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A broad range of pharmacological, biochemical and genetic stud-
ies establish that the serine/threonine kinase CaMKII is a key reg-
ulator of long-term potentiation as well as of other forms of
neuronal plasticity. CaMKII was initially discovered as one of the
most abundant neuronal serine/threonine kinases with an activ-
ity that is induced by binding calcium–calmodulin (Ca2+–CaM)1.
The kinase is enriched at the postsynaptic density (PSD), a
cytoskeletal structure beneath the postsynaptic membrane that
contains many structural and signaling proteins. In adult mam-
malian central neurons, the predominantly expressed CaMKIIs
are the α and β isoforms1,2, with lower expression of the γ and δ
isoforms.

The α isoform of CaMKII is a multimeric enzyme that con-
sists of approximately 12 subunits per holoenzyme3. After acti-
vation by Ca2+–CaM, CaMKII undergoes a characteristic
trans-subunit autophosphorylation on Thr286. This autophos-
phorylation requires CaM binding to two neighboring subunits
and renders the kinase partially Ca2+–CaM independent3.
Autophosphorylation also leads to a several-hundredfold
increase in Ca2+–CaM binding affinity4. This partial activity is
sustained until Thr286 is dephosphorylated, presumably by
phosphatase 1 action. In addition to phosphorylating itself,
CaMKII has a wide spectrum of substrates in vitro, including
AMPA receptors and NMDA receptors, which are key compo-
nents of the postsynaptic membrane. The broad interest in the
neuronal role of CaMKII stems in part from the activation-
induced autonomous activity of the kinase. This property of
the kinase led to the suggestion that autophosphorylation may
function as a biochemical ‘memory’ process that can prolong
a sufficiently strong but brief calcium signal into a long-lasting
change in CaMKII activity.

The first direct evidence for a role of CaMKII in synaptic plas-
ticity came from electrophysiological studies in hippocampal

neurons in which CaMKII was blocked using peptide blockers
and pharmacological agents5. This role was confirmed by the
introduction of constitutively active CaMKII into neurons by
purified protein or viral transfection6,7. Furthermore, CaMKIIα-
deficient mice show impaired hippocampal LTP and behavioral
defects in spatial learning and memory8,9. A different mouse
model, in which a constitutively active CaMKII is expressed in
hippocampal and other neurons, shows a shift in the frequency
dependence of long-term potentiation and defects in spatial
learning10-12. A mutant mouse in which the endogenous CaMKII
can be activated but not autophosphorylated showed that the
autophosphorylation site at Thr286 is necessary for hippocampal
LTP and spatial learning13,14. Taken together, these experiments
strongly supported the functional importance of CaMKIIα and
its autophosphorylation in hippocampal LTP and in spatial learn-
ing and memory.

