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Protein phosphatases, by counteracting protein kinases, regulate the reversible phosphorylation of many substrates involved
in synaptic plasticity, a cellular model for learning and memory. A prominent phosphatase regulating synaptic plasticity and
neurologic disorders is the serine/threonine protein phosphatase 1 (PP1). PP1 has three isoforms (a, b, and c, encoded by
three different genes), which are regulated by a vast number of interacting subunits that define their enzymatic substrate
specificity. In this review, we discuss evidence showing that PP1 regulates synaptic transmission and plasticity, as well as pre-
senting novel models of PP1 regulation suggested by recent experimental evidence. We also outline the required targeting of
PP1 by neurabin and spinophilin to achieve substrate specificity at the synapse to regulate AMPAR and NMDAR function.
We then highlight the role of inhibitor-2 in regulating PP1 function in plasticity, including its positive regulation of PP1
function in vivo in memory formation. We also discuss the distinct function of the three PP1 isoforms in synaptic plasticity
and brain function, as well as briefly discuss the role of inhibitory phosphorylation of PP1, which has received recent empha-
sis in the regulation of PP1 activity in neurons.
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Introduction
Protein phosphorylation on serine (Ser) or threonine (Thr) resi-
dues is a ubiquitous and powerful cellular regulatory mechanism
that allows rapid and reversible modulation of receptors and sig-
naling pathways. In humans, the number of Ser/Thr kinases
exceeds Ser/Thr-phosphatases;10-fold (Hendrickx et al., 2009),
making these phosphatases major nodes in intersecting signaling
networks. Protein phosphatase 1 (PP1) is one of the major Ser/
Thr protein phosphatases in all tissues and cell types, and is par-
ticularly abundant in brain (da Cruz e Silva et al., 1995; Ouimet
et al., 1995; Sharma et al., 2015; Uhlen et al., 2015), which is the
focus of this review article. The three genes encoding PP1 give
rise to three isoforms (PP1a, PP1b , PP1g ) with a highly con-
served catalytic core. The PP1 catalytic subunit, ;330 amino
acids long, is a globular enzyme with three putative substrate
binding surface grooves emanating from the active site: the C-
terminal, acidic, and hydrophobic grooves (Fig. 1A). Each of
the three surface grooves on PP1 may bind amino acids close to
the target Ser or Thr residue with different physiochemical

properties (ionic, hydrophobic, etc). They collectively accom-
modate binding to a diverse array of substrates, estimated to be
in the thousands (Heroes et al., 2013). This is in contrast to pro-
tein kinases, which typically recognize only one so-called local
“consensus” amino acid sequence close to the target Ser or
Thr. The PP1 catalytic subunit in isolation thus does not
have much substrate specificity beyond Ser and Thr residues
and is sometimes referred to as a “promiscuous” enzyme
(Heroes et al., 2013; but see studies on bacteria-expressed
recombinant PP1, e.g., Hoermann et al., 2020).

PP1 holoenzymes confer substrate specificity
PP1 dephosphorylates a wide variety of proteins, yet does so in a
highly regulated manner. PP1’s substrate specificity comes from
binding of the catalytic subunit to a large family of targeting pro-
teins (Bollen et al., 2010) (Fig. 1B). These targeting proteins func-
tion not only to bring PP1 into physical proximity with its
substrates, but also to restrict binding to other proteins (Ragusa
et al., 2010) and/or create a new composite surface for substrate
binding (Fedoryshchak et al., 2020) (Fig. 1C). The PP1 catalytic
subunit typically forms a dimer by interacting in a mutually
exclusive manner with a single targeting subunit, but higher-
order PP1 holoenzymes have been identified.

With respect to binding of the PP1 catalytic subunit to its tar-
geting proteins, there are several protein-docking sites on PP1
that accommodate short, linear motifs (SLiMs). The first identi-
fied and most common SLiM that mediates PP1 binding is the
RVxF motif (Egloff et al., 1997; Kwon et al., 1997; Wakula et al.,
2003; Heroes et al., 2013), which binds to a docking site on PP1
opposite to its catalytic active site (Fig. 1A). Additional SLiMs
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have since been identified, such as the SILK, inhibitor-2 (I-2)
docking site for the hydrophobic and acidic grooves and myosin
phosphatase N-terminal element motifs that further promote
binding to PP1. A notable example is the f -f -R-W motif,
located immediately after the RVxF motif on neurabin, growth
arrest and DNA damage-inducible 34 (GADD34), PP1 nuclear
targeting subunit, and phosphatase and actin regulator, that binds
to and occludes the C-terminal groove on PP1, restricting binding
of other proteins (Figurov et al., 1993; Ragusa et al., 2010; Choy et
al., 2014, 2015; R. Chen et al., 2015). Some of the SLiMs may also
compete for binding to PP1 in higher-order PP1 complexes. For
example, in the I-2–PP1 dimer, I-2 makes contacts with PP1 with
all three of its motifs: RVxF, SILK, and I-2 docking site for the
hydrophobic and acidic grooves (Hurley et al., 2007). However, in
the neurabin–PP1–I-2 trimeric complex, neurabin’s RVxF motif
wins out while I-2 interacts with PP1 only via the SILK and I-2
docking site for the hydrophobic and acidic groove motifs
(Dancheck et al., 2011).

Through the identification and mutagenesis of these SLiMs,
specific PP1 holoenzymes may be disrupted, and the functional

consequences can be studied. This level of
understanding will pave the way for tar-
geted, rather than nonselective, pharma-
cological regulation of PP1 activity, of
relevance to numerous disorders. Of note,
the first selective PP1 holoenzyme drug,
which targets the GADD34–PP1 complex,
was recently identified and has shown
promising therapeutic potential for a vari-
ety of conditions, including in models of
neurodegeneration (Tsaytler et al., 2011;
Das et al., 2015; Carrara et al., 2017).

