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Abstract

Normal functioning of the brain is dependent upon a complex web of communication between
numerous cell types. Within neuronal networks, the faithful transmission of information between
neurons relies on an equally complex organization of inter- and intra-cellular signaling systems
that act to modulate protein activity. In particular, post-translational modifications (PTMs) are
responsible for regulating protein activity in response to neurochemical signaling. The key second
messenger, cyclic adenosine 3’,5’- monophosphate (CAMP), regulates one of the most ubiquitous
and influential PTMs, phosphorylation. While cAMP is canonically viewed as regulating the
addition of phosphate groups through its activation of cAMP-dependent protein kinases, it plays
an equally critical role in regulating removal of phosphate through indirect control of protein
phosphatase activity. This dichotomy of regulation by cAMP places it as one of the key regulators
of protein activity in response to neuronal signal transduction throughout the brain. In this review
we focus on the role of cAMP in regulation of the serine/threonine phosphatases protein
phosphatase 1 (PP1) and protein phosphatase 2A (PP2A) and the relevance of control of PP1 and
PP2A to regulation of brain function and behavior.
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. Introduction

It is difficult to overstate the importance of protein phosphorylation and dephosphorylation
in the control of neuronal function. Understanding the mechanisms governing
phosphorylation status of proteins is critical to elucidating the details of diverse aspects of
neuronal development, synaptic transmission and plasticity, and neurodegeneration, as well
as how these processes are affected by both physiological and pathological stimuli. The
importance of protein phosphorylation has been appreciated for some time [1,2]; however,
even after decades of study, novel aspects of the complex regulation of phosphorylation
networks continue to be discovered.

Protein phosphorylation is a fundamental principle guiding cellular function. This fact is
especially poignant in the brain where cells must communicate and respond across a wide
range of time scales. Phosphorylation provides a rapid and adaptable platform for
extracellular signals to affect intracellular processes. Maintaining the proper balance of
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phosphorylation not only depends on the appropriate addition but also the appropriate
removal of phosphates. Thus, signaling pathways must incorporate modification of both
kinase and phosphatase activity in order to appropriately modify a target protein’s
phosphorylation status. Proper functioning of these complex signaling pathways is critical
for normal neuronal function as is evidenced by psychiatric and degenerative illnesses
associated with deficits in these regulatory networks. Appropriate regulation is maintained
by a variety of signaling molecules and pathways. One important source of regulation is
cyclic adenosine 3’,5’-monophosphate (CAMP). In this review we will focus on the role
cAMP plays in regulating two important phosphatases, protein phosphatase 1 (PP1) and
protein phosphatase 2A (PP2A) in neurons of the central nervous system.

Il. Background
Cyclic AMP and protein kinase A

Since its initial discovery, CAMP has been recognized as one of the most important signaling
molecules in cells throughout various tissues of the body, including the brain [3]. CAMP has
served as a model second messenger presenting a blueprint for how a single type of
molecule can coordinate a complex network of intracellular signaling in response to
extracellular stimuli. A vast array of signals trigger cAMP rises through the transmembrane
protein, adenylyl cyclase (AC). Signals that stimulate AC range from intracellular Ca%*
fluxes, such as those triggered by the opening of ER membrane channels [4], to G, protein
stimulation from G-protein coupled receptors (GPCRS) such as type 1 dopamine receptors
[5]. In addition to many possible stimuli of AC activity, there are also many isoforms of AC
with a variety of properties of cCAMP production [6]. Maintaining a proper balance of cCAMP
depends not only on its production but also on its degradation. Cyclic nucleotide
phosphodiesterases (PDEs) are a family of molecules capable of hydrolyzing cAMP. PDEs
come in a wide variety of forms, with 11 genes and more than 50 different isoforms of PDEs
regulating cAMP in different regions and contexts [7]. It has been long understood that cells
utilize the multitude of AC and PDE isoforms for both production and degradation to tightly
regulate CAMP abundance [8]. The precision and depth of regulation made possible by this
variety of isoforms, particularly in the central nervous system, continues to be expanded
upon even after decades of study [9]. As a result of the array of distinct possibilities in
protein expression and localization for both cAMP generation and degradation, there is a
huge diversity in the patterns of cAMP that act to regulate downstream signaling. Numerous
studies have demonstrated the versatility and importance of this regulation in the formation
of gradients for developing neurons [10], cAMP nanodomains [11], and variable GPCR
responses [12].

