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ViewpointA Model of Synaptic Memory:
A CaMKII/PP1 Switch that Potentiates Transmission
by Organizing an AMPA Receptor Anchoring Assembly

tion suggests that CaMKII could act as a bistable switch
(Lisman, 1985) responsible for the observed all-or-none
potentiation of individual synapses (Petersen et al.,
1998). It has therefore been of interest to understand
the mechanism of CaMKII switching and specifically
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how CaMKII can stay highly phosphorylated despiteWaltham, Massachusetts 02454
endogenous phosphatase activity. CaMKII is a multisub-
unit protein having 8 to 12 subunits (Hanson and Schul-
man, 1992; Kolodziej et al., 2000). Each subunit hasSummary
kinase activity that can be made Ca2� independent by
phosphorylation of Thr286 (Lou and Schulman, 1989;Ca2�/calmodulin-dependent protein kinase II (CaMKII)
Miller and Kennedy, 1986; Miller et al., 1988; Schworer

is localized in the postsynaptic density (PSD) and is
et al., 1988; Thiel et al., 1988). Early models of CaMKII

necessary for LTP induction. Much has been learned
switching assumed that the “on” state could be main-

about the autophosphorylation of CaMKII and its de-
tained by an intraholoenzyme, intersubunit reaction in

phosphorylation by PSD protein phosphatase-1 (PP1).
which Thr286 sites that became dephosphorylated

Here, we show how the CaMKII/PP1 system could could be rephosphorylated by the Ca2�-independent ac-
function as an energy-efficient, bistable switch that tivity of a neighboring active subunit (Lisman and
could be activated during LTP induction and remain Goldring, 1988b). Subsequent work revealed, however,
active despite protein turnover. We also suggest how that Ca2�-independent autophosphorylation of Thr286
recently discovered binding interactions could provide sites does not occur, because Ca2�/calmodulin must be
a structural readout mechanism: the autophosphory- bound to substrate subunits in order for Thr286 to be
lated state of CaMKII binds tightly to the NMDAR and phosphorylated (Hanson et al., 1994). Recently, it was
forms, through CaMKII-actinin-actin-(4.1/SAP97) link- shown (Zhabotinsky, 2000) that basal levels of Ca2�,
ages, additional sites for anchoring AMPARs at syn- though low, may be sufficient to allow the rephosphory-
apses. The proposed model has substantial experi- lation of Thr286 that become dephosphorylated and
mental support and elucidates principles by which a thereby sustain the on state.
local protein complex could produce stable informa- In the first part of this paper, we will review this model
tion storage and readout. and extend it in several ways. We show that the model

depends critically on the fact that dephosphorylation of
CaMKII occurs specifically by the PP1 held in PSD by

Ca2�/calmodulin-dependent protein kinase II (CaMKII) scaffolding proteins (Shields et al., 1985; Allen et al.,
is highly concentrated in the postsynaptic density (PSD), 1997; Nakanishi et al., 1997; Hsieh-Wilson et al., 1999;
a cytoplasmic structure attached to the postsynaptic MacMillan et al., 1999; Feng et al., 2000). Remarkably,
membrane at glutamatergic synapses (Goldenring et al., another phosphatase, PP2A, which can dephosphory-
1984; Kelly et al., 1984; Kennedy, 1998; Kennedy et al., late soluble CaMKII is somehow prevented from dephos-
1983; Suzuki et al., 1994). There, the enzyme is ideally phorylating CaMKII bound to PSD (Strack et al., 1997b;

Yoshimura et al., 1999). These findings indicate that thepositioned to play a role in long-term potentiation (LTP),
PSD is an isolated biochemical compartment. We showa synapse-specific form of plasticity that may underlie
here that this isolation produces the phosphatase satu-some types of memory (reviewed in Malenka and Nicoll,
ration that is necessary to produce bistability (Lisman,1999). Substantial evidence indicates that CaMKII has
1985; Zhabotinsky, 2000). We further show that this satu-a key role in LTP. It has been shown that the transient
ration produces a novel form of interaction betweenCa2� entry through the NMDA channel that occurs during
kinase holoenzymes that makes it possible for storedLTP induction stimulates the persistent autophosphory-
information to be retained despite the protein turnoverlation and activation of CaMKII (Barria et al., 1997; Fuku-
of CaMKII holoenzymes. This capability is essential fornaga et al., 1995; Ouyang et al., 1997). If this autophos-
long-term information storage by a protein switch.phorylation is prevented by genetic or pharmacological

