570]

Rock EM, Benzaquen J, Limebeer CL, Parker LA. Potential of the rat model of conditioned gaping to
detect nausea produced by rolipram, a phosphodiesterase-4 (PDE4) inhibitor. Pharmacology,
Biochemistry, and Behavior. 2009; 91:537-541.

Roesler R, Reolon GK, Maurmann N, Schwartsmann G, Schroder N, Amaral OB, et al. A
phosphodiesterase 4-controlled switch between memory extinction and strengthening in the
hippocampus. Frontiers in Behavioral Neuroscience. 2014; 8:91. [PubMed: 24672454]

Romieu P, Gobaille S, Aunis D, Zwiller J. Injection of the neuropeptide CNP into dopaminergic rat
brain areas decreases alcohol intake. Annals of the New York Academy of Sciences. 2008;
1139:27-33. [PubMed: 18991845]

Rutten K, Misner DL, Works M, Blokland A, Novak TJ, Santarelli L, et al. Enhanced long-term
potentiation and impaired learning in phosphodiesterase 4D-knockout (PDE4D) mice. The
European Journal of Neuroscience. 2008; 28:625-632. [PubMed: 18702734]

Rutten K, Prickaerts J, Hendrix M, van der Staay FJ, Sik A, Blokland A. Time-dependent involvement
of CAMP and cGMP in consolidation of object memory: studies using selective phosphodiesterase
type 2, 4 and 5 inhibitors. European Journal of Pharmacology. 2007; 558:107-112. [PubMed:
17207788]

Rutten K, Wallace TL, Works M, Prickaerts J, Blokland A, Novak TJ, et al. Enhanced long-term
depression and impaired reversal learning in phosphodiesterase 4B—knockout (PDE4B-/-) mice.
Neuropharmacology. 2011; 61:138-147. [PubMed: 21458469]

Rutter AR, Poffe A, Cavallini P, Davis TG, Schneck J, Negri M, et al. GSK356278, a potent, selective,
brain-penetrant phosphodiesterase 4 inhibitor that demonstrates anxiolytic and cognition-
enhancing effects without inducing side effects in preclinical species. The Journal of
Pharmacology and Experimental Therapeutics. 2014; 350:153-163. [PubMed: 24784567]

Saito T, Lee JM, Hoffman PL, Tabakoff B. Effects of chronic ethanol treatment on the beta-adrenergic
receptor-coupled adenylate cyclase system of mouse cerebral cortex. Journal of Neurochemistry.
1987; 48:1817-1822. [PubMed: 3033151]

Sanderson TM, Sher E. The role of phosphodiesterases in hippocampal synaptic plasticity.
Neuropharmacology. 2013; 74:86-95. [PubMed: 23357335]

Schmidt CJ, Chapin DS, Cianfrogna J, Corman ML, Hajos M, Harms JF, et al. Preclinical
characterization of selective phosphodiesterase 10A inhibitors: a new therapeutic approach to the
treatment of schizophrenia. The Journal of Pharmacology and Experimental Therapeutics. 2008;
325:681-690. [PubMed: 18287214]

Seeger TF, Bartlett B, Coskran TM, Culp JS, James LC, Krull DL, et al. Immunohistochemical
localization of PDE10A in the rat brain. Brain Research. 2003; 985:113-126. [PubMed:
12967715]

Silberman Y, Ariwodola OJ, Weiner JL. f1-adrenoceptor activation is required for ethanol
enhancement of lateral paracapsular GABAergic synapses in the rat basolateral amygdala. The

Alcohoal. Author manuscript; available in PMC 2016 December 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Logrip

Page 16

Journal of Pharmacology and Experimental Therapeutics. 2012; 343:451-459. [PubMed:
22904357]

Smith SM, Uslaner JM, Cox CD, Huszar SL, Cannon CE, Vardigan JD, et al. The novel
phosphodiesterase 10A inhibitor THPP-1 has antipsychotic-like effects in rat and improves
cognition in rat and rhesus monkey. Neuropharmacology. 2012; 64:215-223. [PubMed:
22750078]