Down-stream effects of CAMP can be mediated by a variety of substrates, such as exchange
protein directly activated by cAMP (EPAC) [13] and cyclic nucleotide-gated ion channels
[14]. Nonetheless, cAMP-dependent protein kinase (or protein kinase A (PKA)) is a serine/
threonine kinase that is generally considered to be the largest effector of cAMP signaling
within cells. PKA activation requires a certain threshold of cAMP abundance and thus is
tightly regulated by cAMP gradients generated by the interplay between ACs and PDEs.
Through extensive and ongoing research it has been established that PKA is a heterotetromer
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composed of two regulatory subunits and two catalytic subunits; upon cAMP binding to the
regulatory subunits the catalytic subunits are released from their autoinhibited state and are
able to phosphorylate substrates [15-18]. PKA activity is dependent on both its activation
and its proximity to an appropriate substrate. Kinases favor particular substrates for
phosphorylation in a manner partially determined by the presence of a recognition sequence
accessible on the given substrate. While the consensus motif has been long recognized as a
derivative of the R-R-X-S/T-® (@ being a hydrophobic residue) motif, it is clear that the
presence of this motif is not the only determinant of kinase activity [19,20]. Appropriate
docking and adaptor domain interactions are critical for kinase activity and specificity [20].
In the case of PKA, adaptor proteins that ensure the proximity of PKA to target substrates
have long been recognized and appreciated for their role in regulating PKA activity
[8,15,21-23]. For example, A-kinase anchoring proteins (AKAPs) create hubs of PKA
regulation [21-25] by binding PKA itself as well as both the sources of cAMP production,
ACs [26], and degradation, PDEs [27,28]. Thus, the regulation of PKA activity is a highly
orchestrated process regulated by a variety of players in a spatiotemporally controlled
manner.

Cyclic AMP and regulation of serine/threonine protein phosphatases

As mentioned above CAMP is capable of a broad range of actions that affect the behavior of
a variety of downstream targets. In addition to increasing PKA activity, CAMP is able to
modulate the actions of serine/threonine phosphatases, which are responsible for the removal
of phosphate groups. While there are ~400 different serine/threonine kinases there are far
fewer catalytic subunits of serine/threonine phosphatases, that are defined by four main sub-
groups [29]. This review will focus on two phosphatases regulated by cAMP, protein
phosphatase 1 (PP1) and protein phosphatase 2A (PP2A). Both PP1 and PP2A are part of
the serine/threonine phosphoprotein phosphatase (PPP) family and account for the vast
majority of eukaryotic phosphatase activity [29]. Thus, these two enzymes play critical roles
in regulating phosphorylation status and proper signal transduction in many vital molecular
pathways throughout the body.

Protein phosphatase 1

PP1 is ubiquitously expressed at high levels throughout the body. It is encoded by three
separate genes which can encode 4 different catalytic isoforms [29]. Unlike the specificity
afforded PKA by its consensus sequence, PP1 lacks inherent substrate specificity; rather,
specificity is determined by interactions with some of its more than 200 known interacting
proteins [30]. Interaction with different binding partners determines the localization and
pattern of activity of PP1. Specific interactions with a particular binding protein can enhance
PP1 activity toward selected substrates while limiting interactions with others [30]. Notably,
one of PP1’s binding partners is AKAP79 which helps to localize PP1 near the cAMP
regulatory machinery [31]. Concentrating multiple molecular regulators with a hub like
AKAP79 ensures that the appropriate molecular targets are impacted. Altering the presence
of various PP1 regulators and substrates can dramatically affect the behavior of the enzyme
in different cell types or subcellular compartments, such as within the dendritic spines of
neurons [32-34]. Thus, it is important to understand the regulatory proteins, signaling
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molecules, and substrates in the microenvironment surrounding PP1 in order to determine
the protein’s behavior.

Protein phosphatase 2A

PP2A is a heterotrimer consisting of a scaffolding A subunit, a catalytic C subunit, and a
variable regulatory B subunit [35]. There are four families of B subunits, B, B’, B”, an B’
but only one is present in each holoenzyme [36]. Within the 4 families of B subunits there
are also multiple isoforms. For example, the B’ family is encoded by 5 genes (B’a, B, v, 6,
or e) with multiple splice variants (B1 and 2) [35]. In addition to the variation in B
subunits, the A and C subunits also have a and B forms [35]. Thus, there is a huge variety in
the composition of PP2A heterotrimers that affect its localization, activity, and as we will
discuss below, its response to CAMP. While the mechanisms guiding PP2A specificity are
still being discovered,; it is nonetheless clear that specificity is in part dependent on protein
location and subunit composition [37]. Both the abundant forms of PP2A and wide variety
of its regulators are critical to appropriate enzymatic function in a complex network of
signaling molecules ensuring proper protein phosphorylation.

lll. Increasing phosphorylation through cAMP-regulated inhibition of
protein phosphatases

Phosphatases are not typically thought of as drivers of phosphorylation; however, cAMP
regulation of phosphatases can result in increased phosphorylation status of proteins.
Specifically, CAMP is capable of orchestrating widespread rise in phosphorylation of a
variety of substrates through specific inhibition of PP1.