The second part of the paper deals with the questionmethods, LTP induction is blocked (Giese et al., 1998;
of how CaMKII, once switched to the on state duringMalinow et al., 1989; Otmakhov et al., 1997; Silva et
LTP induction, could enhance AMPA-mediated trans-al., 1992). Furthermore, if the constitutively activated
mission. The previous view of this “readout” processCaMKII is introduced into cells, it enhances synaptic
had been that CaMKII enhanced transmission by phos-transmission in a manner that occludes LTP (Lledo et
phorylating AMPA receptors (AMPARs). However, re-al., 1995). Taken together, these results indicate that
cent studies showed that when AMPARs are modified toCaMKII is required for LTP induction and can, by itself,
prevent this phosphorylation, CaMKII can still potentiateinduce the downstream processes that potentiate trans-
transmission (Hayashi et al., 2000). There must thus bemission.
other mechanisms by which CaMKII can enhance trans-The persistent activation of CaMKII after LTP induc-
mission. Here, we propose that phosphorylated CaMKII
can enhance transmission through a structurally medi-
ated assembly process. This process leads to the incor-3 Correspondence: lisman@brandeis.edu
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poration of additional GluR1 binding proteins into the rate. This situation is reversed in the on state. In this
case, the kinase reation is faster (because only one cal-synapse, which then strengthens the synapse by an-

choring additional AMPARs. The basis of this proposal modulin is required for reaction 2). On the other hand,
the high concentration of phosphorylated subunits satu-is recent work identifying binding interactions between

PSD proteins. The proposed model of the CaMKII/PP1 rates the phosphatase, and the rate at which it can
dephosphorylate any given subunit is therefore low. Theswitch and its structural readout mechanism is formu-

lated entirely in terms of known reactions. on state is thus stable because the per site kinase rate
is high compared to the per site phosphatase rate.

A system of kinetic equations based on these threeMechanisms of Bistability of the CaMKII/PP1
reactions is given in the Appendix, and steady-stateSystem in the PSD
solutions are shown in Figure 1. As shown in Figure 1A,We begin by describing how a group of CaMKII and PP1
the system can have two stable states (black dots) atmolecules in the PSD could operate as a switch having
resting [Ca2�]. Although the actual value of PP1 activitytwo stable states at resting Ca2�: an on state in which
in the PSD is not known, bistability can be shown tomost of the 8 to 12 subunits are phosphorylated at
occur if reasonable estimates of this value are assumedThr286 and an “off” state in which they are almost com-
(Zhabotinsky, 2000). Furthermore, for the parameterspletely dephosphorylated. Our goal is to explain how
used in Figure 1A, the activity of PP1 can be varied frombistability could occur in terms of known reactions in-
100 to 500 �M/min and still preserve bistability at restingvolving the phosphorylation and dephosphorylation of
[Ca2�], thus demonstrating the robustness of the mecha-CaMKII.
nism. In the following sections, we elucidate additionalHoloenzymes of CaMKII form ring structures (Hanson
properties of this CaMKII/PP1 switch.and Schulman, 1992). It was recently shown that in CaM-

KII holoenzymes, subunits assemble into two coplanar
PSD Scaffolding Creates the Special Conditionsrings, each containing six subunits (Kolodziej et al.,
Required for Switch Function2000). In these ring structures, it is thought that autophos-
The first question we address is whether the exclusionphorylation occurs by an intersubunit process in which
of PP2A from the PSD has functional importance. Asa subunit phosphorylates its neighbor (Hanson et al.,
mentioned above, PP2A can dephosphorylate soluble1994). Operation of the switch is based on three reac-
CaMKII (Fukunaga et al., 2000) but is somehow pre-tions that can occur at the basal level of Ca2�. (1) If no
vented (Figure 2) from dephosphorylating the CaMKIIThr286 site in a ring is phosphorylated, phosphorylation
within the PSD (Strack et al., 1997b; Yoshimura et al.,of a site requires the binding of two Ca2�/calmodulin
1999). Figure 1B shows that bistability at resting [Ca2�]molecules: one to activate the kinase activity of a sub-
would be eliminated if this enzyme was in the PSD andunit, and the other to make the adjacent subunit into an
could dephosphorylate PSD CaMKII. A second questioneffective substrate (Appendix, equation 1). Because the
is whether the restriction of PP1 to the PSD by scaffold-basal level of Ca2� is significantly lower than [Ca2�]50