Although the SLiMs are crucial for
PP1 binding, there are additional resi-
dues on targeting proteins involved in
PP1 binding. This is highlighted by pref-
erential binding of certain targeting pro-
teins to specific PP1 isoforms (Terry-
Lorenzo et al., 2002b; Terrak et al., 2004;
Trinkle-Mulcahy et al., 2006; Carmody
et al., 2008; Booth et al., 2014; Kumar et
al., 2016; Bertran et al., 2019). The three
PP1 isoform sequences are highly con-
served, including the major SLiM dock-
ing motifs, but there is variation in their
N- and C-termini that likely accounts
for their different binding affinities. The
different binding affinities to targeting
proteins lead to differences in localiza-
tion and substrate specificity between
the PP1 isoforms. In this way, PP1 iso-
forms may represent distinct pools of
PP1 holoenzymes in different subcellu-
lar compartments. Indeed, our knowl-
edge of the function of different PP1
isoforms is mainly deduced from immu-
nolocalization studies. Specifically, the
concentrated synaptic spine localization
of PP1a and PP1g (Ouimet et al., 1995)
suggests their importance in synaptic
plasticity. Consistent with this view,
neurabin, which plays a critical role in
LTD and LTP induction as a PP1 target-
ing protein (Hu et al., 2006), binds

preferentially to PP1g in the brain (via neurabin immunopreci-
pitation studies). In vitro neurabin also binds with highest affin-
ity to PP1g , to a lesser degree with PP1a, and with minimal
binding to PP1b (Terry-Lorenzo et al., 2002b; Carmody et al.,
2004). Despite these differences in binding affinities, a compen-
satory increase in binding can occur when the dominant PP1 iso-
form is not present. For example, in brain extracts from PP1g
KO mice, neurabin immunoprecipitation pulls down PP1a as
well as small amounts of PP1b (Shirish Shenolikar, personal
communication). These compensatory effects make it difficult to
delineate the full range of in vivo functions of individual PP1 iso-
forms. Nevertheless, in the striatum, it has been found that PP1a
and PP1g play opposite roles in reward learning and motivation
(Andrade and Nairn, 2009), suggesting that the function of PP1a
and PP1g depends on brain region as well as their interactions
with targeting proteins.

PP1b localization in DIV7 primary hippocampal neurons is
mainly limited to soma (Strack et al., 1999), but the major target-
ing protein(s) mediating this localization is unclear. Similarly,

Figure 1. PP1 active site and PP1 targeting. A, PP1a structure showing the active site (with two metal ions in light pink
color) and the three grooves (colored arrows) radiating from the active site. B, Schematic showing examples of PP1 interacting
proteins in various subcellular compartments in neurons. Localization data are based on the Human Protein Atlas (Uhlen et al.,
2015; Thul et al., 2017) and postsynaptic density proteomics (Bayes et al., 2011). C, Example of PP1 targeting protein neurabin
fragment binding to PP1a: in addition to using the RVxF binding mode (dark pink), neurabin (light purple) binds to the C-ter-
minal groove of PP1, excluding a subset of PP1 substrates, such as phosphorylase a from the neurabin/PP1 holoenzyme
(Ragusa et al., 2010). A, C, Structures were generated using PDB file 3hvq published by Ragusa et al. (2010).
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PP1b localization in the PFC of adult monkeys is 4 times more
enriched in dendrites than in spines, whereas the reverse is true
for PP1a and PP1g (Bordelon et al., 2005). PP1b is thus tradi-
tionally ignored in synaptic plasticity research. However, studies
suggest that myosin phosphatase targeting subunit 1, a PP1b -
specific binding protein, is localized in both presynaptic termini
and postsynaptic spines in cortical synaptosomes (Lontay et al.,
2004, 2012) (Fig. 1B) and auditory synapses (Lontay et al., 2012).
Pharmacological studies suggest that PP1b could play a critical
role in these synapses via the regulation of the phosphorylation
status of presynaptic proteins, such as SNAP25 (Horváth et al.,
2017). Moreover, whole exome sequencing studies have identi-
fied .17 patients with de novo PP1b mutations (P49R, A56P,
E183A/V, D252Y, D274K, and Y304Ifs) who suffer from devel-
opmental delay, intellectual disability, deficits in social interac-
tions, and in some cases anxiety and/or epilepsy (Hamdan et al.,
2014; Gripp et al., 2016; Ma et al., 2016; Bertola et al., 2017;
Zambrano et al., 2017; Lin et al., 2018), suggesting that PP1b
could play a critical role in synaptic plasticity as well as
neurodevelopment.

Consistent with the large number of PP1 holoenzymes, PP1 is
involved in diverse physiological processes, including general
phenomena, such as cell mitosis, as well as specific physiological
processes, such as synaptic plasticity in neurons. PP1 generally is
thought to inhibit learning and memory and has been dubbed a
“molecule of forgetfulness” (Genoux et al., 2002). Although PP1
is known to play critical roles in synaptic plasticity (Mulkey et al.,
1993, 1994; Jouvenceau et al., 2006) and memory (Genoux et al.,
2002; Koshibu et al., 2009), how its activity and targeting are
regulated in hippocampal and cortical neurons has only
recently begun to be elucidated. In this review, we assess exist-
ing literature suggesting a role for brain PP1 in synaptic trans-
mission and plasticity, and then discuss recent research that
elaborates the underlying PP1 regulatory proteins and mecha-
nisms. Specifically, we highlight the role of I-2 in regulating
PP1 function in plasticity and memory formation, and the
required targeting of PP1 by neurabin and spinophilin to
achieve substrate specificity at the synapse. We also discuss the
role of inhibitory phosphorylation of PP1, which has received
recent emphasis in the regulation of PP1 enzymatic activity in
neurons.

