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Some forms of activity-dependent synaptic potentiation require
the activation of postsynaptic Ca 2⫹/calmodulin-dependent
protein kinase II (CaMKII). Activation of CaMKII has been shown
to phosphorylate the glutamate receptor 1 subunit of the AMPA
receptor (AMPAR), thereby affecting some of the properties of
the receptor. Here, a recombinant, constitutively active form of
␣CaMKII tagged with the fluorescent marker green fluorescent
protein (GFP) [␣CaMKII1–290–enhanced GFP (EGFP)] was expressed in CA1 pyramidal neurons from hippocampal slices.
The changes in glutamatergic transmission onto these cells
were analyzed. AMPA but not NMDA receptor-mediated EPSCs
were specifically potentiated in infected compared with nearby
Activity-dependent potentiation of synaptic transmission [longterm potentiation (LTP)] in the CA1 field of the hippocampus is
apparently expressed through multiple parallel mechanisms converging to enhance AMPA receptor (AMPAR)-mediated synaptic transmission specifically (Kauer et al., 1988; Muller and Lynch,
1988). LTP at excitatory synapses onto these cells is expressed as
an increase in the quantal size and quantal content (Malinow and
Tsien, 1990; Kullmann and Nicoll, 1992; Liao et al., 1992; Malgaroli and Tsien, 1992, Oliet et al., 1996; Stricker et al., 1996). The
increased quantal size may be partly explained by an increased
unitary conductance (Benke et al., 1998) and/or an increased
number of synaptic AMPAR channels (Hayashi et al., 2000). The
increased quantal content may be explained by delivery of AMPA
receptors to “silent” synapses that lack functional AMPAR (Kullmann, 1994; Isaac et al., 1995; Liao et al., 1995; Rumpel et al.,
1998).
LTP expression relies on a cascade of postsynaptic events,
including Ca 2⫹ influx through NMDA receptors (NMDARs)
and subsequent activation of Ca 2⫹/calmodulin-dependent protein kinase II (CaMKII) (Lisman et al., 1997; Soderling and
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noninfected neurons. This potentiation was associated with a
reduction in the proportion of synapses devoid of AMPARs. In
addition, expression of ␣CaMKII1–290–EGFP increased the
quantal size of AMPAR-mediated responses. This effect reflected, at least in part, an increased unitary conductance of the
channels underlying the EPSCs. These results reveal that several key features of long-term potentiation of hippocampal
glutamatergic synapses are reproduced by the sole activity of
␣CaMKII.
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jor component of the postsynaptic density (Braun and Schulman,
1995). Autophosphorylation of CaMKII with Ca 2⫹-calmodulin
activation leads to a persistent activation of the kinase activity
(Miller et al., 1988) and calmodulin trapping (Meyer et al., 1992),
thereby prolonging the function of the enzyme beyond the transient rise in intracellular Ca 2⫹ concentration. Several arguments
support the involvement of CaMKII in LTP generation at glutamatergic synapses. Activated, auto-phosphorylated CaMKII accumulates in dendrites of pyramidal neurons after LTP induction
(Fukunaga et al., 1995; Ouyang et al., 1999). Overexpression or
direct injection of constitutively active CaMKII in CA1 hippocampal neurons potentiates AMPAR-mediated synaptic transmission and occludes further induction of LTP (Pettit et al., 1994;
Lledo et al., 1995; Shirke and Malinow, 1997), whereas genetic
suppression of ␣CaMKII compromises hippocampal LTP (Silva
et al., 1992; Hinds et al., 1998). In addition, LTP in CA1
hippocampal neurons is associated with phosphorylation of the
AMPAR glutamate receptor 1 (GluR1) subunit (Barria et al.,
1997a; Lee et al., 2000). Two (not mutually exclusive) mechanisms have been proposed to explain how CaMKII enhances
AMPAR-mediated transmission. In heterologous systems, phosphorylation of GluR1 by CaMKII (Barria et al., 1997b; Mammen
et al., 1997) leads to an increased conductance of homomeric
GluR1 channels (Derkach et al., 1999). Another mechanism was
suggested by experiments indicating that active ␣CaMKII, as
well as LTP, leads to the synaptic translocation of a recombinant
GluR1 in CA1 pyramidal neurons (Hayashi et al., 2000).
