Chapter 1
Phosphodiesterase Diversity and Signal
Processing Within cAMP Signaling Networks

Susana R. Neves-Zaph

Abstract A large number of neuromodulators activate G-protein coupled receptors
(GPCRs) and mediate their cellular actions via the regulation of intracellular cAMP,
the small highly diffusible second messenger. In fact, in the same neuron several dif-
ferent GPCRs can regulate cAMP with seemingly identical timecourses that give rise
to distinct signaling outcomes, suggesting that cAMP does not have equivalent access
to all its downstream effectors and may exist within defined intracellular pools or
domains. cAMP compartmentalization is the process that allows the neuron to dif-
ferentially interpret these various intracellular cAMP signals into cellular response.
The molecular mechanisms that give rise to cAMP compartmentalization are not
fully understood, but it is thought that phosphodiesterases (PDEs), the enzymes that
degrade cAMP, significantly contribute to this process. PDEs, as the sole mechanism
of signal termination for cAMP, hold great promise as therapeutic targets for patholo-
gies that are due to the dysregulation of intracellular cAMP signaling. Due to their
diverse catalytic activity, regulation and localization each PDE subtype expressed in
a given neuron may have a distinct role on downstream signaling.

Keywords cAMP e Protein kinase A ¢ Phosphodiesterase e PDE ¢ GluA1 « AMPAR
trafficking

1.1 Introduction

Cyclic adenosine monophosphate (cAMP), the classical second messenger, is a critical
intracellular mediator of the actions of most neuromodulators in the brain. The original
studies that elucidated classical cAMP signaling described it as a straightforward linear
pathway, where neuromodulator-activated G-protein coupled receptors (GPCRs) acti-
vate membrane adenylyl cyclases (ACs) inducing the synthesis of cCAMP. This increase
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in cAMP activates cAMP-dependent protein kinase (PKA) leading to a series of
phosphorylation events that result in the regulation of ion channels, enzymes, and
changes in transcriptional and translational activities. The termination of the signal is
due to the activity of 3’-5 cyclic nucleotide phosphodiesterases (PDEs), enzymes that
degrade cAMP into 5'AMP.

Studies in the last 20 years have highlighted the underappreciated complexity of
this once considered simple signaling pathway. First, PKA is not the sole direct
effector of cAMP. Additional cAMP targets, such as Exchange Protein Activated by
Cyclic AMP (EPACs, guanine nucleotide exchange proteins that activate small
GTPases Rapl and Rap2), and cyclic nucleotide gated channels have been identified
and are also involved in relaying cAMP downstream action into cellular outcomes.
Additionally, the abundance of highly regulated isoforms responsible for the pro-
duction and degradation of cAMP further complicates the picture. There are nine
genes coding for G-protein activated ACs, with variants expressed from each gene.
The large number of possible cyclase isoforms pales in comparison with the vast
multiplicity of PDE isoforms identified so far. The PDE superfamily consists of 11
gene families, with most families containing several genes giving rise to a total of
21 coding PDE genes and potentially generating close to 100 isoforms variants.
These variants display diverse enzymatic characteristics, regulation and localiza-
tion, and any given cell may express tens of these different isozymes, creating a cell
type-specific cAMP processing profile.

PDEs have garnered a tremendous amount of attention due to their role as the
exclusive degradation activity for cyclic nucleotides. Several studies using specific
pharmacological inhibitors and genetic ablation approaches have identified PDEs as
key contributors to normal neuronal function. Despite all this, the identity of down-
stream signaling controlled by each PDE isoform is still poorly understood. The fun-
damental questions that remain are: if all PDEs have the same termination role in
cAMP signaling, why is there such a large number of distinct PDEs expressed in a
given neuron? And what is the identity of the intracellular signaling derived from the
cAMP pool controlled by each of these PDEs? In this chapter we will review how the
diversity of PDEs found in neurons contributes to the fine tuning the amplitude and
duration of cAMP signaling, and how regulation of these activities can further modu-
late cAMP processing in neurons.

