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Synaptic plasticity in hippocampal CA1 pyramidal cells requires a
delicate balance of protein kinase and protein phosphatase activ-
ities. Long-term potentiation (LTP) after intense synaptic stim-
ulation often results from postsynaptic Ca 2� influx via NMDA-
type glutamate receptors and activation of multiple protein
kinases. In contrast, weaker synaptic stimulation paradigms can
induce long-term depression (LTD) (or depotentiation of previ-
ous LTP) via NMDA receptor-dependent activation of protein
serine/threonine phosphatases. Autophosphorylations at Thr 286,
Thr 305, and Thr 306 regulate the activity and subcellular local-
ization of calcium/calmodulin-dependent protein kinase II
(CaMKII) and are critical for normal synaptic plasticity, as well as
learning–memory (Lisman et al., 2002; Colbran and Brown,
2004; Elgersma et al., 2004; Griffith, 2004; Schulman, 2004).
Thus, protein phosphatases acting at these autophosphorylation
sites, and at critical phosphorylation sites in other proteins such
as AMPA-type glutamate receptors, must also modulate plasticity
(for review, see Bear and Malenka, 1994; Winder and Sweatt,
2001; Song and Huganir, 2002). Protein serine/threonine phos-
phatase catalytic subunits associate with other proteins providing
regulatory complexity and dictating the specificity and localiza-
tion of their activities. This review discusses the composition and
regulation of phosphatase complexes identified in hippocampal
neurons, as well as their putative roles in modulating CaMKII-
dependent synaptic plasticity.

Identity of protein phosphatases
Protein phosphatase types 1, 2A, 2B, and 2C (PP1, PP2A, PP2B,
and PP2C, respectively) account for the majority of serine/thre-
onine phosphatase activity in brain and other tissues (Cohen,
1997). PP1 and PP2A catalytic subunits are constitutively active,
whereas PP2B is activated by binding of Ca 2�/calmodulin, and
PP2C is Mg 2� dependent. Diverse protein phosphatase com-
plexes are formed by assembly of the catalytic subunits with reg-
ulatory and targeting protein subunits. For example, �60 hetero-
trimeric PP2A holoenzymes can be generated by all permutations

of the catalytic (C) subunits (two genes) with structural (A) sub-
units (two genes) and regulatory (B) subunits (four known un-
related gene families), and these can additionally associate with
other cellular proteins (Virshup, 2000). Similarly, four PP1 cata-
lytic subunit isoforms (�, �, �1, and �2) differentially interact
with �40 known regulatory and/or targeting subunits (Ceule-
mans and Bollen, 2004). Thus, to understand how phosphatases
modulate processes such as synaptic plasticity, it is critical to
identify both the type of phosphatase that dephosphorylates a
physiologically relevant substrate and the molecular nature of
relevant protein phosphatase complex(es).

Protein phosphatase complexes
PP1 complexes
PP1-binding proteins usually contain a short canonical amino
acid sequence (-Arg/Lys-Val/Ile-X-Phe-) that interacts with a
conserved hydrophobic groove on the surface of PP1 catalytic
subunits (Barford et al., 1998). Secondary interactions usually
confer unique regulatory specificity to the interaction (for review,
see Bollen, 2001; Cohen, 2002).

The F-actin binding proteins spinophilin (Satoh et al., 1998) and
neurabin (Nakanishi et al., 1997) associate with PP1 via canonical
PP1-binding motifs (Allen et al., 1997; Hsieh-Wilson et al., 1999).
Secondary interaction sites surrounding this motif dictate selective
association with PP1� or PP1�1 over PP1� and also inhibit PP1
activity in vitro (MacMillan et al., 1999; Terry-Lorenzo et al.,
2002; Carmody et al., 2004). However, neurabin–PP1 complexes
isolated from brain extracts by immunoprecipitation display cat-
alytic activity, suggesting that neurabin-associated PP1 may de-
phosphorylate colocalized substrates (Oliver et al., 2002). Be-
cause the PP1 isoform-binding selectivity of spinophilin and
neurabin in vitro matches the selective enrichment of PP1 iso-
forms in isolated PSDs (postsynaptic densities) (Strack et al.,
1997a, 1999; Terry-Lorenzo et al., 2002), it is likely that spinophi-
lin and/or neurabin selectively target PP1� and PP1�1 activity to
actin-rich dendritic spines and PSDs. Interestingly, binding of
spinophilin to F-actin is inhibited by phosphorylation by PKA
(Hsieh-Wilson et al., 2003) or CaMKII (Grossman et al., 2004).