Despite this wide array of data, it remains unclear whether all
modifications of AMPAR-mediated transmission associated with
LTP can be attributed solely to increased CaMKII activity. To
address this question, we examined several properties of excitatory
synaptic transmission onto CA1 pyramidal neurons expressing
an activated ␣CaMKII. We show that expression of this active
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enzyme specifically potentiates AM PAR- but not NMDARmediated transmission onto infected neurons. We compared the
proportion of silent synapses onto cells expressing activated
␣CaMKII and control cells. Although ⬃50% of glutamatergic
synapses onto control cells are functionally silent, this proportion
decreases to approximately zero in cells expressing active
␣CaMKII. This effect is accompanied by an increased quantal size
of AMPAR-mediated responses partly attributable to an increased
unitary conductance of channels underlying these responses.

MATERIALS AND METHODS
The f usion between ␣C aM K II1–290 and enhanced green fluorescent
protein (EGFP) was made by PCR amplification of the coding sequence
of ␣C aM K II from amino acids 1–290 and in-frame insertion into the
pEGFP-N1 vector (C lontech, Palo Alto, CA). This construct was expressed in rat hippocampal slices using Sindbis virus (Malinow et al.,
1999).
Hippocampal slices were prepared from 10- to 14-d-old rats of either
sex. Rats were deeply anesthetized by intraperitoneal injection of ketamine/ xylazine and decapitated. Brains were removed and submerged in
ice-cold modified artificial C SF (AC SF) containing (in mM): 250 sucrose,
26 NaHC O3, 10 glucose, 4 KC l, 1 C aC l2, and 5 MgC l2, bubbled with 95%
O2 and 5% C O2. Horizontal slices (350 m thick) were prepared with a
Vibratome and rinsed in culture medium (M EM plus HBSS) containing
penicillin and streptomycin. Slices were then placed on a Millicell insert
(Millipore, Bedford, M A) bathed with culture medium in a six well
cluster. Viral infection was performed under a dissecting scope using a
borosilicate glass microelectrode filled with viral solution (titer of ⬃10 9
infective particles per milliliter, as determined by infectivity on baby
hamster kidney cells) and mounted on a motorized manipulator. Ten to
50 nl of the solution was typically injected into each slice using a General
Valve (Fairfield, NJ) PicoSpritzer. Alternatively, a sparse infection of
cells easily accessible with a patch pipette could be obtained using a
narrow strip of Millipore (Bedford, M A) polytetrafluoroethylene membrane (0.5 ⫻ 10 mm) soaked with the viral solution and positioned right
above the CA1 pyramidal cell layer. Slices were then placed in a C O2
incubator and maintained at 35°C overnight.
E xpression of ␣C aM K II1–290–EGFP was tested at different times after
infection. Infected slices were solubilized in homogenization buffer (25
l per slice) composed of 10 mM H EPES-NaOH, pH 7.4, 0.5 M NaC l, 10
mM sodium pyrophosphate, 10 mM NaF, 10 mM EDTA, 4 mM EGTA, 0.1
mM PMSF, 2 g /ml chymostatin, 2 g /ml leupeptin, 2 g /ml antipain, 2
g /ml pepstatin, and 1% Triton X-100. The solution was cleared by
centrif ugation at 10,000 ⫻ g for 5 min at 4°C. Supernatants were analyzed by Western blot using anti-␣C aM K II antibodies (Roche, Hertforshire, UK).
For C aM K II assay, slices were homogenized in 50 mM H EPESNaOH, pH 7.4, 50 mM NaC l, 10 mM sodium pyrophosphate, 10 mM NaF,
1 mM EGTA, 0.5 mM DTT, 0.1 mM PMSF, 2 g /ml chymostatin, 2 g /ml
leupeptin, 2 g /ml antipain, 2 g /ml pepstatin, 10% glycerol, and 1%
N P-40 (total volume of 25 l per slice). The total C aM K II activity in the
extracts was assayed with 2 g of protein extracts. Reaction buffer (25 l)
contained 10 mM H EPES-NaOH, pH 7.4, 10 mM sodium pyrophosphate,
10 mM NaF, 0.5 mM DTT, 5 mM MgC l2, 50 M ATP, 2 C i [␥- 32P]ATP,
20 M autocamtide-2 (C albiochem, La Jolla, CA), 2 mM C aC l2, and 1 M
calmodulin (C albiochem). To assay C a 2⫹-independent C aM K II activity, calcium /calmodulin was omitted and 10 mM EGTA was added.