1.2 The Range of Kinetic Characteristics of PDE Isoforms
Fine-Tunes cAMP Levels

A great deal of attention is paid to the expression level of each PDE in specific neu-
ron types or brain regions. Yet, in order to gauge the actual contribution of these
enzymes in CAMP signaling other factors must also be taken into account, such as
their affinity and catalytic activity for cAMP, as these kinetic features can range
widely for each PDE family. For instance, a PDE with modest cellular expression
but possessing high affinity and catalytic activity may have a substantial role in
cAMP dynamics. These enzymes act on a substrate whose levels are dynamically
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regulated as cellular cAMP levels can vary up to 100-fold upon receptor-mediated
cyclase stimulation. At rest, most neurons exhibit cAMP levels in the low to mid
nanomolar range and receptor activation of cyclases increases cAMP levels up to
micromolar range, with the specific cAMP cellular concentrations dependent on the
identity of ACs/PDEs expressed, and GPCRs activated (Bacskai et al. 1993; Mironov
et al. 2009). Additionally, cAMP is not homogenously distributed throughout the
neuron, leading to the possibility that not all PDEs have equal access to their sub-
strate (Bacskai et al. 1993; Li et al. 2015; Neves et al. 2008). The nonlinear nature
of all these factors makes it challenging to intuit the contribution of each PDE to
cyclic nucleotide homeostasis and signaling.

Neurons express a multitude of PDEs, and each PDEs may have a precise role
depending on the signaling status of the cell and the resulting cellular levels of
cAMP. For instance, medium spiny neurons (MSNs), the principal neurons of the
striatum that receive dopaminergic stimulation express several PDE activities with
a wide range of kinetic properties. MSNs are particularly enriched in PDEIB,
PDE2A, PDE4B, PDE7A/B, PDESB and PDE10A (Heiman et al. 2008; Kelly et al.
2014; Stephenson et al. 2012; Erneux et al. 1981; Martins et al. 1982; Repaske et al.
1993; Van Staveren et al. 2003). To illustrate the diverse kinetic profile of the PDEs
expressed, the Michaelis Menten constant (Km) value for cAMP for each MSN-
expressed PDE is plotted in Fig. 1.1. It is striking that all these MSNs-expressed
PDE subtypes cover three orders of magnitude of cAMP levels, with PDEs display-
ing high affinity (PDE7A/B, PDESA and PDE10A), mid-affinity (PDE4B) or lower
affinity (PDEI1B and PDE2A) for cAMP degradation. Based solely on these Km
values, it is easier to appreciate how each PDE activity may have a distinct function
during the induction and maintenance of basal and receptor-mediated cAMP levels.
The high affinity PDEs may be maximally active even during basal conditions to
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regulate the basal tone of cAMP. Whereas the lower affinity PDEs may be responsible
for the amplitude and duration of the receptor activated cAMP levels. To further
illustrate this complexity, we explore the relationship between varying cAMP levels
due to different cellular states (basal and DA stimulation), and the kinetic properties
of PDEs on downstream cAMP signaling by employing an ordinary differential
equations (ODEs)-based model of a simplified cAMP signaling scheme (Fig. 1.2a).
The percent contribution of each PDE subtype for the degradation of cAMP dra-
matically changes with increasing cAMP levels due to dopamine stimulation
(Fig. 1.2b). At low DA concentrations, the main PDE acting on cAMP is PDE10A,
accounting for 80% of all degradation activity. These simulations results are in
agreement with reported contributions of PDEs in MSNs. In MSNs, PDE10A
accounted for the majority of the degradation activity acting on basal cAMP
(Russwurm et al. 2015). Additionally, inhibition of PDEIOA activity has a more
robust effect on MSNs expressing D2 (Gi-coupled—dopamine receptor) than in
D1-MSNs, suggesting that this high affinity PDE may have more significant role in
neurons that display a decreased basal cAMP tone (Polito et al. 2015). As dopamine
concentration is increased, cAMP levels rise to the high nanomolar/low micromolar
range and the contribution of PDE4B becomes more prominent (Fig. 1.2b).
At supersaturating concentrations of dopamine, cAMP levels accumulate to the
micromolar range and the activity of PDE2 predominates. The kinetic characteris-
tics of PDEs must be taken under consideration when testing the contribution of
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Fig. 1.2 The contribution of each PDE to cAMP levels is dependent on cellular state. (a) The
model is based on our work (Song et al. 2013) and contains a depiction of dopamine-induced
cAMP signaling in MSNs including: dopamine D1-receptor mediated activation of ACS5, PKA
activation, and detailed representations of cAMP degradation activities by PDEIB, PDE2A,
PDE4B, and PDE10A with their appropriate reported kinetic parameters. For illustration purposes,
the assumption is that these four PDE activities have access to the same local cAMP pool. PDE7
and PDES were not included for clarity sake as they cover the same cAMP range as PDE10A. To
simplify the interpretation of the simulations, the initial concentrations of each PDE was kept
equimolar, and total PDE concentration was constrain to achieve the reported basal and receptor
activated cAMP levels in neurons. (b) integral of the velocity of each PDE reaction plotted as
percent of each PDE subtype over total PDE activity of the simulation
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each PDE. For instance, inhibiting a low affinity PDE under basal conditions may
not produce a change in cAMP signaling reflective of the true intracellular role of
such PDE. Thus, the strength of the extracellular stimuli and the catalytic activity of
the defined PDEs are variables that must be taken into consideration when interpret-
ing the function of each PDEs in downstream signaling.