The PP1 complex with spinophilin is necessary for normal
regulation of AMPA- and NMDA-type glutamate receptors
and synaptic plasticity (Fig. 1 A, B) (Yan et al., 1999; Feng et al.,
2000). In addition, both spinophilin and neurabin modulate
dendritic spine formation and dynamics (Feng et al., 2000;
Oliver et al., 2002), although the molecular mechanisms underlying
this function are unclear.
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The functionally homologous inhibitor-1 and DARPP-32 (do-
pamine and cAMP-regulated phosphoprotein 32) proteins are
differentially expressed in hippocampal subregions (Allen et al.,
2000; Svenningsson et al., 2002). Their interactions with PP1
require the canonical PP1-binding motif as well as a region C
terminal to this motif that surrounds their PKA phosphorylation
sites. Phosphorylation of inhibitor-1 or DARRP-32 by PKA (at
Thr 35 and Thr 34, respectively) stabilizes the complexes, thereby
suppressing PP1 activity (Huang et al., 1999). Dephosphoryla-
tion of these sites by PP2B dissociates the complex, increasing
PP1 activity. Thus, inhibitor-1 and DARPP-32 permit antagonis-
tic modulation of PP1 activity by cAMP and Ca 2� signaling path-
ways (Fig. 1C). Several additional kinases and phosphatases act
on inhibitor-1 and DARRP-32 to allow multiple neurotransmit-
ters to fine-tune the regulation of this pathway (for review, see
Greengard et al., 1999; Svenningsson et al., 2004).

PP1 also binds to other hippocampal proteins, including the
NMDA-receptor associated protein yotiao (Westphal et al.,
1999), neurofilament-L protein (Terry-Lorenzo et al., 2000), and
the nuclear PNUTS protein (PP1 nuclear targeting subunit)
(Allen et al., 1998). Yotiao interacts with PP1 independent of an
identifiable canonical motif and enhances PP1 activity toward
NMDA receptors. However, peptides containing the canonical
PP1-binding motif compete for yotiao binding to PP1, suggesting
that yotiao interacts with the hydrophobic groove on the catalytic
subunit that is typically occupied by the Arg/Lys-Val/Ile-X-Phe

motif of other PP1-binding proteins. The
functions of the PP1 complexes with
neurofilament-L and PNUTS are less
clear.

PP2A complexes
There is enormous potential diversity in
the heterotrimeric PP2A holoenzyme
complexes (see above), and many of the
known PP2A subunits have been identi-
fied in hippocampus. However, the roles
of specific PP2A holoenzymes or com-
plexes in synaptic regulation are poorly
defined. LTP induction enhances
CaMKII-mediated phosphorylation of the
B’� regulatory subunit of PP2A, inhibit-
ing CaMKII dephosphorylation (Fig. 1D)
(Fukunaga et al., 2000). Striatin is a novel
Ca 2�/calmodulin-binding PP2A regula-
tory (B) subunit associated with dendritic
spines and PSDs (Moreno et al., 2000).
More studies are clearly warranted.

PP2B complexes
PP2B (also known as calcineurin) is the
only phosphatase directly modulated by a
second messenger (Ca 2� acting via cal-
modulin and the B regulatory subunit).
PP2B has a relatively restricted substrate
specificity compared with other phospha-
tases. Because PP2B is activated at lower
Ca 2�/calmodulin concentrations than
CaMKII, weak synaptic stimulation may
preferentially activate PP2B, dephospho-
rylating inhibitor-1 and thereby activating
PP1, whereas stronger stimulation also re-
cruits CaMKII activation (Lisman, 1989).
Targeting of PP2B to PSDs can be medi-

ated by binding to AKAP79/150 (Coghlan et al., 1995), a PKA
anchoring protein that also binds phosphatidylinositol-4,5-
bisphosphate, calmodulin, PKC, and F-actin (Dell’Acqua et al.,
1998; Gomez et al., 2002). Additional interactions of AKAP79/
150 with SAP97 (synapse-associated protein 97) or PSD95 medi-
ate association of PP2B with AMPA- and/or NMDA-type gluta-
mate receptors (Fig. 1A,B) (Colledge et al., 2000). NMDA
receptor activation disrupts the colocalization and coimmuno-
precipitation of AKAP79/150 with PSD95 family proteins at syn-
apses in cultured neurons, by a mechanism that involves PP2B
activity and rearrangement of the actin cytoskeleton (Gomez et
al., 2002). This NMDA-induced redistribution of AKAP79/150
appears to be accompanied by parallel changes in PKA localiza-
tion and a subcellular redistribution of PP2B.