DARPP-32: cAMP-dependent inhibition of PP1

DARPP-32 (dopamine and cyclic adenosine 3’,5” monophosphate regulated phosphoprotein,
32 kDa) was originally discovered from an analysis of phosphoproteins regulated by the
neurotransmitter, dopamine [38]. DARPP-32 is enriched specifically in dopaminoceptive
medium spiny neurons in the striatum which express either D1 or D2 type dopamine
receptors [38,39]. D1 dopamine receptors are coupled positively to AC through Gag and can
stimulate PKA activity, while D2-class receptors, couple negatively to AC via Ga,, thus
decreasing CAMP levels and lowering PKA activity [40-42]. It was initially discovered that
DARPP-32 phosphorylation is achieved by either dopamine stimulation or increasing cCAMP
levels [38]. Purification and characterization of DARPP-32 revealed biochemical similarities
to inhibitor-1, a potent inhibitor of PP1, found in other regions of the body [43]. Ultimately
it was discovered that DARPP-32 is a homolog of inhibitor-1 and behaves in much the same
fashion. Both proteins are phosphorylated by PKA at a single threonine (Thr-34 in
DARPP-32; Thr-35 in inhibitor-1) found within a highly conserved N-terminal region.
DARPP-32 is effective at nanomolar concentrations, is specific to PP1, and is only active
when phosphorylated by PKA just like inhibitor-1 [43-46].

Both DARPP-32 and inhibitor-1 proteins interact with PP1 through two subdomains, a
docking domain and an inhibitory domain [47-50]. The docking domain interacts with PP1
in a region removed from the active site of the enzyme, that also interacts with a variety of
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targeting proteins that utilize the so-called RVXF motif [51]. In DARPP-32, this motif is
located in the N-terminal region, residues 6-11 (RKKIQF) [49]. Although the interaction of
the RVXF motif is removed from the active site of PP1, it is nonetheless critical for the
ability of PKA-phosphorylated DARPP-32 to inhibit PP1 activity [52]. A full-review of the
structural basis of interaction and mechanism of regulation by DARPP-32 with PP1 is
outside the scope of this review and has been well covered elsewhere [34,53,54].
Nonetheless, a large body of evidence indicates that CAMP plays a key physiological role in
regulating DARPP-32-dependent inhibition of PP1 activity in striatal neurons. As illustrated
in Figure 1, elevation of cAMP resulting from dopamine stimulation or various other
neurochemical signals leads to an increase in PKA phosphorylation of DARPP-32 at Thr-34,
which activates DARPP-32 to inhibit PP1. Other mechanisms regulating DARPP-32 activity
will be discussed below; however, this is one pathway by which cAMP increases
phosphorylation levels by decreasing PP1 phosphatase activity, in this case leading to
amplification of D1 receptor signaling. This mechanism of PP1 regulation is regionally
specific given that DARPP-32 is preferentially expressed in regions of the brain innervated
by dopaminergic signaling [39]. Thus, providing a unique pathway for PP1 regulation in
distinct brain regions as will be discussed further below.

While phosphorylation of Thr-34 and inhibition of PP1 activity is the central feature of
DARPP-32 function, its regulation involves a complex interplay between a wide variety of
kinases and phosphatases, including both PP1 and PP2A acting at various phosphorylation
sites within DARPP-32 (see 54-56 for detailed reviews). In brief, PP2A dephosphorylates
two other phosphorylated residues on DARPP-32, Thr-75 and Ser-97. As will be discussed
in greater detail below, PKA is able to phosphorylate and activate a specific heterotrimeric
form of PP2A [57].Thus, elevation of cAMP levels can increase the dephosphorylation of a
subset of PP2A substrates, one of which is DARPP-32. Specifically, upon PKA-dependent
activation, PP2A dephosphorylates DARPP-32 at Thr-75 [58-60], a site phosphorylated by
cyclin-dependent kinase 5 (Cdk5) [61]. When phosphorylated by Cdk5, DARPP-32 acts as
an inhibitor of PKA [61]. Phosphorylation at Thr-75 antagonizes phosphorylation of Thr-34
[56]. Thus, decreasing phosphorylation of Thr-75 by activation of PP2A, cAMP not only
reduces the inhibition of PKA but also enables PKA phosphorylation of DARPP-32 and
subsequent inhibition of PP1 (Figure 2). The interaction between PP1 and PP2A mediated
by differential phosphorylation and dephosphorylation of distinct sites in DARPP-32 is a
powerful example of how cAMP can drive modifications that affect webs of interconnected
molecular pathways.