ing proteins is necessary. Could the switch work if itfor CaMKII activation, this reaction will proceed rather
was soluble PP1 that dephosphorylated CaMKII? Figureslowly. (2) After one or more subunits are phoshorylated
1C shows that bistability would be eliminated underand become Ca2� independent (Miller and Kennedy,
these conditions. This is because free exchange of solu-1986), an activated subunit can phosphorylate its neigh-
ble PP1 between PSD and cytosol prevents its satura-bor, provided that the neighbor binds Ca2�/calmodulin
tion. These considerations (Figure 2) may explain whyto make it into an effective substrate (Appendix, equa-
PSD has specific PP1 scaffolding molecules that local-tion 2). Because only one Ca2�/calmodulin is required,
ize this phosphatase to regions where it has specialthis reaction will proceed much faster than reaction 1
access to the local CaMKII (Allen et al., 1997; Nakanishiat the resting level of intracellular Ca2�. (3) Thr286 sites
et al., 1997; Hsieh-Wilson et al., 1999; MacMillan et al.,are dephosphorylated by the PP1 (Appendix, equation
1999; Feng et al., 2000).3). As was mentioned above, this reaction is mediated

exclusively by the PP1 held in PSD by scaffolding pro-
teins. Because of this restriction, the relevant biochemi- The Futile Cycle Is Nearly Frozen, Thus Promoting

Energy Efficiencycal compartment is the volume of the PSD within which
the concentration of CaMKII subunits is 100–200 �M The storage of information by the kinase/phosphatase

system necessarily involves some steady-state utiliza-(Strack et al., 1997a; Zhabotinsky, 2000). If these sites
are significantly phosphorylated, their concentration will tion of energy. This is a consequence of the fact that

basal phosphatase activity is required to ensure thatbe much higher than the KM of the phosphatase (1 �M;
Zhabotinsky, 2000), and phosphatase saturation will basal kinase activity will not switch the system from the

off to the on state. However, when the switch is on,occur.
An intuitive understanding of why this chemical sys- the existence of basal phosphatase activity means that

there will be a steady dephosphorylation of sites whichtem can act as a switch is as follows: when the kinase
holoenzymes are nearly unphosphorylated, the rate at must constantly be rephosphorylated by the kinase. For

this reason, maintenance of the on state is an energy-which available sites become autophosphorylated is low
because reaction 1 is slow. In contrast, PP1 can rapidly consuming process—a process that biochemists term

a “futile cycle.” In earlier models (Lisman and Goldring,dephosphorylate any phosphorylated site because it is
not saturated (there are few other sites making demands 1988a, 1988b; Lisman, 1985), which assumed that CaM-

KII phosphorylation was sustained by the Ca2�-indepen-on it). The off state is thus stable because the per site
kinase rate is low compared to the per site phosphatase dent activity of CaMKII (k1 in equation 2 in Appendix), the
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Figure 2. Cartoon Diagram of the Relationship between CaMKII and
PP1 in PSD

PP2A is somehow excluded from dephosphorylating CaMKII in PSD.
The concentration of phosphorylated sites on CaMKII in the small
volume of the PSD can be so high that it will saturate the PP1 held
in the PSD by scaffolding proteins. The role of the AMPAR-anchoring
linkage (L) is explained in the text and Figure 4.

on state of the switch consumed a substantial fraction of
a neuron’s energy utilization. In the current model, the
on state is sustained by a Ca2�-dependent kinase reac-
tion that operates at very low rates because basal [Ca2�]
is significantly lower than the [Ca2�]50 of CaMKII (KH1

in equation 2). For similar reasons, the phosphatase
reaction is also low (see equations 3 and 4). The system
is therefore operating in an energy-efficient, nearly “fro-
zen” state. As will be discussed later, there is now direct
evidence that CaMKII is dephosphorylated very slowly
(Gardoni et al., 2001).

Phosphatase Saturation Provides a Novel Form
of Interaction between CaMK HoloenzymesFigure 1. Simulations Provide Evidence for Bistability at Resting

