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Synaptic plasticity: A molecular memory switch
John E. Lisman and Charmian C. Mclintyre

Recent work shows that two molecules with major roles
in synaptic plasticity — CaMKIl and the NMDA receptor —
bind to each other. This binding activates CaMKII and
triggers its autophosphorylation. In this state, it may act
as a memory switch and strengthen synapses through
enzymatic and structural processes.
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There is widespread agreement that memory can be
encoded by activity-dependent changes in the strength of
synapses. The molecular mechanisms which control synaptic
strength are now being elucidated at a breathtaking pace.
A particularly important recent development is the finding
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Binding of the cytoplasmic tail of NR2B to the catalytic domain of
CaMKIl renders CaMKIl activity Ca2*-independent. (a) A schematic of
how NR2B (red) interacts with the T-site of the catalytic domain of
CaMKIl (green). Binding of Ca2*/calmodulin displaces the
autoinhibitory domain from the catalytic domain; this exposes the T-site,
allowing NR2B to bind. NR2B prevents rebinding of the
pseudosubstrate segment with the S-site after Ca2+/calmodulin
unbinding, thereby keeping the catalytic S-site exposed and
maintaining catalytic activity. (b) A segment of NR2B is homologous to
the Thr286 segment of CaMKII. Adapted from [2].

that two of the primary molecules involved — Ca2+/
calmodulin dependent protein kinase II (CaMKII) and the
NMDA subtype of glutamate receptor — form a tight
complex with each other at the synapse [1]. A new study [2]
has shown that this binding has more effects than
previously suspected; the binding enhances both the
autophosphorylation of the kinase and the ability of the
entire holoenzyme, which has twelve subunits, to become
hyperphosphorylated.

Other recent work has extended our understanding of how
CaMKII may function as a memory switch [3]. This work
suggests that the phosphorylated ‘on’ state of the kinase is
stable because the kinase autophosphorylates faster than it
is dephosphorylated by the local phosphatase pool; hyper-
phosphorylation augments this difference by saturating
the phosphatase. In its ‘on’ state, the ‘memory switch’ can
lead to long-term strengthening of the synapse by multiple
mechanisms. One involves direct phosphorylation of the
glutamate-activated AMPA receptors, which increases
their conductance [4]. A second [3] appears to be a struc-
turally mediated process: CaMKII, once bound to the
NMDA receptor, may organize additional anchoring sites
for AMPA receptors at the synapse. We are thus beginning
to understand how structural and enzymatic processes can
lead to information storage and retrieval at synapses.

The idea that synaptic modification underlies memory
storage was developed by the psychologist Donald Hebb.
He argued that a set of synaptically connected cells in a
neural network could store associative memories if
synapses obeyed a simple, synapse-specific modification
rule: strengthening occurs if there is both presynaptic
activity (input to the synapse) and sufficient convergent
excitatory input to fire the postsynaptic cell. This is now
termed the ‘Hebb rule’. In 1973, Bliss and Lomo [5]
provided the first evidence that brief periods of high-
frequency synaptic activity could, in fact, lead to long-
lasting strengthening of synapses. Synaptic strengthening
is defined as a sustained increase in the size of the graded
synaptic response generated by an action potential in the
presynaptic axon. This process is termed long-term poten-
tiation (LL'TP) and has been most extensively studied in
the CALl region of the hippocampus, where synaptic modi-
fication obeys the Hebb rule.

The mechanism by which the Hebb rule is implemented
is now known (for a general review of L'TP, see [6]).
Transmission at glutamatergic synapses is mediated by
two types of receptor: the AMPA receptors, which are
responsible for basal synaptic transmission, and the
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Autophosphorylated CaMKIl may enhance synaptic transmission by
organizing anchoring sites for AMPA receptors at the synapse. The
NMDA receptor complex binds, via subunit NR2B, to
autophosphorylated CaMKiII, which binds to alpha-actinin-2, providing a

link to the F-actin cytoskeleton. F-actin binds to SAP-97 and Protein 4.1,
which bind to AMPA receptors via subunit GIuR1. This hypothetical
linkage [3] suggests how CaMKIl phosphorylation could lead to AMPA
insertion at sites already containing NMDA receptors. [2,15-21].

NMDA receptors, which have a special role during L'TP
induction. NMDA receptors require glutamate to open,
but glutamate alone is not sufficient; there must also be a
substantial positive shift in the membrane potential of the
postsynaptic cell. Thus, NMDA receptors are activated
only under the conditions specified by the Hebb rule.
Pharmacologically blocking NMDA receptors, or geneti-
cally removing them, prevents L'TP induction. NMDA
receptor channels have a high Ca?* permeability, and it is
now generally agreed that this NMDA-receptor-mediated
increase in postsynaptic [Ca?*]; triggers the biochemical
processes responsible for L'TP.