IV. cAMP stimulation decreases phosphorylation

Increases in CAMP levels are typically associated with increases in phosphorylation due to
the ubiquitous expression of its primary target, PKA. However, a variety of studies revealed
a paradox of cAMP activation; despite activating kinases, increased cCAMP led to decreases
in phosphorylation of specific substrates in a number of cellular contexts [62—64]. This
counter-intuitive response led to numerous studies of the role of cAMP and PKA in the
regulation of protein phosphatase activity. Moreover, these studies revealed various
examples of how phosphatases are involved in feedback control of kinases; reducing
phosphorylation levels both at the level of kinase activation and substrate modification [65].
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For example, PP2A dephosphorylates protein kinase B (Akt or PKB) at Thr-308, a
phosphorylation site which normally activates the kinase [66,67]. Thus, phosphorylation is
reduced both by the removal of phosphates and the prevention of phosphate addition.
Through a network of signaling pathways cAMP is able to both increase and decrease
phosphorylation depending upon the components, location, and basal phosphorylation state
of the proteins involved. Here we discuss some examples related to the regulation of PP1
and PP2A by cAMP that alter phosphatase activity levels to decrease phosphorylation levels.

Regulation of PP1 targeting by cAMP-dependent phosphorylation

As mentioned above PP1 has a wide variety of protein binding partners. These protein
interactions play a critical role in its regulation as discussed above for DARPP-32, and the
localization of the catalytic subunit. Localization of PP1 by distinct targeting subunits
typically enhances phosphatase activity against a preferred substrate, or in some cases
enhances activity toward one substrate while suppressing activity toward another substrate
[29,30,68]. Importantly, cAMP plays a role in regulating PP1 interactions as well as the
interactions of PP1 targeting proteins. Thus cCAMP can regulate PP1 activity, in either
direction, toward specific substrates. Here we will address a few examples of this manner of
PP1 regulation by cAMP in the context of neurons (see 32,68,69 for broader context).

Neurabin | is a neurally expressed filamentous-actin (F-actin) binding protein first identified
in rat brain as critical for neurite formation [70]. Neurabin I shares significant structurally
similarity with a PP1 binding protein highly enriched in dendritic spines, but ubiquitously
expressed, called spinophilin or neurabin 11 [71,72]. In brain, neurabin I, spinophilin, and
PP1 form actin-associated molecular networks [73,74]. Both proteins bind to PP1 via RVXF
domains and contribute to targeting of the protein [75,76]. /n vitro spinophilin and neurabin

| inhibit PP1 activity [73,77,78] but in vivothey seem to direct PP1 activity rather that
suppress it. /n vivoboth proteins target PP1 near AMPA-type glutamate receptors where PP1
is able to dephosphorylate the GIuR1 subunit of the receptor [79-81]. Structural studies have
provided a potential mechanism by which spinophilin can influence the substrate specificity
of PP1 [77]. The binding of spinophilin to PP1 is able to block access to some substrates
while leaving the active site able to dephosphorylate certain other substrates, like the
subunits of the glutamate receptor [77]. The extent to which the features and roles of these
two proteins align compared to how they diverge remains to be fully elucidated.

While neurabin and spinophilin are similar in terms of their structural interaction with PP1,
their functions and regulation appear distinct. Knock-out (KO) of either protein in mice
reveals dramatically different phenotypes; in corticostriatal synapses neurabin 1 KO animals
exhibit deficits in long-term potentiation (LTP) rescued by D1 agonists while spinophilin
KO animals exhibit deficits in long-term depression (LTD) rescued by D2 agonists [82]. In
contrast, recent evidence in the hippocampus suggests that neurabin I/PP1 interactions, but
not spinophilin/PP1 interactions, are critical for the induction of LTD [79]. It remains
unclear exactly why the proteins have opposing effects in corticostriatal neurons and why
this effect is different in hippocampal circuits. Although the detailed mechanism may be
unclear it is evident that despite structural similarities the two proteins vary in their
regulation of synaptic plasticity.
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cAMP has the capacity to regulate neurabin and spinophilin in different ways. Neurabin |
binding to PP1. is important for proper localization [73,78]. Proper neurabin 1/PP1
interactions are important for maintaining cytoskeletal dynamics as well as dendritic
maturation and synaptic plasticity [70,75,83,84]. The interaction between neurabin | and
PP1 is inhibited by PKA phosphorylation at Ser-461, a site immediately C-terminal to the
RVXF-motif [78]. This does relieve PP1 of inhibition from neurabin | as evidenced by
increased PP1 activity in cell culture experiments; however, without the proper localization
phosphatase activity within the synapse is diminished as evidenced by increased
phosphorylation of certain synaptic targets [83]. Spinophilin is also phosphorylated by PKA,;
however, this phosphorylation is at Ser-97 and Ser-177, which decreases the affinity of
spinophilin for F-actin but not PP1 [85]. Increased PKA activation thus dissociates the entire
spinophilin-PP1 complex from its normal dendritic spine localization rather than PP1 from
its targeting protein [85]. Thus, PKA disrupts this localization and may change the substrates
that are accessible to PP1. cAMP activation of PKA will alter the localization of PP1 with
modified substrate affinity. This will, for example, decrease the activity of PP1 in dendritic
spines but may lead to enhanced PP1 activity in different cellular compartments by
increasing the concentration of the enzyme outside of spines.