[Ca2�] and Show that It Depends on Experimentally Observed Prop- that Makes the State of the Switch
erties of PSD Phosphatase Insensitive to Protein Turnover
Graphs show how the steady-state level of the total Thr286 phos- The long-term storage of information at synapses re-
phorylation varies as a function of the intracellular Ca2� concentra- quires a mechanism that is insensitive to the ongoing
tion. (A) There are two stable levels (filled circles) of phosphorylation molecular turnover of synaptic proteins. It is often ar-
at basal [Ca2�] (marked by the vertical line), as required for informa-

gued that long-term synaptic modification depends ontion storage capability. Under the conditions simulated, PSD CaMKII
changes in gene expression; however, no stable changecan only be dephosphorylated by PSD PP1. The bistability occurs

over a wide Ca2� range (shaded area). The asterisk marks the total in translation or transcription has so far been reported.
percentage of phosphorylated Thr286 sites after 20% of CaMKII Rather, it appears that LTP induction transiently stimu-
holoenzymes in the highly phosphorylated on state are replaced by lates the synthesis of new proteins, including GluR1
unphosphorylated holoenzymes. This is not a sufficient perturbation (Nayak et al., 1998) and CaMKII (Ouyang et al., 1999).
to push the system to the off state, which would require that the

The lack of persistent translational or transcriptionalphosphorylation drop below the level marked by the open circle.
switching suggests that the stability of synaptic modifi-Note that basal [Ca2�] is considered the average over time periods

that include spontaneous spikes. Parameters are k1 � 0.5 s�1, KH1 �

1.7 �M, [CaMKII] � 20 �M, k2 � 2 s�1, ep0 � 1 �M, KM � 0.4 �M,
KH2 � 0.7 �M, I0 � 0.1 �M, VCaN � 1 �M s�1, and VPKA � 1 �M s�1.
(B) If CaMKII in the PSD was dephosphorylated by PP2A (at the 0; other parameters are as in (A). (C) Bistability would be absent if
same concentration as in the cytoplasm) rather than PSD PP1, the there was free exchange of PP1 between PSD and cytosol. The
curve would be shifted to the right, and there would be no bistability concentration of free PP1 (Ep0) is fixed and equal to that in the
at resting [Ca2�]. This is because of the high activity of PP2A at cytosol. Parameters are Ep0 � 0.015 �M; other parameters are as
resting [Ca2�]. Parameters are ep0 � 0.05 �M, KM � 15 �M, and I0 � in (A).
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Figure 3. Process by which Activated CaM-
KII Forms Binding Sites for AMPA Channels

CaMKII gets phosphorylated during LTP. (A)
Initially, the PSD contains only core compo-
nents. (B) During LTP, Ca2� entry activates
CaMKII. It can then tightly bind to the NMDA
receptor, where it starts a chain of noncova-
lent protein interactions that form the
AMPAR-anchoring linkage (L) (specified in
molecular detail in Figure 4) and the strength-
ening of the synapse by the anchoring of
AMPARs at the synapse.

cations must be explainable in terms of the local interac- cur) but rather by being the target of a shared phos-
phatase.tions of synaptic proteins.

The PP1 saturation by highly phosphorylated CaMKII Our general conclusion is that the CaMKII/PP1 switch
is a plausible mechanism by which long-term informa-provides a novel mechanism for producing the required

bistability. Consider what happens when a phosphory- tion storage could be realized at synapses. It is now
possible to show that such a switch can operate vialated holoenzyme in an on PSD leaves the PSD and a

newly synthesized unphosphorylated holoenzyme en- reactions that have been demonstrated to occur in vitro.
Furthermore, as we have shown, many of the propertiesters. This holoenzyme will become slowly phosphory-

lated due to the reaction driven by resting Ca2� (equation of PP1 in PSD can be seen as an integrated solution to
the design of a stable, energy-efficient switch capable1 in Appendix). This reaction is virtually unopposed by

PP1, which is engaged by all the other phosphorylated of resisting the resetting effects of protein turnover.
CaMKII sites in the PSD. Thus, a newly inserted CaMKII
molecule will eventually become highly phosphorylated CaMKII May Be a Regulated Linkage in an AMPA

Receptor Anchoring Assemblyif it inserts near CaMKII molecules that are already highly
phosphorylated. In contrast, if it were to insert into a We now turn to the second part of this paper. The ques-

tion we deal with here is how the on state of the switchregion where there were no highly phosphorylated CaM-
KII molecules, it would confront a strong phosphatase could enhance AMPA-mediated transmission. One

known mechanism is that activated CaMKII phosphory-activity and remain almost totally unphosphorylated.
This stability of the on state is quantified in the example lates GluR1 subunits of existing AMPARs and enhances

their conductance (Barria et al., 1997; Benke et al., 1998;of Figure 1A; replacing 20% of phosphorylated holoen-
zymes with unphosphorylated ones would bring the sys- Derkach et al., 1999; Lee et al., 2000). However, recent

results show that CaMKII can enhance synaptic trans-tem to the position marked by the asterisk. This is well
above the threshold level for an off transition (marked mission through the addition of new AMPARs to the

synapse and do so even after the CaMKII phosphoryla-by the open circle), indicating that the system will return
to the highly phosphorylated on state (upper closed tion site on GluR1 is eliminated (Hayashi et al., 2000).