Regulation of CaMKII-dependent synaptic plasticity
by phosphatases
LTP induction often requires the (auto)phosphorylation of
CaMKII at Thr 286 in hippocampus (Lisman et al., 2002; Colbran
and Brown, 2004) (see the mini-review in this series by Elgersma
et al., titled Mouse Genetic Approaches to Investigating Calcium/
Calmodulin-Dependent Protein Kinase II Function in Plasticity
and Cognition). Given the importance of phosphatases in LTD
induction, it is perhaps surprising that dephosphorylation of
Thr 286 has not been demonstrated after LTD or depotentiation

Figure 1. Multiple protein phosphatase complexes regulate CaMKII and glutamate receptors. Putative complexes of PP1 and
PP2B catalytic subunits (red) and multiple kinases (green) at NMDA-type ( A) and AMPA-type ( B) glutamate receptors (purple)
mediated by scaffolding and cytoskeletal proteins. Protein phosphatase-binding proteins are depicted in blue, whereas other
scaffolding and cytoskeletal proteins are white. Phospho-proteins are indicated by the attached yellow circles. Although each
protein–protein interaction has been individually demonstrated and some ternary and tertiary subcomplexes verified, complete
assembly of the entire complexes has not been demonstrated. C, Regulation of soluble PP1 by phosphorylation– dephosphoryla-
tion of inhibitor-1 by PKA and PP2B, respectively. DARPP-32 (not shown) is a functional homolog of inhibitor-1 that is regulated by
similar mechanisms. D, Dendritic PP2A holoenzymes. Top, Heterotrimeric PP2A holoenzymes containing the B’� regulatory
subunit are inhibited by CaMKII phosphorylation. Bottom, PP2A holoenzymes containing the striatin regulatory subunit have also
been localized to dendrites and PSDs.
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(reversal of LTP). Moreover, hippocampal LTD induction is nor-
mal in CaMKII T286A mice (Krezel et al., 1999). Nevertheless, the
role of CaMKII dephosphorylation in synaptic plasticity is begin-
ning to be understood.

In vitro studies
PP1, PP2A, and PP2C were shown to dephosphorylate Thr 286 of
CaMKII in vitro many years ago (Shields et al., 1985; Dosemeci
and Reese, 1993; Fukunaga et al., 1993). Recent studies have
shown that active PP1 enhances the apparent cooperativity for
Thr 286 autophosphorylation of CaMKII, resulting in ultra-
sensitive kinase activation within a tight range of Ca 2� concen-
trations (Bradshaw et al., 2003). However, it seems likely that this
in vitro effect may be exerted by any phosphatase active toward
Thr 286. In forebrain extracts, PP1 and PP2A account for the
majority of phosphatase activity measured using Thr 286-
autophosphorylated CaMKII (see below) (Strack et al., 1997a).
Although PP2C may make only a small contribution to CaMKII
dephosphorylation in forebrain (Strack et al., 1997a), it may have
more significant roles in cerebellum and other cells (Fukunaga et
al., 1993; Ishida et al., 1998; Kitani et al., 1999). Although there is
no evidence for dephosphorylation of CaMKII by PP2B, it may
indirectly modulate CaMKII by dephosphorylating inhibitor-1
and/or DARPP-32, thereby activating PP1 (see above). PP1,
PP2A, and PP2C also can dephosphorylate Thr 305 and Thr 306

(Patton et al., 1990; Fukunaga et al., 1993).
Although specific phosphatase complexes involved in

CaMKII dephosphorylation have not been identified, a novel as-
pect of CaMKII regulation is that the physiologically relevant
phosphatase appears to depend on the subcellular localization of
the kinase. CaMKII localization is dynamically regulated by mul-
tiple protein–protein interactions (for review, see Colbran, 2004)
(see also the mini-reviews in this series by Griffith, titled Regula-
tion of Calcium/Calmodulin-Dependent Protein Kinase II Activa-
tion by Intramolecular and Intermolecular Interactions; Schulman,
titled Activity-Dependent Regulation of Calcium/Calmodulin-
Dependent Protein Kinase II Localization). CaMKII endogenous
to isolated PSDs (i.e., that associated with the PSD in situ) was
mostly dephosphorylated by PP1 (Shields et al., 1985; Dosemeci
and Reese, 1993; Strack et al., 1997a). However, in whole-brain
extracts, PP2A was the major enzyme that dephosphorylated ei-
ther exogenously added Thr 286-autophosphorylated CaMKII or
the endogenous soluble kinase (Strack et al., 1997a). In contrast,
PP1 was the major activity toward the fraction of endogenous
CaMKII associated with the PSD-enriched fraction in the same
whole-brain extracts (Strack et al., 1997a). Isolated PSD prepara-
tions are highly enriched in PP1 and contain little PP2A (Strack et
al., 1997a; Terry-Lorenzo et al., 2000), but, when purified soluble
Thr 286-autophosphorylated CaMKII was added to isolated PSDs,
the PP2A made the major contribution to its dephosphorylation
(Strack et al., 1997b). However, a fraction of the added kinase
binds to the isolated PSDs; when this PSD-associated pool of
added kinase was analyzed separately, PP1 was responsible for the
dephosphorylation (Strack et al., 1997b). Thus, association with
PSDs enhances PP1-mediated dephosphorylation of CaMKII or
protects it from PP2A-mediated dephosphorylation. The colo-
calization with PSD-associated PP1 or sequestration away from
PP2A may be attributable to CaMKII interactions with specific
PSD proteins, resulting in differential modulation of Thr 286