PP1 regulates hippocampal synaptic plasticity
The strength of synaptic transmission is defined by the magni-
tude of the postsynaptic response to presynaptic neurotrans-
mitter release. Synaptic plasticity is the activity-dependent
modulation of this postsynaptic response that, at glutamatergic
synapses, is characterized by a change in the postsynaptic
AMPAR response to glutamate. Many studies of PP1 have
focused on its role in CA1 pyramidal neurons in the hippocam-
pus, a brain region critical for multiple forms of learning and
memory. Plasticity at synapses between Schaffer collateral (Sch)
and hippocampal CA1 pyramidal cells is mediated by changes
in postsynaptic AMPAR number and conductance in dendritic
spines induced by AMPAR trafficking and phosphorylation
(Malinow and Malenka, 2002). Sustained potentiation of synap-
tic transmission lasting more than 1 h also requires changes in
the nucleus, including activation of transcription factors, such
as cAMP/calcium responsive element binding protein (Barco et
al., 2002; Deisseroth et al., 2003) whose target genes are impor-
tant for long-term memory.

PP1 is a major Ser/Thr phosphatase enriched in dendritic
spines (Ouimet et al., 1995; Strack et al., 1999; Terry-Lorenzo et

al., 2000) as well as in the nucleus (Trinkle-Mulcahy et al., 1999),
where it dephosphorylates diverse, important substrates that
control various aspects of synaptic plasticity and memory. These
substrates include Ser831 and Ser845 of the AMPAR subunit
GluA1 (Lee et al., 2000; Hu et al., 2007), Ser1303 and Ser1480
on NR2B (Raveendran et al., 2009; Chiu et al., 2019), Thr286
of CaMKII (Strack et al., 1997), Ser133 of cAMP/calcium re-
sponsive element binding protein (Bito et al., 1996; Gao et
al., 2009), Ser9 of GIRK2 (Chung et al., 2009), multiple phos-
phorylation sites on stargazin (Tomita et al., 2005) and the
Kv2.1 potassium channel (Siddoway et al., 2013a), Ser10 of
Histone H3 (Koshibu et al., 2011), and potentially many other
proteins whose phosphorylation is regulated by, and also could
regulate, synaptic activity (Siddoway et al., 2014). Additionally,
epigenetic modifications, such as histone acetylation and meth-
ylation, which can influence learning and memory, are regu-
lated by PP1 indirectly (Koshibu et al., 2009, 2011; Graff et al.,
2010).

Early electrophysiological studies showed that PP1 is acti-
vated by (Thiels et al., 1998) and required for (Mulkey et al.,
1993) LTD, whereas PP1 is inhibited during LTP (Blitzer et al.,
1998). The inhibition of PP1 enzymatic activity, either through
incubation with pharmacological reagents or direct injection of
small protein inhibitors into neurons, blocked LTD induction in
hippocampal CA1 neurons (Morishita et al., 2001). The same
effect was seen with direct injection of short peptides containing
the RVxF motif, which are known to block the interaction
between PP1 and its targeting proteins. This indicates that PP1
targeting, in addition to its activity, likely plays a critical role in
LTD induction. Additionally, there is evidence for a dose–
response relationship between PP1 inhibition and the induction
of synaptic plasticity (Jouvenceau et al., 2006). Partial inhibition
of PP1 activity (;68%) in a transgenic mouse expressing a con-
stitutively active PP1 protein inhibitor led to a shift toward
potentiation in the frequency-dependent induction of synaptic
potentiation versus depression, such that synaptic depression
was reduced following low-frequency stimulation and synaptic
potentiation was increased following high-frequency stimulation
(Jouvenceau et al., 2006). Regulation of PP1 activity is not only
important during the induction of synaptic plasticity, but also in
the events following induction. Both PP1 activity and targeting
are necessary for the maintenance of LTD expression (Mulkey et
al., 1993; Morishita et al., 2001); and, consistent with this, sup-
pression of PP1 activity is critical for the expression of late-phase
LTP and long-term memory (Blitzer et al., 1998; Woo et al.,
2002; Brush et al., 2004; Vecsey et al., 2007).

Although many studies have focused on PP1’s role in
Hebbian synaptic plasticity as a molecular constraint on learning
and memory, PP1 also plays a role in homeostatic synaptic plas-
ticity, which refers to the negative feedback response to a chronic
neuronal hyperactivity or inactivity (Turrigiano et al., 1998). For
example, in primary cortical neurons treated with bicuculline, a
GABAA receptor antagonist that blocks inhibitory neuron activ-
ity, the initial increase in neuronal activity was reduced over time
(many hours to days). We have shown that PP1 is involved in
this negative feedback (Siddoway et al., 2013b). During this pro-
cess of synaptic downscaling, PP1 activity toward AMPARs
increases, resulting in GluA2 Ser880 dephosphorylation; block-
ing this dephosphorylation attenuates synaptic downscaling
(Siddoway et al., 2013b). On the other hand, during TNFa-
induced synaptic upscaling, PP1 decreases inhibitory synapse
transmission via regulating b 3 subunit of GABAA receptors
(Pribiag and Stellwagen, 2013).
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PP1 has many other functions beyond synaptic plasticity in
the CNS. For example, PP1 appears to be important for stabiliz-
ing synaptic transmission (Hu et al., 2007), as will be described
later, and its activity can reduce inflammatory pain signaling in
the spinal cord (Hu et al., 2015). Additionally, PP1 activity can
confer neuroprotective properties: Consistent with LTD being a
physiological, instead of pathologic, phenomenon, activation of
PP1 during LTD promotes recovery from oxygen-glucose depri-
vation (OGD) in vitro and from ischemia in vivo (Hedou et al.,
2008). The nuanced and varied roles of PP1 in the nervous sys-
tem highlight the importance of elucidating the functions of spe-
cific PP1 holoenzymes and their regulation.