This indicates that there must be other mechanisms bycircle). Thus, cooperative reactions are occurring by
which phosphorylated holoenzymes promote the phos- which CaMKII can enhance transmission.

Based on the recently discovered binding interactionsphorylation of unphosphorylated holoenzymes, not by
a direct catalytic interaction (which is known not to oc- between proteins in PSD, we propose the following
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vented, if any of the proteins that form the supramolecu-
lar assembly are absent, or if any of the binding interac-
tions are disrupted. In the following paragraphs, we
review the substantial experimental literature relevant
to these predictions.

A critical initial step in the postulated potentiation
process is the binding of the on state of the switch to
the NMDA channel. LTP should therefore not occur if
the binding sites for CaMKII on the carboxyl terminus of
the NMDA receptor were deleted (Gardoni et al., 1999).
Consistent with this, LTP is blocked by deletion of the
carboxyl terminus of NR2A, a block that is difficult to
explain in terms of the minor reduction in the synaptically
evoked NMDA conductance (Sprengel et al., 1998;
Steigerwald et al., 2000). The exact sites on the NMDA
receptor required for the binding of CaMKII are now
being mapped, and their identifications will make possi-
ble more refined tests of the role of CaMKII-NMDAR
interaction in LTP.Figure 4. Cartoon Diagram of the AMPAR-Anchoring Linkage

The role of actin as an essential connecting element
All of the binding interactions shown have been demonstrated ex-

linking CaMKII to AMPA channels is supported by theperimentally (see text). Through these interactions, the on state of
finding that LTP is blocked by agents that depolymerizethe switch potentiates AMPAR-mediated transmission.
actin or inhibit its function (Kim and Lisman, 1999;
Krucker et al., 2000). Actin depolymerization also re-model. Before LTP induction, the PSD contains “core”
duces basal AMPAR-mediated transmission and en-components of the synapse that include the NMDA re-
hances the endocytosis of AMPA channels (Zhou et al.,ceptor and PSD-95 (Allison et al., 1998, 2000). In con-
2001) while having no effect on the NMDA conductancetrast, “variable” components, including CaMKII and
(Kim and Lisman, 1999; Krucker et al., 2000). TheseAMPAR, are at low concentration or absent (Figure 3A).
findings support the view that AMPARs but not NMDARsDuring LTP induction, the Ca2� influx through the NMDA
are held in the synapse by a linkage that involves actin.channels leads to autophosphorylation of CaMKII. Once
Further support for this view comes from studies thatphosphorylated, CaMKII binds tightly to the NMDA re-
determined which molecules leave the synapse whenceptor (Gardoni et al., 1998, 1999; Leonard et al., 1999;
actin is depolymerized. These studies showed that CaM-Strack and Colbran, 1998; Strack et al., 2000a) and prob-
KII, actin, �-actinin, and AMPARs dissociate from syn-ably also to densin-180 (Apperson et al., 1996; Strack
aptic “puncta,” consistent with these molecules beinget al., 2000b; Walikonis et al., 2001). Strengthening of
a variable component. In contrast, puncta containingthe synapse could then occur via accumulation of AMP-
PSD95 and NMDA channels could still be seen afterARs in the postsynaptic membrane (Figure 3B), due to
actin depolymerization, consistent with their role as corethe following chain of binding interactions (Figure 4).
components (Allison et al., 1998, 2000). It is interestingRecent work shows that the actin binding protein
that the role proposed here for actin is similar to the�-actinin binds to �-CaMKII (Walikonis et al., 2001) and
demonstrated role of actin at the red blood cell mem-could thus form a binding site for actin filaments. These
brane. There, a short actin rod links the spectrin networkfilaments, in turn, could form a binding site for the actin
to a 4.1 isoform that anchors the membrane proteinbinding protein 4.1, which is known to be in a complex
glycophorin (Fowler, 1996; Workman and Low, 1998).with SAP97 and its homolog hDlg (Lin et al., 1997; Lue