1.3 Regulation of PDEs Activities Expands Their Catalytic
Capabilities to Allow Rapid Signal Modulation
and Integration

PDE activities are modulated by a number of regulatory mechanisms that allow the
rapid and transient control of the intensity of cAMP signaling. These regulatory
mechanisms may also be points of intracellular signaling integration, where modu-
lation of the activity of PDEs may result in redirection of signals between different
downstream targets. The PDE superfamily displays a variety of mechanisms that
result in dynamic activity control such as allosteric binding by cyclic nucleotides,
competitive inhibition and post-translational modifications (Leroy et al. 1996;
Noyama and Maekawa 2003; Omori and Kotera 2007). An example of allosteric
regulation of a PDE is the activation of PDE2A by ¢cGMP. This allosteric regulation
occurs due to cGMP binding to GAF-domain present in the N-terminus of PDE2A
isoforms, resulting in a conformational change that enhances substrate access to the
catalytic site (Martinez et al. 2002; Martins et al. 1982; Noyama and Maekawa
2003; Pandit et al. 2009; Rosman et al. 1997). This regulation results in significant
degradation of cellular cAMP levels upon increases in cGMP in MSNs and has
functional consequences to downstream targets (Lin et al. 2010; Polito et al. 2013;
Wykes et al. 2002). Additionally, this type of cGMP regulation of cAMP levels may
result in significant crosstalk interactions between PDEs, where inhibiting the activ-
ity of a PDE with cGMP activity may result in the unintended regulation of PDE2
activity (Zhao et al. 2015; Zhao et al. 2016).

The best-characterized example of PDE activity regulation by phosphorylation is
observed in the PDE4 family as certain isoforms are regulated by a number of kinases
(Mika and Conti 2016). Isoforms that contain the two conserved N-terminal regions,
called “upstream conserved-regions” (UCRI and UCR2), are classified as long iso-
forms and can form autoinhibitory domains that control PDE4 oligomerization and
enzymatic activity (Cedervall et al. 2015; Xie et al. 2014). It is thought that phosphory-
lation events within the interface of these domains modulate their stability and can
result in activation (enhanced degradation of cAMP) or inactivation (diminished deg-
radation of cAMP) (Bender and Beavo 2006; Conti et al. 2003; Richter and Conti
2002). For instance, PDE4 activity can be regulated acutely by PKA phosphorylation
within the UCRI region, inducing conformational changes that increase PDE4 activity
above basal levels (Lim et al. 1999). This PKA-phosphorylation is conserved in all
PDE4 long isoforms and results in a twofold enhancement of degradation activity
(Hoffmann et al. 1999; Sette and Conti 1996). It is believed that this regulation creates
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anegative feedback loop mechanism that results in signal attenuation or termination of
cAMP signaling (Fig. 1.3). A number of other protein kinases can also stimulate the
phosphorylation of PDE4 resulting in the bidirectional control of the degradation of
cAMP, making PDE4 a key node of signaling crosstalk. For instance, regulation of
PDEA4 activity by ERK phosphorylation results in a reduction of degradation activity
(Hoffmann et al. 1999). Simultaneous phosphorylation by PKA, cancels the inhibitory
effect of ERK regulation, returning activity to basal levels. More recently the identifi-
cation of Cdk5 and CaMKII as additional regulators of PDE4 activity have highlighted
the central role PDE4 in the integration of cAMP/Ca** signaling (Mika et al. 2015;
Plattner et al. 2015). In particular, in D1-expressing MSNs CdkS5 can synergize with
PKA activity to fully potentiate PDE4 hydrolytic activity (Plattner et al. 2015). Cdk5
phosphorylation of PDE4 induces a modest increase in basal activity, but in combina-
tion with PKA phosphorylation there is a 2.5-fold increase in cAMP degradation capa-
bility. Thus, these phosphorylation events can regulate the directionality and magnitude
of PDE4 activity and dramatically modulate downstream signaling (Fig. 1.3).