Sotty F, Montezinho LP, Steiniger-Brach B, Nielsen J. Phosphodiesterase 10A inhibition modulates
the sensitivity of the mesolimbic dopaminergic system to D-amphetamine: involvement of the D1-
regulated feedback control of midbrain dopamine neurons. Journal of Neurochemistry. 2009;
109:766-775. [PubMed: 19236563]

Stinson FS, Grant BF, Dawson DA, Ruan WJ, Huang B, Saha T. Comorbidity between DSM-1V
alcohol and specific drug use disorders in the United States: results from the National
Epidemiologic Survey on Alcohol and Related Conditions. Drug and Alcohol Dependence. 2005;
80:105-116. [PubMed: 16157233]

Suzuki K, Harada A, Shiraishi E, Kimura H. In vivo pharmacological characterization of TAK-063, a
potent and selective phosphodiesterase 10A inhibitor with antipsychotic-like activity in rodents.
The Journal of Pharmacology and Experimental Therapeutics. 2015; 352:471-479. [PubMed:
25525190]

Thiele TE, Willis B, Stadler J, Reynolds JG, Bernstein IL, McKnight GS. High ethanol consumption
and low sensitivity to ethanol-induced sedation in protein kinase A-mutant mice. The Journal of
Neuroscience. 2000; 20:RC75. [PubMed: 10783399]

Threlfell S, Sammut S, Menniti FS, Schmidt CJ, West AR. Inhibition of Phosphodiesterase 10A
Increases the Responsiveness of Striatal Projection Neurons to Cortical Stimulation. The Journal
of Pharmacology and Experimental Therapeutics. 2009; 328:785-795. [PubMed: 19056933]

Tronson NC, Taylor JR. Addiction: a drug-induced disorder of memory reconsolidation. Current
Opinion in Neurobiology. 2013; 23:573-580. [PubMed: 23415831]

Uzbay IT, Celik T, Aydin A, Kayir H, Tokgdz S, Bilgi C. Effects of chronic ethanol administration
and ethanol withdrawal on cyclic guanosine 3',5'-monophosphate (cGMP) levels in the rat brain.
Drug and Alcohol Dependence. 2004; 74:55-59. [PubMed: 15072807]

Valverius P, Hoffman PL, Tabakoff B. Hippocampal and cerebellar beta-adrenergic receptors and
adenylate cyclase are differentially altered by chronic ethanol ingestion. Journal of
Neurochemistry. 1989; 52:492-497. [PubMed: 2536073]

Wand G, Levine M, Zweifel L, Schwindinger W, Abel T. The cAMP-protein kinase A signal
transduction pathway modulates ethanol consumption and sedative effects of ethanol. The Journal
of Neuroscience. 2001; 21:5297-5303. [PubMed: 11438605]

Wand GS, Diehl AM, Levine MA, Wolfgang D, Samy S. Chronic ethanol treatment increases
expression of inhibitory G-proteins and reduces adenylylcyclase activity in the central nervous
system of two lines of ethanol-sensitive mice. The Journal of Biological Chemistry. 1993;
268:2595-2601. [PubMed: 8428935]

Wang ZZ, Zhang Y, Zhang HT, Li YF. Phosphodiesterase: an interface connecting cognitive deficits
to neuropsychiatric and neurodegenerative diseases. Current Pharmaceutical Design. 2015;
21:303-316. [PubMed: 25159069]

Wen RT, Zhang M, Qin WJ, Liu Q, Wang WP, Lawrence AJ, et al. The phosphodiesterase-4 (PDE4)
inhibitor rolipram decreases ethanol seeking and consumption in alcohol-preferring Fawn-Hooded
rats. Alcoholism: Clinical and Experimental Research. 2012; 36:2157-2167.