As biochemical studies show that CaMKII can phosphorylate
AMPA and NMDA glutamate receptor subtypes3 and as signifi-
cant amounts of CaMKII can exist at PSDs1, it is proposed that
CaMKII may exert its function at synapses by regulating postsy-
naptic AMPA and/or NMDA receptors. CaMKII also translocates
from the cytosol to this postsynaptic region in response to stim-
uli that activate NMDA receptors15, and biochemical studies sug-
gest that this translocation is mediated by the binding of CaMKII
to postsynaptic density-localized NMDA receptors16–18. Here we
used confocal imaging of green fluorescent protein
(GFP)–CaMKII in cultured hippocampal neurons to identify the
key signaling steps in the translocation cycle of CaMKII. Partic-
ularly, we were interested in whether trapping of CaMKII at its
postsynaptic sites (target trapping) and facilitation of the translo-
cation of CaMKII by previous activity (translocation priming)
are potential prolongation mechanisms that could generate
altered biochemical ‘memory’ states of the synapse.
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Synaptic plasticity is thought to be a key process for learning, memory and other cognitive functions
of the nervous system. The initial events of plasticity require the conversion of brief electrical signals
into alterations of the biochemical properties of synapses that last for much longer than the initial
stimuli. Here we show that a regulator of synaptic plasticity, calcium/calmodulin-dependent protein
kinase IIα (CaMKII), sequentially translocates to postsynaptic sites, undergoes autophosphorylation
and gets trapped for several minutes until its dissociation is induced by secondary autophosphoryla-
tion and phosphatase 1 action. Once dissociated, CaMKII shows facilitated translocation for several
minutes. This suggests that trapping of CaMKII by its targets and priming of CaMKII translocation
may function as biochemical memory mechanisms that change the signaling capacity of synapses.
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RESULTS
Stimulation of hippocampal neurons with
series of electrical field pulses (10–100 Hz
for one second) triggered a transient translocation of
GFP–CaMKII from cytosol to postsynaptic sites. Similar electri-
cal stimulation protocols induce synaptic plasticity6–14. The stim-
ulus needed for maximal translocation was variable with
individual neurons but typically required between 20 and 50 field
pulses. We acquired a series of sequential confocal images of the
transient synaptic translocation of GFP–CaMKII (Fig. 1a). The
time course of translocation was obtained by measuring the flu-
orescence intensity at each synaptic site in a series of images 
(Fig. 1b) and plotting the average fluorescence intensity as a func-
tion of time. Because CaMKII is activated by calcium signals, we
used the fluorescent indicator fluo-3 to measure the calcium
response for the same stimulation protocol. The synaptic local-
ization of GFP–CaMKII persisted for many minutes beyond the
second long increase in calcium concentration trig-
gered by the field stimulus (Fig. 1c).

Because neuronal stimulation induces autophos-
phorylation of CaMKII19, and because autophos-
phorylation is required for its functions in synaptic
plasticity and learning and memory13,14, we tested
whether the prolonged synaptic localization of
CaMKII could be observed for a mutant
GFP–CaMKII with an Ala residue instead of a Thr at
position 286. Although this autophosphorylation-
deficient mutant still translocated to synaptic sites,
the translocation was slightly weaker and much more
transient than that of the wild-type enzyme (Fig. 2).
This suggests that autophosphorylation per se is not
required for inducing the translocation of CaMKII to
synaptic sites15, but it is required to induce the synap-
tically trapped state.

It is conceivable that autophosphorylation occurs
only after CaMKII is bound to NMDA receptors,
which can position the enzyme near an area of high
calcium concentration that is not found in the rest

of the cytosol. Such a local mechanism is likely, as two Ca2+–CaM
molecules have to bind to adjacent subunits of CaMKII for
autophosphorylation to occur20. NMDA receptor activation is
both necessary and sufficient for the synaptic translocation of
GFP–CaMKII15. When we activated NMDA receptors in a den-
dritic region by applying brief puffs of glutamate using
micropipettes, a rapid and transient synaptic translocation of
GFP–CaMKII was observed (Fig. 3a, panels II and III). With
lower-amplitude puffs, the duration of synaptic localization of
GFP–CaMKII was brief, similar to the brief translocation
observed for the Thr286Ala mutant. With higher-amplitude glu-
tamate puffs, a marked transition occurred, and GFP–CaMKII
was trapped for prolonged periods within the synapse (Fig. 3a,
panels IV and V). The striking difference in the translocation
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Fig. 1. Field stimulation induces a synaptically
trapped state of CaMKII. (a) Cultured hip-
pocampal CA1–CA3 pyramidal neurons 
(7 days in vitro) were transfected with
GFP–CaMKII. Transfected neurons were
imaged by confocal microscopy and stimulated
by extracellular electrodes that were placed
adjacent to the neurons. A single 100 Hz pulse,
lasting for 1 s, was delivered at time 0. Time-
lapse confocal images were taken to monitor
the reversible translocation of GFP–CaMKII
(typical experiment shown; n = 12 neurons).
(b) A translocation time course is analyzed
from measuring the local fluorescence inten-
sity at individual synaptic sites in each of the
images as a function of time. (c) Average rela-
tive fluorescence intensity of the different
synaptic sites in the neuron shown in (a) plot-
ted against time. Fluo-3-am-loaded neurons
were stimulated with the same protocol, and
the calcium signal was measured and plotted
for comparison (right). The field-induced
synaptic translocation of GFP–CaMKII lasts
much longer than the brief calcium transient.
Scale bar in (a), 10 µm.