An important aspect of the proposed structural as-et al., 1994; Wu et al., 1998). 4.1 and SAP97 are the major
sembly (Figure 4) is that it links CaMKII to the GluR1binding partners for the GluR1 subunits of AMPARs at
binding proteins 4.1 and SAP97 and not to the GluR2hippocampal synapses (Leonard et al., 1998; Shen et
binding proteins, such as GRIP/ABP (Dong et al., 1997,al., 2000b; Valtschanoff et al., 2000; Walensky et al.,
1999; Osten et al., 2000). This would explain why potenti-1999) and form sites where AMPARs can anchor. Since
ation is blocked by interfering with the interaction ofAMPARs are being added to the plasma membrane
GluR1 with anchoring sites (Hayashi et al., 2000) or bythrough both constitutive and activity-dependent exo-
knocking out GluR1 (Zamanillo et al., 1999) but is notcytosis, new AMPARs would be available to diffuse into
blocked by knocking out GluR2 (Jia et al., 1996). Thethe synapse and bind to the newly created anchoring
available evidence suggests that a major role of GluR2sites (Chen et al., 2000; Maletic-Savatic et al., 1998). In
may be in the control of receptor trafficking processthis way, the activation of CaMKII would lead to the
(Braithwaite et al., 2000; Man et al., 2000; Osten et al.,potentiation of AMPAR-mediated transmission. Note
2000).that although this is a structurally mediated process, it

The evidence for the involvement of CaMKII in LTPdoes not imply the formation of new synapses but rather
has already been reviewed (see Introduction), but onethe filling in of “variable components” (Figure 3).
can ask more specifically whether this kinase is involved
only during LTP induction or whether it also plays theExperimental Evidence for the AMPAR
critical role in the maintenance of LTP proposed in theAnchoring Assembly
current model. Experiments showing that LTP is stronglyAccording to the structural model of Figure 4, LTP

should be blocked if CaMKII phosphorylation is pre- reduced by knocking out CaMKII (Silva et al., 1992) or
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by pharmacologically inhibiting it (Malinow et al., 1989; channel became almost completely dephosphorylated
within 15 min, but there was no detectable dephosphor-Otmakhov et al., 1997) would be consistent with either

a transient or persistent role. Recently, more refined ylation of Thr286 sites on CaMKII. Figure 4 sugggests
a second reason the effect of CaMKII inhibitors on estab-molecular changes have been made which bear on this

issue. When CaMKII is modified so that alanine is substi- lished LTP may be slow is that, even after dephosphory-
lation of CaMKII, it could take time for the structuraltuted for Thr286 (Giese et al., 1998), the enzyme can be

transiently activated during Ca2� elevation, but auto- assembly that links CaMKII to AMPARs to dissociate.
New and specific methods are being developed for in-phosphorylation and persistent activation do not occur.

Pyramidal cells containing this form of CaMKII cannot hibiting CaMKII activity in vivo (Bishop et al., 2000).
These should allow experiments on a much longer timeundergo LTP, suggesting that prolonged activation of

CaMKII is required for LTP. scale and help to resolve the role of CaMKII in mainte-
nance processes.An additional line of work that bears on this question

has to do with the observed activity-dependent translo- Another important question that remains unresolved
is the mechanisms of activity-dependent processes bycation of CaMKII and other synaptic components into

the synaptic region. According to the structural model, which “naive” synapses can be weakened (LTD) or LTP
reversed (depotentiation). An attractive aspect of thevariable components become incorporated into the syn-

aptic structures during LTP. There is indeed strong evi- idea that maintenance depends on the phosphorylated
state of CaMKII is that its dephosphorylation by thedence that this occurs for AMPARs (Hayashi et al., 2000)

and this may also be true for CaMKII (Liao et al., 2001). phosphatases activated during weakening processes
provides a straightforward mechanism for producing thePrevious work (Shen and Meyer, 1999; Shen et al.,

2000a) indicating that CaMKII translocates only tran- weakening process. In a previous model (Lisman, 1989),
a general scheme was proposed for how bidirectionalsiently to the synapse was done under conditions in

which LTP induction may not have occurred. The most synaptic modification might be organized, and this
scheme remains relevant here. It was proposed that thecritical prediction of the model is that the concentration

of phosphorylated CaMKII in the PSD should increase moderate Ca2� elevation that occurs during synaptic
weakening processes might trigger a calcineurin-PP1after LTP induction in the standard slice preparation.