cAMP/PKA-dependent phosphorylation and activation of PP2A

In addition to regulating protein modifiers of phosphatase activity, CAMP affects the activity
of the phosphatase enzyme itself. As mentioned above, CAMP is capable of activating PP2A
via phosphorylation by PKA. Initial studies in cell culture models concluded that increases
in CAMP levels were associated with decreased phosphorylation of selected substrates
leading to the hypothesis that a specific phosphatase may be responsible [64]. In addition,
cAMP-mediated decreases in phosphorylation were sensitive to PP2A, but not PP1,
inhibitors, and PP2A activity was increased [64]. PKA had also been shown in vitro to
phosphorylate the regulatory B’ subunit (B566 or PPP2R5D) of PP2A leading to enzyme
activation [57].

The B566 subunit can be phosphorylated at multiple sites by PKA, both /n vitroand in intact
cells [57,58] with phosphorylation of Ser-566 being responsible for enzyme activation
[57,58]. The precise mechanism of activation of PP2A by PKA is not known, but both the
Km and VVmax are affected by phosphorylation [58]. The structure of several assemblies of
PP2A have been determined, including that of the B56y holoenzyme [86], however, the
crystal structure only shows the core alpha-helical region conserved in B56y and B566 and
does not provide insight into the role of the C-terminal region of B566. The in vitro studies
indicated a specific influence of PKA-dependent phosphorylation on some but not all
substrates [57] suggesting some sort of effect of B56y C-terminal phosphorylation on
substrate recruitment.

In summary, an elevation of cAMP can lead to enhanced dephosphorylation of certain PP2A
substrates as illustrated in Figure 3. This activation is not a universal property of PP2A.
Activation by PKA was only observed in the B566-containing heterotrimers as opposed Ba.-
containing heterotrimers [58], and is important for creating a context-specific response of
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PP2A to cAMP elevation. Differential subunit expression is therefore able to tune PP2A
response to appropriate signaling pathways and prevent off-target phosphatase activity.

CAMP regulation of PP2A is dependent not only on the pattern of expression of the B56y
subunit, but also on the interaction with other regulatory proteins and their substrates.
Anchoring proteins create nodes of activity to guide the network to respond in a specific
fashion. As mentioned above, AKAPs anchor both PKA and PDEs to create a tight
regulation of cCAMP activity. PP2A can also be associated with these anchoring sites in
specific locations where PKA mediated PP2A activity is required. In one such node, PP2A is
anchored by mAKAP in coordination with PKA and PDE4D3 [87]. Normally, PKA
phosphorylation of PDE4D3 serves as a negative feedback loop activating the PDE’s ability
to hydrolyze cAMP, thus lowering local concentrations and diminishing PKA activation
[88]. However, when B566 containing PP2A is also present, an increase in PKA activity
drives the phosphatase to dephosphorylate PDE4D3 switching the negative feedback loop
into a positive feedback loop [87]. PP2A activity increases the hydrolysis of CAMP via
PDE4D3 thus regulating the activation of PKA and the entire pathway. Given that certain
forms of PP2A also inactivate PKA it is possible that these nodes operate on multiple levels
to finely tune the pathways activated by cAMP.