Fig. 2. Absence of a trapped state of CaMKII in a Thr286
mutant of CaMKII. (a) Neurons transfected with the
Thr286Ala mutant of GFP–CaMKII were stimulated with the
same protocol as in Fig. 1. A typical time series of images is
shown during and after field stimulation (n = 6 neurons). Scale
bar, 10 µm. (b) Time course of stimulus-induced translocation
of the GFP–CaMKII Thr286Ala mutant.
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time course is seen in fluorescence intensity traces recorded from
synaptic regions (Fig. 3b). The trapped localization state large-
ly results from an increase in the amplitude but not duration of
the calcium signals triggered by the two stimuli (Fig. 3c). Thus,
different synaptic stimuli induce two markedly different states
of CaMKII, a short transiently localized state that lacks ‘mem-
ory’ for unphosphorylated CaMKII and a prolonged trapped
state that results from the autophosphorylation of CaMKII at
Thr286. The duration of the two states was significantly different
(Fig. 3d).

How is the duration of this ‘memory’ state controlled? We
measured the dissociation time of synaptically localized
GFP–CaMKII by first inducing maximal synaptic translocation
with bath-applied glutamate and then replacing the extracellu-
lar glutamate buffer with low-calcium, glutamate-free medium.
This protocol rapidly lowered intracellular calcium and thereby
enabled comparative measurements of synaptic dissociation times
(Fig. 4a). Whereas wild-type GFP–CaMKII dissociated from
synapses over a few minutes15, we observed a tenfold prolongation
of the dissociation time for mutant GFP–CaMKII with an aspar-
tic acid residue at the 286 position (Fig. 4b), which mimics the
autophosphorylated state of CaMKII21,22. For comparison, the
dissociation of a previously characterized Ala286 mutant is also
shown15. Because wild-type CaMKII dissociates more rapidly
than the Asp286 mutant but more slowly than the Ala286 mutant,
the dissociation of wild-type CaMKII must involve at least a par-
tial dephosphorylation of the Thr286 residues in the CaMKII
oligomer.

We tested this hypothesis by incubating the neuron with 
4 nM calyculin A, a cell-permeable phosphatase inhibitor23. The
synaptic dissociation time of GFP–CaMKII was significantly slow-
er in the presence of calyculin A (Fig. 4c). Similar concentrations
of the less-specific inhibitor okadaic acid had no measurable effect

on the dissociation time (data not shown), consistent with earlier
biochemical data that identified protein phosphatase-1 (PP1) as
a CaMKII Thr286 phosphatase in the synapse24,25. In CA1 neu-
rons, it is suggested that dephosphorylation of CaMKII can be
regulated indirectly by cAMP, because PP1 activity can be con-
trolled by PKA-mediated phosphorylation of inhibitor-1 
(ref. 26). We therefore analyzed the effect of PKA activation on
GFP–CaMKII dissociation by treating hippocampal neurons with
8-bromo-cAMP. Indeed, consistent with the hypothesis that the
cAMP pathway regulates CaMKII function, activation of PKA
significantly prolonged the synaptically localized ‘memory’ state
of GFP–CaMKII (Fig. 4c).