An important Ca2* ‘detector’ in the postsynaptic neuron is
CaMKII. This enzyme is highly concentrated in the post-
synaptic density, a structure directly attached to the cyto-
plasmic face of the postsynaptic membrane. Several lines
of evidence indicate that activation of CaMKII is a critical
step in TP induction. For instance, I'T'P induction can
be blocked by pharmacologically inhibiting CaMKII or

genetically removing it. Other experiments have shown
that introducing an active form of CaMKII into the postsy-
naptic neuron induces a potentiation which prevents sub-
sequent L'TP induction. CaMKII is thus both necessary
and sufficient for L'TP induction.

The properties of CaMKII relevant to memory function
have been extensively investigated. The kinase has twelve
nearly identical subunits, which are arranged in two
hexameric rings [7]. Each subunit can be activated by the
binding of a single Ca%*/calmodulin to that subunit. This
simple form of activation lasts only as long as the increase
in [Ca®*].. Under certain conditions, however, CaMKII
activation can outlast the increase in [Ca%*], [8]. This
occurs when the increase in [Ca?+]; is sufficient to cause
Ca%*/calmodulin to bind simultaneously to two neighbor-
ing subunits [9]. When this happens, one subunit phos-
phorylates the other at residue threonine 286. This causes
the phosphorylated subunit to remain active even after
[Caz“f]i levels return to baseline. Previously it was thought
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that this two-calmodulin reaction was the only way to persis-
tently activate CaMKII, but the new results reported by
Bayer er a/. [2] indicate that when CaMKII binds to the
NMDA receptor, persistent activity can be triggered by a
sequence of more probable one-calmodulin reactions.

The new work [2] has revealed fascinating new details
about the CaMKII-NMDA receptor interaction. In the
‘off’ state, the kinase is inactive because an autoinhibitory
domain binds to the catalytic domain, which contains both
the T-site and the S-site (Figure 1). Ca?*/calmodulin
binding causes the autoinhibitory domain to move away
from the S- and T-sites, thereby activating the kinase. The
principal finding of Bayer ¢f @/. [2] is that a 22 amino acid
region of the NMDA receptor subunit NR2B can bind to
the T-site of CaMKII after it is exposed by Ca?*/calmod-
ulin. This prevents the return of the autoinhibitory domain
to the S-site even after dissociation of CaZ*/calmodulin, and
thus causes the kinase to remain active. Importantly, this
could facilitate further autophosphorylation by a one-
calmodulin reaction. When a neighboring CaMKII subunit
binds Ca%*/calmodulin, it will be phosphorylated at threo-
nine 286 by the active NR2B-bound subunit. The reaction
could continue around the ring, leading to hyperphospho-
rylation of the holoenzyme and enhancement of its Ca?*-
independent activity. Thus, the following picture emerges:
during neuronal activity, CaMKII translocates to postsy-
naptic regions [10] and binds directly to the NR2B sub-
units [1,11]. This then leads to hyperphosphorylation of
CaMKII entirely through one-calmodulin reactions.

There are at least four consequences of this hyperphos-
phorylation. First, CaMKII will bind more tightly to NR2B,
as Bayer ez al. [2] also show that a second region on NR2B,
called the P-region, binds only phosphorylated CaMKII.
Second, phosphorylated subunits of CaMKII will phos-
phorylate existing AMPA receptors, enhancing their con-
ductance [4]. This has been shown to contribute to L'TP
[12]. Third, hyperphosphorylation may saturate local phos-
phatase molecules, thereby preventing dephosphorylation
of CaMKII. This could result in CaMKII remaining active
for very long periods [3]. Fourth, hyperphosphorylation of
CaMKII may trigger the assembly of a molecular linkage
[3] joining NMDA receptors to AMPA receptors (Figure 2).
The formation of this linkage may be the process by which
AMPA receptors are inserted into synaptic sites that
already contain NMDA receptors. Like AMPA receptor
phosphorylation, AMPA receptor insertion may contribute
to L'TP [13].

This is an exciting time in the field of synaptic plasticity.
As details of the interactions among synaptic molecules
are revealed, the roles of the molecules in synaptic
mechanisms of information storage and retrieval are start-
ing to emerge. Still other important pieces of the puzzle

are tantalizing. For instance, the binding of CaMKII to
the NMDA receptor displaces a scaffolding protein called
PSD-95 from the NMDA receptor [14]. This scaffolding
protein organizes a complex of important second messen-
ger systems, but the functional consequences of separating
CaMKII from PSD-95 are not yet known. Similarly, presy-
naptic and postsynaptic components of the synapse inter-
act structurally, but the functional implications of these
interactions are also unknown.
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