PP1 targeting proteins in synaptic plasticity
There is strong evidence that PP1 regulates synaptic plasticity,
but it is also involved in a wide variety of physiological processes.
Each function of PP1 in vivo is mediated by a specific holo-
enzyme comprising a PP1 catalytic subunit in association with
one or more regulatory subunits. Therefore, connecting each
individual PP1 holoenzyme with specific physiological processes
is a prerequisite for rational drug design and modification of PP1
activity. What then is the identity of the associated PP1 scaffold-
ing protein required for LTD induction? Among the hundreds of
PP1 scaffolding proteins, two have been identified as abundant
at synapses: neurabin and spinophilin (also known as neurabin-
II). These homologs are highly expressed in the hippocampus
and share multiple targeting and binding domains, including a
PP1-binding motif (RVxF) and an actin-binding domain, which
is responsible for their postsynaptic spine localization (Fig. 2A)
(Allen et al., 1997; Nakanishi et al., 1997; Grossman et al., 2002;
Zito et al., 2004). By mutating the RVxF motif (neurabinF460A;
spinophilinF451A), selective disruption of the neurabin-PP1 or
spinophilin–PP1 holoenzymes can be achieved.

Electrophysiological studies indicate that neurabin not only
promotes LTD, but also inhibits LTP induction (Hu et al., 2006,
2007). LTD and depotentiation involve dephosphorylation of
GluA1 Ser845 and Ser831 (Lee et al., 2000); overexpression of
WT neurabin increased PP1 localization to spines and promoted
the dephosphorylation of GluA1 Ser845 and Ser831 following
LTD induction (Hu et al., 2007) (Figs. 2B, 3B). On the other
hand, overexpression of neurabinF460A disrupted endogenous
neurabin–PP1 interaction and led to a reduction in the amount
of PP1 present at the synapse, suggesting a dominant negative
effect (Hu et al., 2007). Expression of neurabinF460A blocked
LTD induction and lowered the threshold of LTP induction,
whereas expression of WT neurabin blocked LTP induction and
lowered the threshold of LTD induction (Hu et al., 2006). This

suggests a bidirectional role of neurabin-targeted PP1 in synaptic
plasticity (Fig. 3A). A potential phosphorylation site on neurabin
(Ser 461) immediately after the RVxF motif modulates its bind-
ing affinity to PP1 (McAvoy et al., 1999; Gao et al., 2018).
Accordingly, phosphomimetic mutation (S461E) of this site
reduced PP1 interaction and blocked LTD (Gao et al., 2018).
Interestingly, expression of the corresponding PP1-binding defi-
cient mutant spinophilinF451A did not block LTD induction (Gao
et al., 2018), suggesting that PP1 bound to spinophilin does not
play a role in LTD induction in the hippocampus.

What is the possible mechanism underlying the different roles
of neurabin- and spinophilin-bound PP1 in LTD induction?
Despite their similarities, multiple lines of evidence have revealed
that neurabin and spinophilin play different roles at the synapse,
likely because of their significant sequence differences (Fig. 2A):
(1) different phosphorylation sites in the N-terminal actin bind-
ing domain (1-285, with 1-144 being the core binding module)
as well as greater sequence variability of the assisting binding
module (145-285) (Barnes et al., 2004), which could lead to dif-
ferential actin binding, and regulation by kinases; (2) significant
divergence between the actin binding domain and the PP1-bind-
ing motif, dubbed the variable domain, underlies the distinct reg-
ulation of adrenergic GPCRs by spinophilin (X. Wang et al.,
2005, 2007; Y. Chen et al., 2012) and adenosine A1 receptors by
neurabin (Y. Chen et al., 2012); and (3) the phosphorylation site
on neurabin adjacent to the PP1-binding motif (Ser461), which
allows for phosphorylation-mediated regulation of PP1 binding,
is not found on spinophilin (McAvoy et al., 1999; Gao et al.,
2018). The difference between neurabin and spinophilin in their
actin binding domain and variable domain domains (Fig. 2A)
suggests the possibility of differential nano-domain localization
and regulation within spines, which would result in differential
targeting of PP1 to distinct subsets of substrates. This hypothesis
needs to be tested in the future. The coiled-coil domains add
complexity to these research questions, as they enable neurabin
and spinophilin to dimerize with themselves (homodimeriza-
tion), with each other (heterodimerization) (Oliver et al., 2002),
and with the Rho GEF, Lfc (Ryan et al., 2005). However, the
extent and significance of heterodimerization in vivo are not
clear. Additionally, there is evidence that PP1 targeting by an
individual PP1-interacting protein may vary depending on devel-
opmental stage and brain region (Baucum et al., 2012a,b).

In addition to neurabin and spinophilin, there are many PP1
targeting proteins present in synaptic spines. Of the known PP1
targeting proteins, .200 are widely expressed in the human
brain (Sjostedt et al., 2020), with ;50 being localized in the
human postsynaptic density (Bayes et al., 2011) (Fig. 1B). For

Figure 2. Structure of synaptic PP1 scaffolding proteins neurabin and spinophilin, and their potential dephosphorylation sites on AMPAR and NMDAR. A, Domain structures of neurabin and
spinophilin. B, Topology as well as potential dephosphorylation sites of neurabin/PP1 holoenzymes on AMPAR and NMDAR.
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example, the major postsynaptic scaffolds DLG-2 (or postsynap-
tic density 93) and DLG-3 (or SAP102) have been shown to bind
PP1 in vitro (Hendrickx et al., 2009), but the role of these poten-
tial interactions in regulating synaptic plasticity has not been
tested.

PP1 regulates synaptic and extrasynaptic AMPARs and
NMDARs
AMPARs and NMDARs have many phosphorylation sites (Fig.
2B shows sites discussed in this review) that are (1) potentially
subject to direct dephosphorylation by PP1 and (2) important
for their conductance, trafficking, and/or localization. The phos-
phorylation state of these receptors could affect basal synaptic
transmission, which is regulated by constitutive receptor recy-
cling and controlled lateral diffusion between synaptic compart-
ments, where they readily respond to endogenously released
neurotransmitter, and extrasynaptic compartments, where they
generally do not respond to presynaptic glutamate release
(Petrini et al., 2009). Notably, the location of these receptors
determines not only the extent to which they are activated by
synaptic glutamate release, but also their coupling to distinct
downstream signaling pathways because of the differential regu-
lation by scaffolding and signaling proteins within the neuron.