To further dissect the mechanism for CaMKII dissociation,
we investigated the importance of secondary autophosphoryla-
tion sites of CaMKII (Thr305/Thr306), which inhibit further
binding of calmodulin after one or both of the neighboring sites
are phosphorylated27–29. Although the physiological occurrence
and significance of these phosphorylation events has not yet been
established, we were interested in testing the hypothesis that tran-
sient phosphorylation at these sites is involved in the dissocia-
tion of CaMKII from its postsynaptic sites. Indeed, a
GFP–CaMKII mutant containing Ala substitutions in place of
both Thr305 and Thr306 showed markedly slower synaptic dis-
sociation (Fig. 4d), suggesting that secondary autophosphoryla-
tion at these sites is required for effective synaptic dissociation
of CaMKII. Together, these studies show that the duration of
postsynaptic CaMKII localization is tightly regulated by two
autophosphorylation events that render the kinase autonomous
and/or incapable of binding Ca2+–CaM and that the duration of
the stimulatory Thr286 autophosphorylation is regulated by the
PKA/PP1 signaling pathway.

Given that, following its activation, the postsynaptic CaMKII
undergoes autophosphorylation at the stimulatory site (Thr286)
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Fig. 3. Transition from a rapidly reversible
state to a synaptically trapped state of CaMKII
by increased amplitude of local glutamate stim-
uli. (a) GFP–CaMKII-transfected pyramidal
neurons were stimulated by glutamate puffs
delivered from a micropipette placed near the
neurons. Panels I–VI are time-lapse confocal
images of an individual neuron taken at 0 s, 20 s,
40 s, 140 s, 320 s and 480 s. The position of the
micropipette is indicated in panel I. A weak
stimulus (WS, 25 psi injection pressure, 50 ms
injection duration) was applied at t = 0 s. A
strong stimulus (SS, 25 psi injection pressure,
300 ms injection duration) was applied at t = 90 s.
Scale bar, 10 µm. (b) The average relative fluo-
rescence intensity of the synaptic sites in 
(a) plotted against time. The stimulation time
points WS and SS are labeled, as well as the
time points when the images in (a) were taken
(typical experiment shown; n = 4 neurons). 
(c) The relative cytosolic Ca2+ signal was mea-
sured for the same protocol using the calcium
indicator fluo-3. The same weak and strong
stimuli as in (b) were applied at the time points
indicated in the graph. (d) Comparison of the
average synaptic dissociation half-times (T1/2)
following either a strong puff (n = 31 synapses from 4 neurons) or a weak glutamate puff (n = 30 synapses from 4 neurons). The same comparison is
shown for the dissociation times following a 1 s, 100 Hz stimulus for wild type (n = 76 synapses from 12 neurons) and a 1 s, 100 Hz stimulus for the
Thr286Ala mutant (n = 38 synapses from 5 neurons). T1/2 was defined as the time required for the synaptic fluorescence intensity of GFP–CaMKII to
decrease to 50% of its maximal value.
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as well as inhibitory sites (Thr305/Thr306), it is likely that the
dissociated cytosolic CaMKII remains autophosphorylated at one
or both of these sites in some of its approximately 12 subunits.
Such residual autophosphorylation is likely to alter the translo-
cation of CaMKII in response to subsequent stimuli. We tested
for changes in translocation sensitivity using a protocol with three
sequential electrical stimuli: first an initial submaximal electri-
cal stimulus, second a stimulus that induced maximal transloca-
tion of GFP–CaMKII and third a submaximal stimulus identical
to the first one (Fig. 5a). We monitored the time course of the
synaptic translocation events (Fig. 5b) or of the changes in free
calcium concentration (Fig. 5c) induced by this protocol. The
same 20 Hz stimulus induced markedly more GFP–CaMKII
translocation when applied within minutes after its dissociation
from synaptic sites. Thus, cytosolic CaMKII can exist after its dis-
sociation in a primed or sensitized state that is much more
responsive for synaptic translocation.