Despite the extensive insight into the regulation of PDE4 activity, the identity of
the intracellular signaling derived from the cAMP domain controlled by each PDE4
isoform is still limited. GluAl, a subunit of a-amino3-hydroxy-5-methy-4-
isoxazolepropionic acid receptors (AMPAR), is a target of PDE4-regulated PKA
activity (Nishi et al. 2008; Song et al. 2013). This phosphorylation event is of par-
ticular importance for AMPAR trafficking, as PKA phosphorylation of S845 pro-
motes AMPAR membrane insertion at extra-synaptic and peri-synaptic sites, and
primes GluAl-containing AMPAR for synaptic insertion (Esteban et al. 2003;
Serulle et al. 2007; Snyder et al. 2000). DARPP32, a highly enriched striatal protein
that is also a major target of PDE4-regulated PKA (Nishi et al. 2008), is a potent
inhibitor of protein phosphatase-1 (PP1) when phosphorylated at T32 DARPP32
(Hemmings et al. 1984; Ouimet et al. 1984; Svenningsson et al. 2004). PP1
dephosphorylation of Ser845 induces the endocytosis of GluA1 (Shen et al. 1999;
Snyder et al. 2000). Therefore, the balance between PKA and PP1 activities deter-
mines the phosphorylation state of AMPAR, and is tightly coupled to the dendritic
levels of cAMP and the activity of PDEs.
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Fig. 1.3 Acute regulation of PDE4 activity by phosphorylation produces diverse cAMP dynamics.
(a) PDE4 activity is the regulated by a number kinases. (b) The phosphorylation of PDE4 results
in distinct cAMP dynamics
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We have studied the role of PDE4 and its regulation by ERK on dopamine-induced
AMPAR trafficking in MSNs. Dopamine stimulation increases active ERK levels
resulting in the phosphorylation and inhibition of PDE4 (Song et al. 2013). We found
that ERK, by inhibiting PDE4 activity, amplifies dopamine-induced GluA1 phos-
phorylation, and GluA1 membrane insertion by altering the balance between PKA
and PP1, as the ERK mediated increase in PKA-phosphorylation of DARPP32 pre-
vents PP1 from dephosphorylating GluA1. Blocking this ERK-mediated regulation
of PDE4 activity results in adecrease in cAMP levels, GluA1-S845 and DARPP32-T34
phosphorylation. This leads to a robust decrease in GluA1-containing AMPAR sur-
face expression. Conversely, co-treatment of dopamine and brain-derived neuro-
trophic factor, a neurotrophin that activates ERK independently of cAMP, enhances
ERK-phosphorylation of PDE4, resulting in an increase of GluA1 phosphorylation,
and GluAl insertion by tipping the PKA/PP1 balance in favor of PKA. It is possible
that other stimuli that activate ERK, such Ca**-activated Ras, may modulate PDE4
activity and result in GluA|1 trafficking changes, making PDE4 a point of integration
for AMPAR trafficking regulation. Similarly, cdk5 regulation of PDE4 also resulted
in significant decrease in cAMP signaling. Inhibition of cdk5 induces an increase in
the PKA-mediated phosphorylation of DARPP32 at T32, and GluAl at S845.
Interestingly, one must note that cdk5 also directly phosphorylates DARPP32 at T75,
resulting in a form of DARPP32 that is inhibitory to PKA. Thus cdk5 mediates the
phosphorylation and activation of PDE4, along with the simultaneous phosphoryla-
tion of DARPP32 to inhibit PKA, resulting in the synergistic dampening of cAMP
signaling. Whether this regulation of PDE4 by cdkS also affects surface expression
of GluA1 remains to be confirmed.

1.4 The Diversity of PDE Subcellular Localizations
Promotes Signal Specificity

Different GPCRs expressed in the same neuron can increase cAMP with similar
temporal dynamics, but resulting in distinct cellular outcomes, raising the question
of how the cell differentially decodes signals from these receptors. This concept,
called cAMP compartmentalization where gradients of the second messenger are
localized within defined domains that are functionally distinct, remains poorly
understood. The advent of novel imaging technologies has allowed the examination
of the non-homogenous nature of cAMP signaling in neurons (Bacskai et al. 1993;
Li et al. 2015; Neves et al. 2008). Since the intracellular diffusion of cAMP is fast,
studies have focused on determining the mechanisms that permit cAMP to accumu-
late within these domains to target downstream signaling with high specificity
(Saucerman et al. 2014). There is some evidence that physical constrains, such as
cell shape, can affect cAMP diffusion and may play a role in cAMP compartmental-
ization. In fact, neurons display significantly higher concentration of cAMP in den-
drites versus cell body, pointing to surface-to-volume ratio-driven accumulation of
cAMP (Bacskai et al. 1993; Li et al. 2015; Neves et al. 2008). It is thought that since
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dendrites are high surface to volume ratio regions, cCAMP accumulates due to the
mostly plasma membrane location of cyclases (surface), and the predominant cyto-
plasmic localization of PDEs (volume) (Neves et al. 2008). Also, in these regions
diffusion of cCAMP may be hindered, further promoting accumulation of cAMP
(Meyers et al. 20006).