ENSA and ARPP-16/19: disinhibition of PP2A by cAMP

As a continuation of the studies referenced above examining phosphoproteins regulated by
cAMP in striatal neurons [38], two highly related proteins were identified and termed
ARPP-16 and ARPP-19 (cAMP regulated phosphoprotein, 16 kDa or 19 kDa respectively)
[89]. Subsequent studies identified a related gene product, termed endosulfine (ENSA) [90].
All of these proteins share a high degree of sequence similarity; ARPP-16 and ARPP-19 are
alternatively spliced variants of the same gene with ARPP-19 containing 16 additional
residues at its N-terminus [89]. ENSA (also termed ARPP-19¢) is the product of a different
gene and contains a unique N-terminus [91]. Two regions are highly conserved through
evolution in all three proteins; one region containing a site (Ser-46 in ARPP-16; Ser-62 in
ARPP-19) phosphorylated by Greatwall (Gwl) kinase [92] or MAST3 kinase [67] and the
other region containing the PKA phosphorylation site (Ser-88 in ARPP-16; Ser-104 in
ARPP-19) [93]. These regions are conserved not only between the three proteins but across
species, indicating their importance to proper protein function [93]. The proteins have
distinct expression profiles. ARPP-16 is expressed exclusively in the brain in various
forebrain regions but is particularly enriched in medium spiny neurons of the striatum
[94,95]. ARPP-19 is expressed throughout the body including within the brain but has a
relatively low level of expression in the striatum [93]. ENSA represents the predominant 19
kDa ARPP-related protein in the striatum and is also found in other brain regions [93].

A full understanding of the function of these proteins both within the brain and other organ
systems of the body is just beginning to be elucidated. Unlike DARPP-32, sequence analysis
of the ARPP-16/19/ENSA proteins did not reveal an obvious function. However, there were
indications that ARPP-16/19 served an important function in the brain, including an
association between ARPP-19 and Alzheimer’s disease [96] as well as the observation that
ARPP-16/19 knockout mice were embryonically lethal [56]. Evidence for an interaction
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between the ARPP-16/19 proteins and phosphatase activity first came from studies looking
at the functional role of PP2A regulators in cell cycle progression [92,97]. Previous work
had shown that in drosophila, ENSA played a key role in regulating meiotic maturation [98].
Furthermore, PP2A was known to be a critical regulator of the cell cycle that was somehow
inactivated through the activity of the Gwl kinase, although not through direct inhibition
[92,97]. Thus, these studies sought to discover what protein mediated PP2A inhibition via
phosphorylation by Gwl. One group found that ARPP-19, while the other group found that
ENSA, when phosphorylated, inhibited PP2A [92,97]. Subsequent studies indicated that in
post-mitotic neurons, ARPP-16 was phosphorylated at Ser-46 by microtubule-associated
serine/threonine kinase 3 (MAST3 kinase), converting the protein into a potent inhibitor of
PP2A in an analogous fashion to that observed by Gwl in the cell cycle [67]. ARPP-16
interacts with the scaffolding A subunit and in certain heterotrimeric forms of PP2A, when
phosphorylated at Ser-46, specifically inhibits B55a.- and B565-containing forms [67].
Notably, ARPP-16 is highly phosphorylated by MAST3 kinase /7 vivo in the striatum
suggesting that basally, certain PP2A heterotrimers are tonically inhibited. Consistent with
this, knock-out of ARPP-16/19 in forebrain neurons leads to significant increases in
phosphorylation of a subset of PP2A substrates [67].

Given that ARPP-16 was originally identified as a substrate for PKA it was important to
identify the effect of this regulation. Increased phosphorylation at the PKA site (Ser-88) was
found to be associated with decreased phosphorylation at the MAST3 kinase site (Ser-46)
[67]. In follow-up studies, it was found that PKA and MAST3 kinase phosphorylation of
ARPP-16 are mutually antagonistic; phosphorylation at either site results in decreased
phosphorylation of the opposing site [99]. PKA is also able to suppress MAST3 kinase
phosphorylation of ARPP-16 by directly phosphorylating and inhibiting MAST3 kinase
[99]. Therefore cAMP acts as a switch to regulate ARPP-16 inhibition of PP2A [99] (Figure
4). cAMP drives PKA activation which phosphorylates MAST3 kinase and ARPP-16. Once
ARPP-16 is phosphorylated it pushes PP2A into a “non-inhibitable” form. Overall, an
elevation in cCAMP leads to a disinhibition of PP2A activity.

In summary, cAMP can act by two distinct, but possibly synergistic, pathways to increase
PP2A activity. One pathway is through direct activation of PP2A heterotrimers containing
the B566& subunit; the second pathway is through disinhibition of B566 or Ba. containing
PP2A. These pathways likely help explain the paradoxical observation of decreased
phosphorylation in response to cCAMP from earlier studies and suggest that such a mode of
regulation may be widespread.