Reactions were performed at 30°C for 5 min. These reaction conditions
were shown to be linear with protein concentration and incubation time.
Reactions were stopped by spotting the mixture on P81 phosphocellulose
paper and adding 1% phosphoric acid. Incorporated radioactivity was
measured with a scintillation counter.
For recording, slices were transferred to a submerged chamber maintained at 29 –31°C and superf used with AC SF containing (in mM): 118
NaC l, 26 NaHC O3, 10 glucose, 1 NaH2PO4, 2.5 KC l, 3 C aC l2, and 2
MgC l2, bubbled with 95% O2 and 5% C O2. Whole-cell recordings from
CA1 pyramidal cells were obtained using borosilicate electrodes (2–5
M⍀) containing (in mM): 115 C s-methylsulfonate, 10 C sC l, 20 H EPES,
10 EGTA, and 4 Mg-ATP, pH 7.2, 292 mOsm. EGFP fluorescence was
monitored using endow-GFP filters (Chroma Technology Corp., Brattleboro, V T). Neighboring infected (fluorescent) and noninfected (nonfluorescent) cells could thus be recorded sequentially. EPSC s were evoked in
the presence of bicuculline methochloride (20 M) after transection
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between CA3 and CA1 areas. Schaffer collateral – commissural fibers
were stimulated extracellularly through a patch pipette located in the
stratum radiatum, ⬃50 –100 m distant from the recorded cell. The same
stimulus (ranging 3–10 V in amplitude and 50 –100 sec in duration) was
delivered to control and infected cells recorded in sequence. C ells were
held at ⫺60 or ⫹40 mV and stimuli were delivered at 0.3 Hz. Signals
were filtered at 1 kHz and sampled at 5 kHz using programs written in
Axobasic. Data were analyzed using macros written under Visual Basic
for Microsoft E xcel (Microsoft, Seattle, WA). The amplitude of EPSC s
recorded at ⫺60 mV was measured using 3–5 msec windows placed at the
peak of the response and immediately before the stimulation artifact. For
EPSC s recorded at ⫹40 mV, larger windows were used (15–20 msec ⬃60
msec after the peak). For display, stimulation artifacts were digitally
subtracted.
For the estimation of failure rates, 150 –300 EPSC s were collected at
⫹40 and then ⫺60 mV. Density estimates of amplitude distributions
were computed using a Gaussian kernel of approximately one-half the
variance of baseline noise (Malinow, 1991). Failure rates were estimated
as twice the integral of the inferior half of the first peak (centered on 0
pA and corresponding to synaptic failures).
For nonstationary variance analysis of evoked EPSC s (Traynelis et al.,
1993; Benke et al., 1998; Linden, 2001), 30 –50 EPSC s of 150 –200 were
selected according to the following criteria: similar amplitude close to the
mean, smooth rising phase, complete decay to baseline current devoid of
spontaneous EPSC s, and constant latency. Selected events were aligned
to their half rise time, peak scaled, and averaged. The variance of the
currents was derived from the first ⬃50 msec after the peak of EPSC s
and plotted against the mean current. This plot was fit to the polynomial
equation:  2 ⫽ ␥VmM ⫺ M 2/n ⫹ c, where  2 is the current variance, M
is the mean current, Vm is the holding potential (equals the driving force
for AM PAR EPSC s, assuming a reversal potential of 0 mV), ␥ is the
unitary conductance of AM PAR channels, n is the average number of
channels contributing to the mean current, and c is a constant.
Miniature EPSC s (mEPSC s) were detected and analyzed using Detectivent software written under LabView (kindly provided by N. Ankri
and H. Korn, Institut Pasteur, Paris, France). Values are expressed as
mean ⫾ SEM. Statistical significance was estimated from Mann –Whitney
rank sum tests unless otherwise stated. Drugs were purchased from the
following sources: DL-APV and 2,3-dihydroxy-6-nitro-7-sulfonyl-benzo[f]
quinoxal (Tocris Cookson, Bristol, UK) and bicuculline methochloride
and 2-chloro-adenosine (Sigma, St. L ouis, MO).