PDE:s also significantly play a role in the formation and maintenance of cAMP
compartmentalization to ensure precise spatial and temporal signal propagation to
downstream effectors (Perino et al. 2012, Sample et al. 2012; Taylor et al. 2013;
Tsvetanova and von Zastrow 2014). Although the precise manner by which PDEs
contribute to compartmentalization is still a matter of debate, there is strong evi-
dence that points to PDEs acting as enzymatic barriers. This is supported by the
observation that irrespective of cell type, inhibition of PDEs results in an increase in
the spatial range of cAMP signaling (Zaccolo and Pozzan 2002; Neves et al. 2008).
Two possible barrier-mechanisms have been proposed to explain such data (reviewed
in Conti et al. 2014): (1) PDEs function to keep cAMP from leaving signaling com-
partments; or (2) PDEs maintain cAMP to minimal levels within subdomains to
prevent activation of downstream signaling (Terrin et al. 2006).

PDE:s exhibit a wide range of subcellular locations that may contribute to their
role in cAMP compartmentalization, with many displaying signal-driven transloca-
tions and interactions with macromolecular complexes. Thus, even low expressing
PDE:s targeted to the appropriate location may play a significant role in downstream
signaling. In this context, subcellular localization of PDEs adds an additional layer
of complexity to cAMP cellular action by directing a degradation activity to specific
location of downstream effectors. Thus, not only will each PDE isoform act on spe-
cific ranges of cellular cAMP concentration but also at a defined location, and only
affecting a subset of PKA or EPAC activities.

PDEs employ various localization mechanisms, and this very much depends on
isoform identity as even splice variants derived from the same PDE gene may utilize
diverse subcellular targeting strategies. For instance PDE2A1 is cytosolic, while
splice variant PDE2A3 contains myristoylation sites in its N-terminal region that
allow association with synaptic membrane regions, whereas PDE2A?2 associates
directly with the plasma membrane via a hydrophobic motif (Russwurm et al. 2009;
Yang et al. 1994). A great number of PDEs exhibit specific subcellular targeting by
interacting with scaffolds. In particular, members of the PDE4, PDE7 and PDE10
families interact with scaffolds to bring them in close proximity to other signaling
intermediates, such as protein kinases, protein phosphatases, and GTPases allowing
further means of efficient crosstalk and downstream regulation. Several members of
the A Kinase Anchoring Proteins (AKAP) scaffold family bind to both PKA and
PDEs (Carlisle Michel et al. 2004; Dodge et al. 2001; Terrenoire et al. 2009).
Moreover, some interactions with scaffolds can be dynamic and signal-driven, as
seen with the interaction of PDE10A with AKAP150. PDE10A is enriched in mem-
branes of spines and dendrites and found mostly palmitoylated and in association
with AKAP150 (Charych et al. 2010; Kotera et al. 2004; Xie et al. 2006). Upon
PKA phosphorylation of PDE10A, the affinity of PDE10A for AKAP150 is reduced,
promoting its dissociation from the AKAP150 complex (Russwurm et al. 2015).
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Unlike PKA phosphorylation of PDE4, PDE10 phosphorylation by PKA has no
effect on its catalytic activity. Hence, this additional spatial dimension to PDEs
places their specific range of catalytic activity within a local cAMP pool and neigh-
boring downstream effectors.

1.5 Conclusions

The contribution of each PDE isoform to cAMP signaling is context specific: the
role of a PDE under basal conditions may be significantly different than in receptor
activated conditions due to their kinetic properties. Regulation of PDE activity and
localization demonstrate the complex series of controls that serve not only to tune
the intensity of local cAMP signaling but also how this signaling can be effectively
funneled to different downstream intracellular targets.

Significant advances in cyclic nucleotide imaging have started to elucidate the
spatial aspect of cAMP signaling controlled by PDEs. However, much work remains
to be done. Although the identity of local cAMP functional domains controlled by
PDEs can be discerned by monitoring downstream signaling, current experimental
methods lack the resolution to image these domains raising into question their
nature. Computational studies have also provided mechanistic detail into the role of
PDEs in cAMP signaling and highlighted their significant potential for signaling
integration across time and space.

Understanding the diversity of cellular PDEs may provide novel mechanistic insight
into designing therapeutic strategies for psychiatric disorders involving dopaminergic
dysregulation, such as drug addiction, Parkinson’s disease and schizophrenia.
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