AMPARs
Nonselective disruption of PP1 and its targeting proteins with a
small, RVxF-containing peptide (GM-derived peptide) did not
affect synaptic AMPAR and NMDAR currents in acute hippo-
campal slices (Morishita et al., 2001). Nevertheless, the manipu-
lation blocked the induction of LTD, indicating that the peptide

was successfully introduced into dendrites and exerted inhibitory
effects. The lack of effect of disrupting PP1 targeting on synaptic
transmission is consistent with prior pharmacological studies
(Herron and Malenka, 1994; Hu et al., 2007; but see also Figurov
et al., 1993). Interestingly, including purified, active PP1 in the
recording pipette led to a “rundown,” or decrease, of extrasynap-
tic AMPAR currents, but not synaptic AMPAR currents, over
time (Morishita et al., 2001). While a lack of effect could be
because of a low level of basal phosphorylation, LTD robustly
decreased GluA1 phosphorylation at Ser845 (Lee et al., 2000),
suggesting that there is sufficient level of basal AMPAR phos-
phorylation. This indicates that purified, active PP1 cannot
access synaptic NMDARs and AMPARs in the postsynaptic den-
sity of hippocampal neurons under basal conditions. Further, it
suggests that AMPAR regulation by PP1 is different between
synaptic and extrasynaptic sites, the latter showing a greater sim-
ilarity to effects seen in heterologous cell expression studies and
effects on neuronal AMPAR currents induced by exogenous
ligand application (Morishita et al., 2001).

In the striatum, nonselective disruption of PP1 holoenzymes
had a pronounced effect on AMPAR responses to exogenously
applied ligands. In acutely dissociated striatal neurons, the
AMPAR rundown was prevented if a spinophilin-derived short
peptide, which also contains an RVxF motif, was included in the
recording pipette (Yan et al., 1999). In these experiments, includ-
ing the PP1 pharmacological inhibitor okadaic acid in the re-
cording pipette yielded similar results, suggesting that disrupting
PP1 targeting is as effective as inhibiting PP1 enzymatic activity.
Subsequent experiments demonstrated that spinophilin KO, but
not neurabin KO, significantly attenuated the AMPAR current

Figure 3. Multiple modes of PP1 activation and signaling in neurons. A, NMDAR activation leads to I-2 dephosphorylation at Thr72, and potentially increases I-2/neurabin–PP1 trimeric com-
plex formation, to mediate PP1’s effect on synaptic AMPARs. B, Phosphatase cascade model in LTD induction: Calcineurin (CaN), activated by calcium influx via NMDARs, dephosphorylates I-1
and relieves its inhibition on PP1, leading to PP1 activation and synaptic depression. C1, Calcium influx via NMDARs leads to p35 proteasomal degradation and decreased CDK5 activity. This
leads to decreased PP1 phosphorylation at Thr320, an inhibitory phosphorylation site on PP1, and synaptic PP1 activation. C2, Extrasynaptic PP1 activation requires global NMDAR activation.
Synaptic NMDAR activation is probably needed for depolarization at extrasynaptic sites to relieve magnesium block so extrasynaptic NMDAR can be activated. Several mechanisms likely operate
simultaneously at a given synapse. I-2 has been postulated to play a role in extrasynaptic PP1 regulation (Chiu et al., 2019). Spinophilin is a candidate scaffolding protein for extrasynaptic PP1
action on NMDAR and AMPAR.
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rundown in mice (Feng et al., 2000; Allen et al., 2006). Therefore,
the regulation of AMPAR currents by PP1 may be primarily
mediated by spinophilin in the striatum. However, there appear
to be differences in PP1 targeting between brain regions, as PP1-
mediated AMPAR rundown in PFC was not affected by either
neurabin or spinophilin KO (Allen et al., 2006).

Studies using nonselective inhibition of PP1 failed to show a
role of PP1 in basal synaptic transmission in the hippocampus.
However, an unexpected finding from studies of the neurabin–
PP1 holoenzyme challenges the idea that PP1 does not regulate
synaptic AMPARs under basal conditions (Hu et al., 2007).
Expression of neurabinF460A decreased both amplitude and fre-
quency of mEPSCs in cultured hippocampal slices (Hu et al.,
2007). In this case, the longer time scale of overexpression com-
pared with small, inhibitory peptide infusion (GM, I-1 in
Morishita et al., 2001) likely allows neurabinF460A protein to spe-
cifically downregulate neurabin-PP1 holoenzyme function in
dendritic spines. The decreased mEPSC amplitude and fre-
quency in neurabinF460A-expressing neurons thus suggest that
neurabin-bound PP1 positively regulates synaptic transmission
in cultured hippocampal slices. Global disruption of PP1 activity
using GM peptide might be expected to have broader effects than
selective disruption of PP1–neurabin interaction by expression
of neurabinF460A; however, this may not be true for specific cellu-
lar processes, such as synaptic transmission. Expression of WT
neurabin did not lead to a change in synaptic transmission in the
hippocampal neurons (Terry-Lorenzo et al., 2005; Hu et al.,
2007), suggesting that overexpression does not have an off-target
effect in this physiological process. Therefore, the suppressive
effect of neurabinF460A on synaptic transmission is likely specific
and mediated by neurabin-bound PP1.