Experiments in which the spatial distribution of activated phosphatase cascade that would dephosphorylate
CaMKII and thereby produce synaptic weakening. InCaMKII is followed have not had the spatial resolution

to answer this important question (Ouyang et al., 1997). contrast, high Ca2� elevation activates CaMKII, an acti-
vation that is enhanced by a PKA-dependent processOne line of evidence consistent with persistent translo-

cation is that standard brain PSD preparations demon- that suppresses phosphatase activation. There is now
substantial support for these basic ideas (see reviewsstrate that a substantial fraction of the NMDA channels

exist in a complex with CaMKII (Leonard et al., 1999). by Lisman, 2001; Huang and Hsu, 2001). However, it has
also become clear that there are substantial complexi-Such a complex would not be expected if there was

only a transient association of CaMKII with the PSD ties not accounted for by the previous model. It is now
clear that there are multiple forms of weakening, includ-during brief periods of synaptic modification. Impor-

tantly, some isolated PSDs contain CaMKII, whereas ing two different forms of LTD: one depends on phos-
phatase activity, and another requires PKC activationothers do not (T. Reese, personal communication), as

would be required if the CaMKII content of PSDs is an (Oliet et al., 1997). At least one of these forms depends
on AMPAR internalization (Luthi et al., 1999; Man etinformation storage variable.

If LTP is maintained by persistent CaMKII activity, the al., 2000; Zhou et al., 2001). Although the phosphatase
cascade that dephosphorylates CaMKII is activated dur-maintenance of LTP should be inhibited by inhibiting

kinase activity after LTP induction. Although there has ing weakening process (Mulkey et al., 1993; Blitzer et
al., 1998; Thiels et al., 1998; Malleret et al., 2001), therebeen a report that such inhibition occurs (Feng, 1995),

other studies have failed to find this effect (Otmakhov is not yet any direct evidence for the dephosphorylation
of PSD CaMKII. This is an important question that needset al., 1997). The model presented here suggests two

possible explanations for this failure. First, as discussed further investigation.
The structural model we propose will certainly haveearlier, an optimized memory switch would minimize its

energy utilization by slowing the antagonistic kinase and to be elaborated as more information becomes available
about PSD binding interactions. Indeed, the alreadyphosphatase reactions, thereby putting the CaMKII/PP1

system into a nearly frozen state. Indeed, our model available information points to several other important
interactions that may contribute to AMPAR anchoring.shows that with parameters of Figure 1A, it takes about

45 hr under conditions of resting Ca2� (0.1 �M) for 10% It is known, for instance, that actin can bind directly to
unphosphorylated CaMKII � subunits (Shen et al., 1998).dephosphorylation of the on state after total inhibition

of CaMKII catalytic activity. Even if [Ca2�] is elevated to If such subunits were present in the PSD, the �-actinin
intermediate would not be required to form an AMPAR-0.3 �M, it takes about 1.5 hr. This is too slow to have

a detectable effect on AMPAR-mediated transmission anchoring assembly. There may also be links from
NMDARs to AMPARs that do not depend on CaMKII.on the time scale of currently feasible experiments (Chen

et al., 2001). Importantly, very recent results provide For instance, �-actinin-2 binds by its central rod domain
directly to NR1 and NR2B subunits of the NMDAR (Wys-direct experimental verification of a slow basal rate of

CaMKII dephosphorylation (Gardoni et al., 2001). This zynski et al., 1997) and could link to actin. GRIP/ABP
binds GluR2 and may also contribute to anchoragestudy showed that when a general kinase inhibitor was

applied to the slice preparation, sites on the NMDA (Braithwaite et al., 2000; Dong et al., 1997; Osten et al.,
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2000; Srivastava et al., 1998). What is critical about the age with the stability required for long-term memory.
The proposed mechanism depends on changes withinlinkage we propose (Figure 4) is not that it be the only

anchor but that it provides a way in which a component the synapse that require new protein components. This
may explain why the synthesis of some of the key com-of synaptic tranmission can be controlled by the state

of the CaMKII/PP1 switch. ponents, including CaMKII (Ouyang et al., 1999) and
AMPA channels (Nayak et al., 1998), are activated by
LTP induction and why protein synthesis inhibitors canConclusions: The Importance of Structure for Stable
affect LTP expression (Frey et al., 1988, 1993). However,Information Storage and Readout
it should be emphasized that the storage process pro-Much has been learned about the role of CaMKII in
posed here does not require permanent changes insynaptic plasticity, about the biochemistry of the en-
translation or transcription but depends ultimately onzyme, and about its binding partners in the PSD. The
self-sustaining posttranslational modifications.work presented here attempts to integrate this data and