dephosphorylation.

Regulation by PP1 complexes in situ
Several studies implicate targeted PP1 complexes in synaptic
plasticity. Intracellular perfusion of peptides based on the canon-
ical PP1-binding motif has no effect on basal synaptic transmis-
sion but blocks hippocampal LTD. Moreover, synaptic activation
of NMDA receptors in cultured hippocampal neurons increases
the proportion of total synapses that contain PP1 (Morishita et
al., 2001). Although these data suggest that targeted PP1 is im-
portant for synaptic plasticity, the impact of NMDA receptor
activation on the localizations of spinophilin and other PP1-
binding proteins are not known. However, PSD-associated spi-
nophilin is relatively dephosphorylated when compared with spi-
nophilin found in soluble or synaptic plasma membrane
fractions, suggesting that phosphorylation of spinophilin by PKA
and/or CaMKII may dissociate spinophilin from synapses
(Hsieh-Wilson et al., 2003; Grossman et al., 2004). Thus, spi-
nophilin dephosphorylation may drive increased synaptic local-
ization, thereby increasing the amount of synaptic PP1. Interest-
ingly, spinophilin knock-out mice exhibit a strong deficit in
hippocampal LTD but no deficit in LTP induced by strong syn-
aptic stimulation (two times for 1 sec each at 100 Hz) (Feng et al.,
2000). Although this study specifically implicates PP1 targeting
by spinophilin in synaptic plasticity, the consequences of spi-
nophilin deficiency on Thr 286 autophosphorylation of CaMKII,
phosphorylation of other proteins involved in hippocampal syn-
aptic plasticity, LTP induced using other paradigms, and on
learning and memory have not been reported.

Saturation of PSD-associated PP1 after translocation of
Thr 286-autophosphorylated CaMKII to the PSD has been pro-
posed to permit sustained Thr 286 autophosphorylation after LTP
induction (Lisman and Zhabotinsky, 2001). Consistent with this
model, one series of studies suggests that inhibition of PP1 allows
for increased Thr 286 autophosphorylation as well as LTP induc-
tion. Moderate theta burst stimulation paradigms were insuffi-
cient to induce LTP in hippocampal slices unless paired with
cAMP-inducing stimuli, which enhanced inhibitor-1 phosphor-
ylation at the PKA site and decreased PP1 activity. In parallel,
Thr 286 phosphorylation of CaMKII was induced only when the
two stimuli were paired. Inhibition of PP1 was therefore sug-
gested to “gate” CaMKII autophosphorylation at Thr 286 in this
LTP paradigm (Blitzer et al., 1998; Brown et al., 2000). Thus, poten-
tiation of LTP induction by �-adrenergic receptor agonists (Thomas
et al., 1996; Winder et al., 1999; Brown et al., 2000; Yang et al., 2002)
and other cAMP-coupled neurotransmitter receptors (Otmakhova
and Lisman, 1996; Cai et al., 2002; Svenningsson et al., 2002; Li et al.,
2003; Wang et al., 2003) may require PP1 inhibition by inhibitor-1
(or DARPP-32) to enhance CaMKII autophosphorylation.

The roles of PP1 and inhibitor-1 in hippocampal plasticity
have also been addressed using transgenic mice. Inducible over-
expression of a constitutively active mutant of inhibitor-1 (caI-1)
(with the Thr 35 phosphorylation site mutated to aspartate to
mimic PKA phosphorylation) suppresses PP1 activity and en-
hances the phosphorylation of CaMKII at Thr 286, AMPA recep-
tors (Ser 831 in GluR1), and the CREB (cAMP response element-
binding protein) transcription factor (Genoux et al., 2002). These
studies are consistent with a role for PP1 in gating CaMKII auto-
phosphorylation. Moreover, the caI-1 mice displayed enhanced
learning and memory in object recognition and water maze tasks,
but changes in hippocampal synaptic plasticity were not
investigated.