The striking difference in results, with selective disruption of
neurabin-PP1 leading to an effect (Hu et al., 2007) that is not
observed with nonselective disruption of PP1 holoenzymes
(Morishita et al., 2001), suggests an intriguing complexity in
PP1’s regulation of AMPARs. These results could suggest the
presence of an additional PP1 holoenzyme with a counterbalanc-
ing, or opposing, effect on synaptic transmission. Indeed, this is
supported by the finding that pharmacologic inhibition of all
PP1 holoenzymes rescued the synaptic transmission deficit in
neurabinF460A-expressing neurons but did not affect synaptic
transmission in control neurons. Further studies suggest that
neurabin-anchored PP1 increases synaptic transmission by
dephosphorylating GluA2 at Ser880 (Hu et al., 2007), but the
possible opposing PP1 holoenzyme and substrate(s) have not yet
been identified. In contrast, increasing the targeting of PP1 to
synapses via overexpression of WT neurabin did not alter basal
synaptic transmission, consistent with the low basal phospho-
rylation of GluA2 Ser880 (States et al., 2008). Interestingly,
LTD induction and depotentiation decreased GluA1 phospho-
rylation at Ser845 and Ser831, respectively (Lee et al., 2000),
which is potentiated in CA1 cells overexpressing neurabin (Hu
et al., 2007). Neurabin-targeted PP1 thus can possibly access
different phospho-substrates at the synapse in basal versus LTD
conditions.

NMDARs
NMDARs contribute little to basal synaptic transmission because
of a voltage-dependent magnesium block at the resting mem-
brane potential. However, they are critical for inducing synaptic
plasticity at Sch-CA1 synapses. Regulation of the NMDARs by
PP1 is thus of significance in plasticity research. NMDARs, like
AMPARs, have many phosphorylation sites (Lee, 2006; Lussier

et al., 2015). Although the corresponding kinases have been well
identified, studies of phosphatases are limited, let alone the iden-
tity of associated PP1 targeting subunits. Nevertheless, two phos-
phorylation sites on the NMDAR are now known to be PP1
substrates in hippocampal neurons: Ser1303 and Ser1480 of
GluN2B (Raveendran et al., 2009; Chiu et al., 2019). Ser1303
phosphorylation likely affects channel conductance (Liao et al.,
2000), receptor desensitization (Tavalin and Colbran, 2017), and
interaction with CaMKII (Strack et al., 2000; O’Leary et al.,
2011), while Ser1480 phosphorylation regulates lateral diffusion
of GluN2B-containing NMDARs (Chiu et al., 2019). The de-
phosphorylation of Ser1480 GluN2B by PP1 causes lateral trans-
location of extrasynaptic GluN2B-containing NMDARs to the
synaptic site (Chiu et al., 2019). Because GluN2B-containing
NMDAR currents have a longer decay time than GluN2A-con-
taining NMDARS, increasing the proportion of GluN2B-con-
taining NMDARs at the synapse will increase calcium influx into
the spines on synaptic activation.

The relevant PP1-targeting proteins for these sites have not
been established, but yotiao and spinophilin are known PP1- and
NMDAR-binding proteins that emerge as strong candidates. In
HEK 293 cells transfected with NMDAR subunits and the PP1
scaffolding protein yotiao, NMDAR currents increased when the
yotiao–PP1 holoenzyme was disrupted with intracellular perfu-
sion of GM peptide, an RVxF-containing peptide inhibitor
(Westphal et al., 1999). Since yotiao also acts as an A-kinase
anchoring protein (i.e., a scaffold for PKA), this effect is likely
because of a shift in the balance of phosphatase and kinase activ-
ity: without PP1, PKA action on the NMDAR will dominate.
However, which phosphorylation site(s) are modulated by
yotiao–PP1 was not examined in the above study. Although
yotiao facilitates PP1 activity in HEK 293 cells, it remains unclear
whether it is the major scaffolding protein in neurons, as the
expression level of yotiao is very low in neurons. In contrast, spi-
nophilin is a prominent synaptic scaffold for PP1 that can bind
the NMDAR subunit GluN2B (Salek et al., 2019). Which phos-
phorylation site(s) on NMDAR may be regulated by spinophi-
lin–PP1 is not clear, but NMDA application studies performed
in hippocampal neurons of spinophilin KO mice indicated that
spinophilin-bound PP1 negatively regulates NMDAR currents
(Feng et al., 2000). Whether this reflects a change in synaptic
NMDAR or extrasynaptic NMDAR currents is not clear. More
work is needed to identify and characterize the PP1 targeting
proteins involved in dephosphorylation of various NMDAR resi-
dues at synaptic versus extrasynaptic sites in neurons.

Novel regulation of presynaptic machinery by PP1
Recent studies suggest that PP1 not only regulates synaptic trans-
mission via dephosphorylation of postsynaptic AMPARs, but
also via modulation of glutamate release. The PP1 targeting pro-
tein myosin phosphatase targeting subunit 1 is now known to
localize to the presynaptic terminal in addition to postsynaptic
spines (Lontay et al., 2012), where it may regulate presynaptic
machinery. In the axosomatic “giant synapse” between the
acoustic nerve and bushy cells of the cochlear nucleus, PP1 inhi-
bition attenuated presynaptic neurotransmitter release (Lontay
et al., 2012). Similarly, inhibition of PP1 in cortical synaptosomes
decreased Ca21-dependent exocytosis (Lontay et al., 2012). This
presynaptic role of PP1 appears to be mediated by dephosphoryl-
ation of Thr138 of SNAP-25, a component of the trans-SNARE
complex critical for synaptic vesicle exocytosis (Horváth et al.,
2017). Although it is unclear whether this regulation extends to
other regions of the brain, including the hippocampus, these
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findings expand our understanding of the diverse roles of PP1 in
the brain and present intriguing new lines of research.