Is this primed state dependent on autophosphorylation of
CaMKII? We tested the same paired-pulse stimulation protocol
using the Thr286Ala mutant of GFP–CaMKII. No priming of
translocation was observed with this mutant, suggesting that
residual autophosphorylation of CaMKII at Thr 286 is respon-
sible for the primed state (Fig. 6a). Priming was significant for
wild-type CaMKII, but not for the mutant CaMKII (Fig. 6b).
The primed cytosolic state returned to baseline sensitivity sever-
al minutes after the synaptic dissociation of GFP–CaMKII 
(Fig. 6c), suggesting that the Thr286 residue of CaMKII becomes
largely dephosphorylated once the kinase is back in the cytosol
for several minutes.

DISCUSSION
Our studies show that electrically or glutamate-induced translo-
cation of CaMKII can lead to either transient or prolonged local-

ization of the kinase at its postsynaptic site. The decision between
a rapidly reversible and the trapped state of the enzyme depends
on stimulus intensity and requires autophosphorylation of the
kinase at Thr286. The term ‘target trapping’ was introduced to
describe this transition from an initially rapidly reversible bound
state to a tightly bound state. By inducing this high-affinity state,
the autophosphorylated and presumably partially active kinase
can remain near its targets for a significant period of time after
the calcium signal is terminated. Surprisingly, our studies also
showed that the dissociated CaMKII remains in a cytosolic facil-
itated state for at least minutes. The term ‘primed state’ was intro-
duced for the dissociated CaMKII because it is characterized by a
significantly lower stimulus requirement for translocation
induced by a subsequent stimulus.

Together with previous biochemical studies3,16-18, our mea-
surements suggest that CaMKII is activated in a defined cycle
that involves enzymatic as well as translocation and localization
steps. In this model, the inactive CaMKII is cytosolic or weakly
actin bound30 if present as a hetero-oligomer with β isoforms.
Electrical stimuli that trigger a dendritic Ca2+ increase lead to the
binding of Ca2+–CaM to relatively low-affinity Ca2+–CaM bind-
ing sites on the CaMKII oligomer (∼ 50 nM)3. Because the diffu-
sion coefficient of CaMKII is approximately 1 µm2/s (ref. 30),
the cytosolic Ca2+–CaM–CaMKII complex diffuses within a lim-
ited region until it binds to NMDA receptors and possibly other
postsynaptic targets. If the calcium stimulus is relatively weak,
this binding is rapidly reversible. However, once the
Ca2+–CaM–CaMKII complex is bound to its postsynaptic sites,
autophosphorylation can occur for sufficiently strong Ca2+–CaM
stimuli. The need for a stronger stimulus for trapping compared
to translocation likely results from the biochemical requirement
that Ca2+–CaM has to be bound to two neighboring subunits for
autophosphorylation of Thr286 to occur. This corresponds to
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Fig. 4. The duration of the trapped state of
CaMKII is regulated by reversible autophospho-
rylation at Thr286 and Thr305/Thr306. 
(a) Measurement of the synaptic dissociation of
CaMKII after removal of calcium and glutamate.
A series of images is shown that was used for the
dissociation analysis. (b) Time course of synaptic
dissociation of wild-type GFP–CaMKII (n = 55
synapses from 8 neurons) and of a Thr286Asp
mutant of CaMKII (n = 34 synapses from 5 neu-
rons), compared with the dissociation of the pre-
viously measured Ala286 mutant15. Exponential
fits are shown for each of the mutants (exponen-
tial time constants, 1.8 × 10–2 Hz for wild type,
3.8 × 10–4 Hz for Asp286 mutant and > 0.1 Hz
for Ala286 mutant; standard errors calculated for
each time point). (c) Time courses for the disso-
ciation of wild-type GFP–CaMKII, in the absence
or presence of 4 nM calyculin A (n = 39 synapses
from 6 neurons) for 10 min before the experi-
ment. Also shown is a trace in which the wild
type was treated with 100 µM 8-bromo cAMP 
(n = 32 synapses from 5 neurons) for 15 min. For
the dissociation measurements, the glutamate
solution was exchanged for a low-Ca2+ solution
without glutamate at t = 0. Relative synaptic fluorescence intensity as a function of time during the dissociation process. Standard errors are shown
for each time point and condition. Exponential fits through the data are shown (exponential time constants, 1.8 × 10–2 Hz for control, 9.7 × 10–4 Hz
for calyculin A and 2.9 × 10–3 Hz 8-Br-cAMP). (d) Time course of synaptic dissociation of GFP–CaMKII wild type (WT; n = 55 synapses from 8 neu-
rons), compared to a GFP–CaMKII mutant with the inhibitory phosphorylation sites disabled (Thr305Ala + Thr306Ala mutant; n = 29 synapses
from 5 neurons; exponential time constants, 1.8 × 10–3 Hz for Ala305/306 double mutant).
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approximately 8 Ca2+ ions and two CaM molecules for inducing
the trans-phosphorylation process, ensuring that the induction of
the high-affinity partially autonomous state of the kinase is tight-
ly dependent on the amplitude and duration of the local Ca2+