provide a coherent view of the mechanisms by which
CaMKII could control synaptic memory. It has long been Appendix: A Mathematical Model
appreciated that the localization of CaMKII to the PSD of the CaMK/PP1 System
provides a potential explanation for the synapse speci- The dependence of kinase activity on concentration of
ficity of LTP. Our results suggest that there are other Ca2� calmodulin was discovered by Hanson et al. (1994).
structural aspects of the PSD that are also important. They showed that the initiation of the first autophosphor-
One role of the scaffolding properties of the PSD is to ylation of a holoenzyme requires the binding of two
concentrate PP1 near CaMKII and to somehow prevent Ca2�/calmodulin complexes: one to activate a catalytic
PP2A from dephosphorylating CaMKII (Figure 2). Our subunit, and another to expose Thr286 on the neigh-
simulations suggest that the ability of scaffolding pro- boring substrate subunit. Hence, the per site rate of
teins to create an isolated, limited pool of PP1 in the autophosphorylation, v1, will depend on the second
PSD is of central importance. Because this pool is small power of [Ca2�/calmodulin], which depends on the
and local, it can become saturated by highly phosphory- fourth power of [Ca2�].
lated kinase. This saturated phosphatase is important
for the production of bistability and provides the cooper-

v1 �
k1([Ca2�]/KH1)8

(1 � ([Ca2�]/KH1)4)2
(1)ativity between CaMKII molecules required to deal with

the protein turnover problem.
It has been suspected that CaMKII might play a struc- Here, v1 is the per site rate for the initiation of autophos-

tural role in the PSD because its concentration there phorylation, and k1 is the rate constant of the elementary
seems unnecessarily high for a strictly enzymatic role. autophosphorylation step. Since resting [Ca2�]i (100 nM)
In our model, the high concentration of CaMKII becomes is well below the lowest reported value of KH1 (0.7�m)
understandable because each holoenzyme structurally (Kuret and Schulman, 1984), initiation will proceed rather
organizes an AMPAR-anchoring assembly. While this slowly at resting [Ca2�].
structural role is in no way incompatible with an addi- In contrast, once one or more subunits are phosphory-
tional catalytic role, for instance, in the direct phosphor- lated, the rate of phosphorylation of Thr286 at low [Ca2�]
ylation of AMPARs, the only CaMKII enzymatic reaction will be much faster because just one Ca2�/calmodulin
required by the structural model is phosphorylation of is required (to expose Thr286 on the substrate subunit).
itself.

The ability of the CaMKII switch to create AMPAR-
v2 �

k1([Ca2�]/KH1)4

1 � ([Ca2�]/KH1)4
(2)anchoring sites provides a potential solution to the prob-

lem of producing stable information storage despite
changes in receptor trafficking. Recent work has pro- Here, v2 is the per site rate of autophosphorylation of
vided evidence that AMPARs are rapidly inserted into the partially phosphorylated CaMK.
the plasma membrane by exocytosis and rapidly re- Dephosphorylation of CaMKII in PSD is due to PP1
moved by endocytosis (Carroll et al., 1999; Luscher et because other phosphatases capable of dephosphory-
al., 1999; Noel et al., 1999; Bolton et al., 2000; Man et lating soluble CaMKII do not act on CaMKII in PSD
al., 2000). Furthermore, long-term changes in neuronal (Strack et al., 1997a; Yoshimura et al., 1999). The con-
activity appear to scale the synaptic AMPA responses centration of CaMKII subunits in the PSD is 100–200 �M
up or down (Turrigiano and Nelson, 1998). In the face (Strack et al., 1997a; Zhabotinsky, 2000); concentration of
of such flux, it has been unclear how the stability of PP1 is much lower (R. Colbran, personal communication).
stored information could be ensured. The structural view This permits us to use the Michaelis-Menten equation.
provides a simple answer to this question (see also Tur- Hence, the per subunit rate of dephosphorylation is
rigiano and Nelson, 2000): the synapse-specific memory
is stored by the number of phosphorylated CaMKII mole-

v3 �
k2ep

KM � �iPi

(3)
cules bound to NMDA channels, which in turn deter-
mines the number of AMPAR anchoring sites. The frac-
tion of these sites that are filled could be scaled up or Here, k2 is the catalytic constant of PP1, and ep is the

concentration of active PP1; Pi is the concentration ofdown by global changes in AMPAR trafficking without
compromising the integrity of stored information. i-fold phosphorylated holoenzymes.

The system of kinetic equations for the ten-subunitWe present here a coherent hypothesis about how
local protein complexes could produce information stor- CaMKII holoenzyme is
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