Inhibition of PP1 activity by small protein inhibitors and by
C-terminal phosphorylation
In addition to the targeting proteins that restrict PP1 activity and
provide substrate specificity, there is a subset of PP1 regulatory
proteins that strictly inhibit PP1 activity. These proteins, includ-
ing inhibitor-1 (I-1) and DARPP-32, when phosphorylated by
PKA at Thr35 (I-1) or Thr34 (DARPP-32), act as pseudo-sub-
strates of PP1, inhibiting its activity by occupying its catalytic
site. This simple, seemingly nonspecific inhibition of PP1 can be
a powerful regulatory mechanism. DARPP-32, whose expression
level is high in the striatum, but very low in the cortex and hip-
pocampus, has been shown to play critical roles in the regulation
of converging dopamine and glutamate signaling in medium
spiny neurons. Because there are several excellent reviews on
striatal DARPP-32 (see, e.g., Svenningsson et al., 2004), we focus
here on PP1 regulation by I-1 in the hippocampus.

The standard model for PP1 activation during hippocampal
LTD involves PP1 disinhibition at the synapse via PP2B-medi-
ated dephosphorylation of I-1 at Thr35 (Fig. 3B). This model was
first developed based on evidence from in vitro experiments in
skeletal muscle (Cohen, 1989) where the protein levels of I-1 and
PP1 approach a 1:1 molar ratio and strong basal PKA activity
leads to a high level of I-1 phosphorylation at Thr35. In vitro
studies suggest that PP2B dephosphorylates I-1 at Thr35 effi-
ciently, thereby disinhibiting PP1. It was hypothesized that this
cascade can be initiated in neurons by NMDAR-mediated cal-
cium influx during LTD induction: PP2B is activated by cal-
cium/calmodulin, and dephosphorylates I-1 at Thr35, thereby
removing I-1’s potent inhibition of PP1 and causing PP1 activa-
tion that ultimately results in synaptic depression (Lisman, 1989;
Mulkey et al., 1994). Consistent with this hypothesis, at the Sch-
CA1 synapse in acute hippocampal slices, both PP1 (Mulkey et
al., 1993) and PP2B (Mulkey et al., 1994) are necessary for LTD
induction; and PP2B is activated by the LTD-inducing stimulus
via calcium-calmodulin binding. This model has also been
applied to LTP. Given that high-frequency stimulation increases
I-1 phosphorylation at Thr35 by PKA, increased PP1 inhibition
by I-1 has also been hypothesized to be involved in the normal
expression of LTP (Blitzer et al., 1998). However, evidence from
I-1 KO mice suggests that this classical model is not involved in
PP1 regulation during LTD and LTP at Sch-CA1 synapses.
Indeed, the induction of LTD and LTP at Sch-CA1 is normal in
I-1 KO mice (Allen et al., 2000). This result could be explained
by the relatively low level of I-1 protein expression in CA1 neu-
rons (Allen et al., 2000). On the other hand, the expression level
of I-1 protein is very high in dentate gyrus granule cells; and cor-
respondingly, LTP is defective in the lateral perforant path-gran-
ule cell synapse in I-1 KO mice (Allen et al., 2000). Whether
LTD induction is affected at the lateral perforant path-granule
synapse has not yet been examined, however. Interestingly, LTP
induction is normal in the medial perforant path-granule cell
synapse in I-1 KO mice (Allen et al., 2000), suggesting that I-1
may not contribute significantly to the regulation of PP1 in those
synapses during LTP induction. The cause of this discrepancy
between granule cell synapses is not known but speaks to the
complexity of PP1 regulation even within a single cell. In sum-
mary, although the standard model might hold at some synapses,
it does not appear to be a universal mechanism of PP1
regulation.

Another major model of PP1 inhibition at the synapse involves
phosphorylation of PP1 itself (Fig. 3C1). Phosphorylation of a

conserved threonine found in the C-termini of all PP1 isoforms
(Thr320 in PP1a) inhibits PP1 activity. PP1 can auto-dephosphoryl-
ate this site (Dohadwala et al., 1994; Salvi et al., 2020). When
PP1 is phosphorylated at this site, it will not be able to dephos-
phorylate other substrates. Consequently, phosphorylation of
this site (pThr320) is a good inverse molecular marker for PP1
enzymatic activity. Using this marker, there is evidence that
PP1 is activated downstream of NMDAR activation in a cal-
cium-dependent manner in neurons (Hou et al., 2013). This
PP1 activation pathway appears to depend on decreased activity
of Cdk5, the primary kinase responsible for Thr320 phospho-
rylation in neurons, but not on calcineurin and I-1. Specifically,
synaptic NMDAR activation leads to proteasomal degradation
of p35, a regulatory subunit of Cdk5, which results in reduced
Thr320 phosphorylation and thus disinhibition of PP1 (Hou et
al., 2013) (Fig. 3C1). Interestingly, global (synaptic and extrasy-
naptic) activation of NMDARs has a more robust effect on PP1
activation than activation of synaptic NMDAR alone (Hou et
al., 2013). Consistent with this, the extrasynaptic pool of PP1 is
only activated by global NMDAR activation leading to dephos-
phorylation of GluN2B at Ser1480 (Chiu et al., 2019) (Fig.
3C2).

Regulation of PP1 activity by I-2, an atypical PP1 regulator
The roles of the inhibitory proteins I-1 and DARPP-32 in PP1
regulation are established in dentate gyrus and striatum, respec-
tively. In hippocampus and cortex, I-2 appears to be the major
regulator of PP1 in synaptic plasticity and memory formation.

I-2 has been shown to be an inhibitor of PP1 by numerous in
vitro studies examining purified I-2 and I-2–PP1 dimer function
(Cohen, 1989). I-2 has also been to shown to inhibit PP1 in
many different cell types (Tung et al., 1995; Tang et al., 2008;
Siddoway et al., 2013b; Lemaire and Bollen, 2020). In HEK 293
cells, ion irradiation led to increased I-2 phosphorylation at
Ser43, I-2-PP1 dissociation, PP1 activation, and subsequent de-
phosphorylation of downstream cell-cycle-effector phospho-pro-
teins (Tang et al., 2008). In neurons, I-2 plays an important role
in a form of synaptic plasticity, homeostatic synaptic scaling.
Downscaling following bicuculline treatment was associated with
robust phosphorylation of I-2 at Ser43 (Siddoway et al., 2013b).
A phospho-null mutation at this site (S43A) disrupted all aspects
of the homeostatic downscaling process: blocking the reduction
in surface GluA1 and GluA2, the reduction in mEPSC ampli-
tude, and the decrease in GluA2 Ser880 phosphorylation
(Siddoway et al., 2013b).