Given the caI-1 data mentioned above, it initially seems sur-
prising that inhibitor-1 knock-out mice have normal LTP in the
CA1 region of hippocampus and normal spatial memory in the
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water maze (Allen et al., 2000). These inconsistencies in defining
a role for inhibitor-1 in the CA1 region may reflect differences in
the LTP induction protocols (theta burst vs 100 Hz tetanic stim-
ulation) and in the behavioral tests used. Alternatively, low levels
of DARRP-32 may compensate for inhibitor-1 deficiency in the
CA1 region. Interestingly, inhibitor-1 is expressed at much
higher levels in the dentate gyrus than in the CA1, and inhibitor-1
knock-out animals exhibit defective LTP in the dentate gyrus
(Allen et al., 2000). Thus, PP1 regulation by inhibitor-1 may be
essential for plasticity in dentate gyrus but only modulatory in
CA1. It will be important to reanalyze synaptic plasticity in the
CA1 region using theta burst stimulation combined with PKA
activation (see above) and establish the impact of inhibitor-1
knock-out on Thr 286 autophosphorylation.

Regulation by PP2A
PP2A also has been suggested to control CaMKII-dependent syn-
aptic plasticity. Induction of LTP decreased PP2A activity mea-
sured in hippocampal CA1 homogenates using Thr 286-
autophosphorylated CaMKII as substrate (Fukunaga et al.,
2000). This inhibition of PP2A required CaMKII activation and
was associated with phosphorylation of the B’� regulatory sub-
unit of the PP2A holoenzyme. Reduced PP2A activity may con-
tribute to the sustained phosphorylation of CaMKII at Thr 286 or
of other sites/proteins after LTP induction.

A mouse model of Angelman’s mental retardation syndrome
created by deletion of the ube3a ubiquitin ligase displayed en-
hanced basal phosphorylation of CaMKII at Thr 286 and Thr 305 in
hippocampal homogenates, correlating with impairments in hip-
pocampal synaptic plasticity and learning (Weeber et al., 2003)
(see the mini-review in this series by Elgersma et al., titled Mouse
Genetic Approaches to Investigating Calcium/Calmodulin-
Dependent Protein Kinase II Function in Plasticity and Cognition).
Hippocampal homogenates also contained reduced protein
phosphatase activity. Although these studies did not specifically
identify the phosphatase activity (Weeber et al., 2003), the phos-
phopeptide substrate used is generally considered PP2A selective.
Interestingly, recent work in Drosophila provided genetic evi-
dence for PP2A-mediated dephosphorylation of Thr 306 (equiva-
lent to Thr 305 in mammalian CaMKII) in vivo (Lu et al., 2003). If
PP2A also dephosphorylates Thr 305 and Thr 306 in mammals, it is
possible that reduced PP2A activity in the mouse model of An-
gelman’s syndrome results in enhanced CaMKII autophosphor-
ylation at Thr 305/306 and/or Thr 286. However, the molecular link
from deletion of the ube3a gene to the reduction in protein phos-
phatase activity remains unclear.

Regulation by PP2B
Genetic manipulation of hippocampal PP2B activity by inducible
transgenic overexpression of a constitutively active PP2B
(Winder et al., 1998) or a specific PP2B inhibitor peptide
(Malleret et al., 2001) reversibly affects hippocampal synaptic
plasticity. Facilitation of LTP when PP2B activity is reduced, and
inhibition of LTP when PP2B activity is increased, may be ex-
plained in part by changes in the phosphorylation of inhibitor-1
and/or CaMKII, although this was not directly tested. The impact
of PP2B binding to AKAP79 on synaptic plasticity is unknown,
although this complex facilitates regulation of AMPA receptors
in a manner reminiscent of LTD (Tavalin et al., 2002).

Summary and perspectives
Several protein phosphatase complexes have been identified in
hippocampal neurons, but there likely remain a greater diversity

to be discovered. One major challenge is to determine how the
formation of this often-bewildering array of phosphatase com-
plexes is regulated in situ. Nevertheless, it seems likely that these
complexes provide for diversity and subtlety in modulating syn-
aptic transmission and other neuronal processes. The roles of
certain protein phosphatase complexes in modulating CaMKII-
dependent signaling and some forms of plasticity are beginning
to be understood, but there remains much to be learned.
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