Werenicz A, Christoff RR, Blank M, Jobim PF, Pedroso TR, Reolon GK, et al. Administration of the
phosphodiesterase type 4 inhibitor rolipram into the amygdala at a specific time interval after
learning increases recognition memory persistence. Learning & Memory. 2012; 19:495-498.
[PubMed: 22993171]

Werner C, Raivich G, Cowen M, Strekalova T, Sillaber I, Buters JT, et al. Importance of NO/cGMP
signalling via cGMP-dependent protein kinase 11 for controlling emotionality and
neurobehavioural effects of alcohol. The European Journal of Neuroscience. 2004; 20:3498—
3506. [PubMed: 15610182]

Alcohoal. Author manuscript; available in PMC 2016 December 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Logrip

Page 17

Wiescholleck V, Manahan-Vaughan D. PDE4 inhibition enhances hippocampal synaptic plasticity in
vivo and rescues MK801-induced impairment of long-term potentiation and object recognition
memory in an animal model of psychosis. Translational Psychiatry. 2012; 2:e89. [PubMed:
22832854]

World Health Organization. Global status report on alcohol and health. 2014

Yang X, Oswald L, Wand G. The cyclic AMP/protein kinase A signal transduction pathway modulates
tolerance to sedative and hypothermic effects of ethanol. Alcoholism: Clinical and Experimental
Research. 2003; 27:1220-1225.

Yoshimura M, Tabakoff B. Selective effects of ethanol on the generation of cAMP by particular
members of the adenylyl cyclase family. Alcoholism: Clinical and Experimental Research. 1995;
19:1435-1440.

Zhang HT. Cyclic AMP-specific phosphodiesterase-4 as a target for the development of antidepressant
drugs. Current Pharmaceutical Design. 2009; 15:1688-1698. [PubMed: 19442182]

Zhang HT, Crissman AM, Dorairaj NR, Chandler LJ, O'Donnell JM. Inhibition of cyclic AMP
phosphodiesterase (PDE4) reverses memory deficits associated with NMDA receptor
antagonism. Neuropsychopharmacology. 2000; 23:198-204. [PubMed: 10882846]

Zhang HT, Huang Y, Jin SL, Frith SA, Suvarna N, Conti M, et al. Antidepressant-like profile and
reduced sensitivity to rolipram in mice deficient in the PDE4D phosphodiesterase enzyme.
Neuropsychopharmacology. 2002; 27:587-595. [PubMed: 12377395]

Zhang HT, Huang Y, Masood A, Stolinski LR, Li Y, Zhang L, et al. Anxiogenic-like behavioral
phenotype of mice deficient in phosphodiesterase 4B (PDE4B). Neuropsychopharmacology.
2008; 33:1611-1623. [PubMed: 17700644]

Zhang HT, O'Donnell JM. Effects of rolipram on scopolamine-induced impairment of working and
reference memory in the radial-arm maze tests in rats. Psychopharmacology (Berl). 2000;
150:311-316. [PubMed: 10923759]

Zhang HT, Zhao Y, Huang Y, Dorairaj NR, Chandler LJ, O'Donnell JM. Inhibition of the
phosphodiesterase 4 (PDE4) enzyme reverses memory deficits produced by infusion of the MEK
inhibitor U0126 into the CA1 subregion of the rat hippocampus. Neuropsychopharmacology.
2004; 29:1432-1439. [PubMed: 15114341]

Zhong P, Wang W, Yu F, Nazari M, Liu X, Liu QS. Phosphodiesterase 4 inhibition impairs cocaine-
induced inhibitory synaptic plasticity and conditioned place preference.
Neuropsychopharmacology. 2012; 37:2377-2387. [PubMed: 22713909]

Alcohol. Author manuscript; available in PMC 2016 December 01.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Logrip

Page 18

HIGHLIGHTS
Reduced cAMP and cGMP levels can increase alcohol intake
PDEs may contribute to excessive alcohol use by reducing cCAMP/cGMP levels
PDE inhibitors are proposed as treatments for excessive alcohol intake

PDE4 and PDE10A inhibitors are highlighted for reducing drinking in rodents
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