signal.
The autophosphorylation therefore has two roles, to gener-

ate an enzyme that is partially active in the absence of
Ca2+–CaM and to generate a trapped state of CaMKII that
enables the kinase to remain near its targets even after the cal-
cium stimulus is terminated. From a biochemical perspective,
the postsynaptically trapped state of CaMKII is likely an indirect
result of the requirement of bound Ca2+–CaM for the interac-
tion of CaMKII with its postsynaptic sites15 and of the bio-
chemically measured several-hundred-fold increase in
Ca2+–CaM binding affinity induced by the autophosphoryla-
tion of the kinase4.

The observed persistent postsynaptic binding of the Asp286
mutant of CaMKII suggests that the release of the kinase from its

targets, at least on the time scale of minutes, requires the dephos-
phorylation of the autonomous phosphorylation site. A previously
proposed role of phosphatase-1 in this process is supported by the
observed inhibition of the dissociation by the PP1 inhibitors caly-
culin A and okadaic acid. Interestingly, this release seems to require
not only dephosphorylation by phosphatase-1 but also secondary
phosphorylation at inhibitory phosphorylation site(s) of CaMKII
that suppress subsequent binding of Ca2+–CaM binding. In vitro,
Thr 305 and 306 are phosphorylated as ‘burst’ autophosphoryla-
tion events that can occur secondary to phosphorylation of the
Thr286 sites. A critical role for inhibitory autophosphorylation at
these sites for the CaMKII dissociation is suggested by the delayed
dissociation of CaMKII mutants that have both threonines replaced
by alanines. Finally, the observed PKA-induced delay in dissocia-
tion of CaMKII supports a previous hypothesis that PKA may reg-
ulate CaMKII function indirectly by phosphorylating inhibitor-1,
thereby suppressing PP1 activity and prolonging the time that
CaMKII spends at its sites of action.
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Fig. 5. Identification of a cytosolic state of CaMKII primed for synaptic
translocation. (a) Time-lapse confocal images of a GFP–CaMKII trans-
fected pyramidal neuron stimulated by three electrical field stimuli. A 
20 Hz, 1 s stimulus was applied at t = 20 s. A 100 Hz, 1 s stimulus was
applied at t = 140 s. Another 20 Hz, 1 s stimulus was applied at t = 340 s.
(b) Local synaptic fluorescence intensity plotted against time to show the
repetitive translocation of GFP–CaMKII to synapses. The time points for
the three stimuli and the time when the images in (a) were taken are marked
with thin and thick bars, respectively. The second 20 Hz stimulus induced
markedly more translocation than the first one. (c) Relative Ca2+ concentra-
tion measured in a neuron stimulated with the same protocol as in (b).