V. Physiological consequences of cCAMP regulation of PP1 and PP2A in

brain

Appropriate protein phosphorylation plays a critical role in normal neuronal function.
Neurons rely on rapid adaptation to changes in stimuli in order to integrate information
about the world around us and orchestrate complex behavioral responses. The building
blocks of these computations are synapses where neurons connect and communicate with
one another via chemical and electrical signals. Modulation of protein phosphorylation
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underlies the regulation of the electrical properties of a neuron [100], as well as the complex
molecular changes related to learning and memory, including LTP and LTD [101]. Thus, a
proper balance between kinase and phosphatase activity is critical for neuronal function,
circuit function, and ultimately behavior. cAMP regulation of phosphatase activity plays an
important role in mediating this balance and enabling effective neuronal communication.

cAMP-mediated phosphatase action and the regulation of neuronal ion channels

lonic conductance is the basis of neuronal electrical communication. Manipulation of ion
channels has dramatic effects on neuronal function. Essentially all ion channels are regulated
by phosphorylation with the modulation of certain ion channels being critical for various
aspects of brain development as well as learning and memory. The N-methyl-D-aspartate
(NMDA\) receptors are key calcium permeable glutamate receptors that serve as coincidence
detectors important for synaptic potentiation. Post-translational modifications of NMDA
receptors have significant effects on conductance thus altering their ability to potentiate
synapses. Multiple studies have demonstrated a clear link between dopamine stimulation and
the potentiation of NMDA receptors in a PP1-dependent manner [102-104]. The NR1
subunit of the NMDA receptor can be phosphorylated by PKA and dephosphorylated by PP1
[34]. PKA phosphorylation on the intracellular loop at Ser-684 increases the evoked
response amplitude of the channel [105]. Since the discovery of this site it has been well
understood that both kinases and phosphatases play similarly important roles in regulating
its phosphorylation status [106]. Phosphorylation of the NMDA receptor is increased not
only by the activity of PKA but also by reduction of phosphatase activity by DARPP-32
inhibition of PP1 [107]. When cAMP is activated, PKA signaling is stimulated and further
potentiated by DARPP-32-mediated PP1 inhibition as discussed above. In neurons
expressing PP2A B568, there is a greater enhancement of PKA activity via PP2A-mediated
dephosphorylation of DARPP-32 at Thr-75 as discussed above [58,108]. Thus, elevated
cAMP downstream of D1 receptor activation can potentiate NMDA conductance increases
in medium spiny neurons [104,109].

Calcium channels also provide an excellent example of the importance of the
microenvironment in CAMP regulation of phosphatases. In neurons, PKA is closely
associated with L-type calcium channels via AKAP79/150 scaffolding protein mentioned
earlier [110]. Furthermore, PP2A was found to bind the C-terminus of a specific subtype of
these channels, CaV1.2, and dephosphorylate the PKA site in this channel resulting in
decreased channel conductance [111,112]. The binding of PP2A and subsequent
dephosphorylation of this channel was found to be specific to B’ and B” containing forms of
the heterotrimer [112]. The ability of PP2A to regulate L-type calcium conductance is
therefore dependent on subunit expression of both the channel and the phosphatase, which
varies by brain region and cell type. cCAMP regulation of PP2A is also subunit specific,
activating only B566 containing heterotrimers. Thus, the activity of PKA on even a single
class of calcium channels is subject to regulation at a variety of levels. This example
highlights the importance of context and local environment in understanding cAMP
regulation of phosphatases.
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Overall, phosphatases play an important role in regulating the activity of neurons. Numerous
studies in brain have demonstrated roles for PP1 and PP2A in LTP [113-115] and LTD
[116,117]. Ultimately, the mechanisms of regulation vary by brain region, cell type, and
intracellular environment. Nonetheless it is clear that CAMP regulation of phosphatases
plays an essential role in regulating neuronal potentiation and ionic conductance throughout
the brain.

CcAMP regulation of PP1/PP2A: disease relevance

Given the specificity of cAMP and subsequent phosphatase response in certain neuronal
populations it can be instructive to take a larger scale view of behavior in order get a full
picture of the actions of PP1 and PP2A. Both these phosphatases have been implicated in a
wide variety of psychiatric illness such as Alzheimer’s disease [118,119], intellectual
disability [120-122] and drug addiction [123,124]. Recently PP2A was linked to psychiatric
illness and depression-like phenotypes through both animal behavior and genetic screens
[125,126]. Furthermore, cCAMP itself has long been associated with a wide variety of
psychiatric illnesses [127-129]. The particular PP2A subunit regulated by PKA activity,
PP2A B566, was implicated in intellectual disability [130]. Thus, all of the components of
the above-described pathways appear likely to play a role in psychiatric and
neurodegenerative illness; however, detailed mechanisms of how these components cause
disease remain to be discovered. The interconnected regulation by cAMP/PKA pathways
and a range of other kinases as well as signaling molecules makes identifying the
contribution of single pathway extremely difficult at an organismal level. For example, stress
is known to elevate the level of cAMP in the brain [131] and PP2A activity is increased in
response to stressful behavioral paradigms [125]. While this is currently correlation it is not
unreasonable to expect that PKA could play a role in regulating PP2A activity in response to
stress. However, cCAMP is far from the only signaling molecule affected by stress [132] and
thus further studies are necessary to determine the specific contribution of CAMP regulation
of PP2A in the neuronal stress response. In Down Syndrome and Alzheimer’s disease there
are decreased levels of PKA and ARPP-19 suggesting aberrant cCAMP-mediated phosphatase
regulation [96]. The mechanism by which these altered pathways lead to degeneration
remains to be determined but provides important insights into the necessity of appropriate
cAMP regulation of phosphatase for neuronal health. Thus, while further research is
required there is strong evidence that CAMP regulation of PP1 and PP2A plays an important
role in appropriate neuronal function and aberrant regulation may contribute to psychiatric
illness.