One mechanism of I-2 inhibition of PP1 activity involves
amino acids 130-160 of I-2, which form an extended a-helix
structure that interacts with PP1 along the hydrophobic and
acidic grooves and blocks the active site (Hurley et al., 2007). I-2
can be phosphorylated at Thr72, which can then inhibit PP1
likely via some sort of occupation of its active site, but distinct
from the pseudosubstrate mechanism of I-1 and DARPP-32
(Cohen, 1989; Lemaire and Bollen, 2020). The associated kinases
for Thr72 phosphorylation include Cdk5, as demonstrated in
both neuronal and non-neuronal cells (Li et al., 2007; Hou et al.,
2013), and GSK3b , as shown in vitro (S. D. Yang et al., 1981)
and possibly in vivo (Szatmari et al., 2005; Chiu et al., 2019), the
latter suggesting that I-2 might be a downstream effector of anti-
psychotic drugs, such as lithium (Costemale-Lacoste et al., 2016).

Recent evidence suggests that I-2 also regulates PP1 function
by a mechanism other than inhibition of PP1 activity. Knocking
down I-2, but not I-1, leads to robust changes in PP1 pThr320 in
cortical neurons (Hou et al., 2013), suggesting that I-2 is a
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relevant endogenous regulator of PP1 activity in this neuronal
population. Interestingly, the phosphorylation of PP1 at Thr320
increases after I-2 knockdown in cortical neurons, opposite to
what would be predicted if I-2 acted as an inhibitor. Moreover,
NMDAR signaling decreases pThr72 on I-2 and increases I-2–
PP1 complex formation (Hou et al., 2013) (Fig. 3A), which
would be incompatible with PP1-mediated LTD induction if I-2
were merely an inhibitor. Moreover, chemical-LTD is defective
in I-2 kDa hippocampal neurons, suggesting that (1) this
NMDAR–I-2–PP1 signaling pathway is relevant to Hebbian syn-
aptic plasticity, and (2) I-2 does not seem to be a PP1 inhibitor in
this process. Finally, in vivo studies using an I-2 hemizygous
mouse model and I-2 kDa rat model suggest that I-2 is a memory
suppressor (H. Yang et al., 2015), in contrast to the memory
improvement seen with PP1 inhibition (Genoux et al., 2002).
These studies indicate that I-2 is a major PP1 regulator with an
essential role in Hebbian-type synaptic plasticity and memory
formation, but does not seem to accomplish this by inhibiting
PP1 function. Consistent with this view, yeast genetic studies
also conclude that I-2 can function as an activator of PP1 in addi-
tion to its inhibitory action toward PP1 (Tung et al., 1995).

How do we explain this positive regulation of PP1 by I-2? A
hypothesis based on in vitro data has been put forth, that nascent
PP1 requires I-2 binding for correct protein folding and/or mat-
uration (interested readers are encouraged to read a recent in-
depth review on this topic, Lemaire and Bollen, 2020). This
nascent PP1 hypothesis is attractive because it is consistent with
observations that I-2’s activating function on PP1 has been
revealed mostly when I-2 is knocked out or down (Tung et al.,
1995; Hou et al., 2013; H. Yang et al., 2015; Lemaire and Bollen,
2020). However, to date, there is no report on, or attempt for, the
demonstration of the existence of nascent PP1 in cells. Until
then, we prefer a different, but not necessarily mutually exclusive,
explanation. The PP1 holoenzyme classically consists of PP1 and
a single regulatory protein. However, there is evidence that PP1
can form multimeric complexes with its regulatory proteins. For
example, PP1, neurabin, and I-2 have been shown to exist in a
trimeric complex (Dancheck et al., 2011). Interestingly, an in
vitro study has indicated that I-2 promotes the binding between
PP1 and neurabin (Terry-Lorenzo et al., 2002a), thus providing a
potential molecular basis for in vivo studies showing that I-2 is a
positive regulator of PP1’s negative role in memory formation
(H. Yang et al., 2015). Consistent with this idea, manipulations
of the individual components in the potential PP1–neurabin–I-2
complex cause similar deficits in LTD (Mulkey et al., 1993; Hu et
al., 2006; Hou et al., 2013).

Additional trimeric complexes consisting of I-1 or I-2 have
been reported, including PP1–GADD34–I-1 (Connor et al.,
2001) and PP1–lemur tyrosine kinase 2–I-2 (H. Wang and
Brautigan, 2002). Whether I-1 and I-2 can promote binding
between PP1 and its scaffolding protein in these complexes is not
clear. Finally, biochemical isolation of PP1 complexes in the
brain has identified more novel components in these complexes,
such as 14-3-3, Cdk5, and C-TAK1 (Agarwal-Mawal and Paudel,
2001; Platholi et al., 2008). The potential function of these PP1
multimeric complexes in synaptic plasticity remains unexplored.

In conclusion, underlying the many functions of PP1 are
complex regulatory networks with heterogeneity between brain
regions. These regulatory networks are composed of a vast num-
ber of targeting proteins and small protein inhibitors. Recent
insights into the functions of individual PP1 holoenzymes, rather
than general PP1 activity, have yielded new models of PP1 regu-
lation and surprising new research avenues. Further mechanistic

research on PP1 could have significant translational value, espe-
cially for patients affected by de novo mutations of PP1b , which
cause intellectual disability. More generally, PP1 is an attractive
therapeutic target for neurologic conditions marked by impair-
ments in learning and memory. Many questions remain about
PP1, and continued efforts to understand its function and regula-
tion will inform our understanding of physiological processes in
the brain and beyond.
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