Fig. 6. Control measurements showing the same
translocation analysis using neurons transfected with the
autophosphorylation-deficient mutant GFP–CaMKII
(Thr286Ala). (a) For the Thr286Ala mutant, the second
20 Hz-induced translocation is equally strong as the first
20 Hz-induced translocation, suggesting that autophos-
phorylation of Thr286 is necessary for the cytosolic
state of CaMKII that is primed for synaptic translocation.
(b) Statistical analysis of the enhanced translocation of
the wild-type GFP–CaMKII (n = 36 synapses from 8 neu-
rons) and lack of an enhancement for the Thr286Ala
mutant (n = 18 synapses from 4 neurons). The ratio2/1 value is a measure for the potentiation or priming of the translocation response. It was calculated as
the ratio of the second postsynaptic translocation amplitude (the 20 Hz response after the 100 Hz stimulus) over the first 20 Hz translocation amplitude.
Standard errors are shown. (c) Analysis of the duration of the translocation primed state of CaMKII. For time course measurements, different time inter-
vals were analyzed between the synaptic dissociation of CaMKII and the application of the 20 Hz stimulus. Each point is the average of the ratio2/1 value of
different synapses in a single neuron. Standard errors are shown for each of the measured time points.
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In addition, we found that CaMKII remains for several min-
utes in a facilitated or primed state after dissociating from its
postsynaptic targets. Such an enhanced capability for transloca-
tion is possibly a result of residual autophosphorylation of at least
a few of the Thr286 autophosphorylation sites of the oligomer.
This is supported by the finding that the Ala286 mutant kinase
does not show facilitated translocation. However, the priming of
translocation is ultimately reversible, suggesting that CaMKII
ultimately loses most of the residual phosphate moieties in an
inactive neuron.

Similar to other studies with cultured neurons, we have used in
our study relatively young neurons with a small number of synaps-
es that are not yet fully mature. Although neurons that are more
than 10 days in culture are more difficult to transfect, we found in
several measurements that CaMKII can still translocate in cultures
that are greater than 10 days old and have more developed synaps-
es. Because CaMKII also associates with the PSD and NMDA recep-
tors in biochemical assays18, it is likely that the PSD translocation
of CaMKII described here is a general mechanism for the regula-
tion of synapses in developing as well as mature neurons.

In summary, our studies have uncovered two distinct states
of molecular memory associated with CaMKII, a prolonged local-
ization of CaMKII near its synaptic targets (target trapping) and
a transient sensitization of CaMKII for future translocation
(translocation priming). The regulation of the trapped and
primed states of CaMKII by primary and secondary autophos-
phorylation, as well as by PP1 and PKA, enables a high degree of
control by additional neuronal signaling pathways. By integrating
our live cell imaging studies with previous biochemical and phys-
iological results, we suggest that CaMKII may regulate an initial
phase of neuronal plasticity by a biochemical ‘memory cycle’ that
includes the key steps of translocation, autonomous activity, tar-
get trapping and translocation priming.

METHODS
Cell culture and transfections. CA3–CA1 hippocampal cultures (post-
natal days 2 to 4) were prepared as described31. Neurons, 6 to 12 days in
culture, were transfected by microporation of the respective DNA con-
structs31. Two electrical pulses (22 V/mm, 20 s apart) were applied to
neurons immediately after DNA application. Localization and translo-
cation studies were done 8 to 16 hours after transfection.

Microscopy and electrical and local glutamate stimulation. All fluores-
cent confocal images were taken on a Zeiss LSM 410 (Carl Zeiss, Yena,
Germany) with the pinhole typically set at 30. Electrical stimuli were gen-
erated with a Grass S48 stimulator (Grass Instruments, Quincy,
Massachusetts). Trains of 0.5-ms square pulses were delivered at different
frequency using constant current mode through glass micropipettes that
were placed near the imaged neuron. Currents were 30–70 µA. For local
glutamate stimulation experiments, glass micropipettes containing 100
mM glutamate and 10 mM glycine were placed 10–30 µm away from the
dendritic arbors. Injection duration was typically 50–500 ms. Injection
pressure was 15–30 psi.
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