VI. Summary and concluding remarks

Protein phosphorylation is an important mechanism that cells utilize to modify behavior in
response to external stimuli. A proper balance of kinase and phosphatase activity is
important to neuronal function. cAMP is a critical second messenger that orchestrates a
symphony of proteins to create appropriate cellular responses. Regulation of two proteins in
particular, PP1 and PP2A, by cAMP has a dramatic impact on neuronal protein
phosphorylation. CAMP is able to both increase and decrease phosphatase activity depending
upon the local context. Through interactions with protein regulators like DARPP-32 and

Biochim Biophys Acta Mol Cell Res. Author manuscript; available in PMC 2020 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Leslie and Nairn Page 12

ARPP-16, CAMP is able to dynamically regulate the activity of both PP1 and PP2A in
response to external stimuli. This degree of versatility enables neurons to use similar
pathway components for vastly different cellular outcomes including synaptic potentiation
versus depression. Understanding the diversity of ways these molecules interact is critical to
knowing how neurons maintain proper protein phosphorylation balance. Furthermore, the
connections between both PP1 and PP2A and a variety of psychiatric and neurological
illnesses indicates that these molecules play an integral role in regulating proper neuronal
communication. Further studies of the role of cCAMP in regulation in PP1 and PP2A
activities across and within neurons will be critical to discerning how neurons integrate and
respond to the environment around them.
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Figure 1. cAM P-mediated inhibition of PP1
A schematic of cAMP-mediated inhibition of PP1 via activation of DARPP-32. An elevation

in CAMP, which can result from a variety of stimuli, leads to activation of PKA.
Subsequently, PKA phosphorylates DARPP-32 at Thr-34 converting the protein into a potent
inhibitor of PP1. As a result, suppression of PP1 activity contributes to increased
phosphorylation of substrates for a variety of kinases, including PKA. This can lead to
“cross-talk” between PKA signaling pathways and other kinase pathways or to
“amplification” of PKA signaling by preventing dephosphorylation of substrates for PKA.
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Figure 2. PKA enhancement of DARPP-32-mediated PP1 inhibition
CAMP activates PKA which phosphorylates DARPP-32 at Thr-34 resulting in DARPP-32-

mediated inhibition of PP1. However, DARPP-32 is also phosphorylated by the kinase Cdk5
at Thr-75. When DARPP-32 is phosphorylated at Thr-75 it suppresses PKA activity.
Additionally, the p-Thr-75 form of DARPP-32 antagonizes Thr-34 phosphorylation by PKA,
diminishing the ability of DARPP-32 to inhibit PP1. PKA also phosphorylates and activates
a specific heterotrimeric form of PP2A that selectively dephosphorylates DARPP-32 at
Thr-75. Thus, PKA drives the phosphorylation of DARPP-32 as well as driving
dephosphorylation of an antagonistic phosphorylation site thus enhancing PKA mediated
inhibition of PP1 via DARPP-32.
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PP2A Substrate

Figure 3. cAMP mediated activation of PP2A
CAMP activates PKA which phosphorylates the B566 subunit of the PP2A heterotrimer.

This phosphorylation increases the phosphatase activity of the enzyme resulting in greater
dephosphorylation of selected PP2A substrates.
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Figure 4. Disinhibition of PP2A by cAMP
Schematic of cAMP-mediated disinhibition of PP2A via PKA and ARPP-16. Without PKA

phosphorylation, MAST3 kinase phosphorylates ARPP-16 at Ser-46. This form of ARPP-16
selectively inhibits the activity of specific heterotrimeric forms of PP2A. cAMP activates
PKA which phosphorylates ARPP-16 at Ser-88, which interacts with PP2A to make the
enzyme non-inhibitable. Phosphorylation of the Ser-88 and Ser-46 sites is mutually
antagonistic, thus phosphorylation at Ser-88 opposes phosphorylation at Ser-46 and vice
versa. PKA is also able to phosphorylate and inhibit MAST3 kinase further reducing Ser-46
phosphorylation.
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