RESULTS
Hippocampal slices were infected at high density with Sindbis
virus expressing ␣CaMKII1–290–EGFP within the CA1 area (Fig.
1 A). The expression of the transgene was checked visually by the
fluorescence of EGFP as well as by Western blot at different times
after infection. It was typically initially detected between 5 and 12
hr after infection (Fig. 1 B). Ca-independent kinase activity of
protein extracts prepared from the infected area increased by
approximately threefold within the same time range (3.1 ⫾ 0.7 of
controls; n ⫽ 2) and remained elevated for at least 24 hr.
To investigate the physiological phenotype associated with
␣CaMKII1–290 expression, hippocampal slices were infected at a
lower density. As illustrated in Figure 2 A, infected cells could
then be easily identified by their fluorescence, allowing neighboring infected and noninfected cells to be subsequently recorded.
We compared the synaptic response mediated by either AMPAR
or NMDAR in neighboring infected and noninfected cells with
stimulation of the same Schaffer collateral–commissural afferents. AMPAR-mediated responses were recorded while holding
the postsynaptic cell at ⫺60 mV, whereas synaptic currents recorded at ⫹40 mV were largely NMDAR-mediated (Poncer and
Malinow, 2001). When cells were infected with Sindbis virus
expressing EGFP only, no difference in the amplitude of either
AMPAR or NMDAR EPSCs was detected in infected cells
compared with noninfected cells (0.92 ⫾ 0.25 of controls at ⫺60
mV, p ⫽ 0.72, n ⫽ 9; 1.11 ⫾ 0.35 of controls at ⫹40 mV, p ⫽ 0.84,
n ⫽ 5) (Fig. 2). In contrast, cells infected with Sindbis virus
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Figure 1. Expression of recombinant ␣CaMKII in hippocampal slices.
A, Top, Hippocampal slice (see Materials and Methods) after overnight
infection with Sindbis virus expressing ␣CaMKII1–290–EGFP. Several
injections of the virus were made in the CA1 region (between asterisks)
resulting in massive expression of the transgene, as detected by fluorescence microscopy (bottom). B, Western blot of protein extracts from slices
at various times after infection. In addition to endogenous ␣CaMKII
(lower band), the recombinant fusion protein of higher molecular weight
was detectable with ␣CaMKII antibody between 5 and 12 hr after
infection. C, In agreement with these results, a kinase assay on cell
extracts prepared at various times after infection revealed a significant
increase in Ca 2⫹-independent kinase activity between 5 and 12 hr after
infection (3.1 ⫾ 0.7 of controls).

expressing the fusion protein ␣CaMKII1–290–EGFP showed a
marked increase in AMPAR EPSC amplitude (3.73 ⫾ 0.9 of
controls; p ⬍ 0.001; n ⫽ 13) with no significant change in the
amplitude of NMDAR EPSCs (0.83 ⫾ 0.27 of controls; p ⫽ 0.54;
n ⫽ 12). These results show that constitutive ␣CaMKII activity
specifically potentiates AMPAR- but not NMDAR-mediated
synaptic transmission. We subsequently sought to identify the
mechanisms responsible for this specific potentiation of
AMPAR-mediated responses.
We first tested whether elevated kinase activity in neurons
expressing ␣CaMKII1–290–EGFP could induce delivery of en-
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dogenous AMPAR to previously silent synapses (Isaac et al.,
1995; Liao et al., 1995). We compared the rate of synaptic transmission failures at ⫺60 and ⫹40 mV in neighboring infected and
noninfected neurons. To isolate synaptic transmission failures
from stimulation failures, stimulus intensity was set sufficiently
high to induce AMPAR responses of at least 20 –50 pA with no
failures. The adenosine A1-receptor agonist 2-chloro-adenosine
(3 M), which produces an identical presynaptic depressant effect
at silent and nonsilent synapses (Poncer and Malinow, 2001), was
then added to the perfusion to reduce release probability and
therefore favor transmission failures. As described previously
(Isaac et al., 1995; Liao et al., 1995), stimulation of Schaffer
collateral–commissural synapses onto uninfected CA1 pyramidal
neurons resulted in a failure rate at ⫺60 mV that was ⬃1.5- to
twofold higher than at ⫹40 mV (Fig. 3) (F⫺60/F⫹40 ⫽ 1.72 ⫾ 0.13;
n ⫽ 8). However, this ratio was significantly reduced in neurons
expressing ␣CaMKII1–290–EGFP (1.18 ⫾ 0.06; n ⫽ 10; p ⬍
0.005). These results suggest that expression of constitutively
active ␣CaMKII in CA1 hippocampal neurons increases
AMPAR-mediated transmission at least in part by reducing the
proportion of synapses devoid of functional AMPAR. However,
this reduction may not be sufficient to account for the approximately fourfold increase in AMPAR EPSC amplitude (Fig. 2),
suggesting that other modifications of AMPAR-mediated transmission may be induced by ␣CaMKII activity.
Changes in quantal size associated with LTP at CA3–CA1
synapses have been reported previously (Liao et al., 1992; Oliet et
al., 1996). We therefore compared the quantal size in control
neurons and neurons expressing ␣CaMKII1–290–EGFP. To compare quantal events of similar origin and postsynaptic location in
infected and uninfected cells, synaptic responses evoked by the
same afferent stimulation were recorded in neighboring fluorescent and nonfluorescent cells after substitution of Ca 2⫹ for Sr 2⫹
in the ACSF. Such substitution results in a desynchronization of
transmitter release among activated release sites, thereby leading
to the occurrence of quantal events within a few hundred milliseconds of afferent stimulation (Goda and Stevens, 1994; Oliet et
al., 1996; Behrends and ten Bruggencate, 1998). These events

Figure 2. Elevated CaMKII activity
selectively potentiates AMPAR- but
not NMDAR-mediated synaptic transmission. A, Low-density infection of a
hippocampal slice. Top, Differential interference contrast micrograph of the
infected CA1 region. Middle, Fluorescence micrograph of the same region
showing EGFP fluorescence of infected
neurons. Note that only a few CA1 pyramidal neurons were infected. Bottom,
Superimposition of the two micrographs. B, AMPA and NMDAR EPSCs
in neighboring infected and noninfected
cells. Top, CA1 pyramidal cells were
infected with Sindbis virus expressing
EGFP only. AMPAR-mediated (inward) EPSCs were recorded at ⫺60 mV
and were not significantly different in
two neighboring infected and noninfected cells. Similarly, EPSCs recorded at ⫹40 mV, primarily carried by NMDAR, were equally unaffected by EGFP expression. Bottom, In contrast,
when Sindbis virus expressing the fusion protein ␣CaMKII1–290–EGFP was used to infect CA1 neurons, AMPAR EPSCs were greatly increased in
amplitude, whereas EPSCs recorded at ⫹40 mV remained unchanged. Each trace represents the average of 100 consecutive EPSCs. Filled bars show the
sections of the trace used for amplitude measurements. C, Summary plots representing evoked EPSC amplitude in neighboring control and infected cells.
Open circles, Individual experiments; filled circles, averages. The amplitude of both AMPA and NMDAR EPSCs was unchanged in cells expressing
EGFP only ( p ⫽ 0.72, n ⫽ 9 and p ⫽ 0.84, n ⫽ 5, respectively). In contrast, expression of ␣CaMKII1–290–EGFP increased the amplitude of AMPAR
EPSCs to 3.7 ⫾ 0.9 of controls ( p ⬍ 0.001; n ⫽ 13) with no effect on NMDAR EPSCs ( p ⫽ 0.54; n ⫽ 12).
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Figure 3. Reduction of the proportion of
silent synapses onto pyramidal neurons expressing ␣CaMKII1–290–EGFP. Synaptic
failures were counted with stimulation delivered in the stratum radiatum, while holding the cell at either ⫺60 or ⫹40 mV. A,
One infected cell (bottom) and one noninfected cell (top) were recorded sequentially.
Traces were scaled on the amplitude of the
EPSC recorded at ⫹40 mV, measured as
shown in Figure 2 B. Each trace represents
the average of 200 consecutive synaptic responses. Dotted lines indicate the baseline
current. B, Amplitude density estimates of
200 EPSCs from the experiment illustrated
in A. Failure rates were estimated from the integral of the peak centered on 0 pA. In the control cell, the failure rate recorded at ⫹40 mV was ⬃45%
of that recorded at ⫺60 mV (top), whereas no difference was apparent in a neighboring cell expressing ␣CaMKII1–290–EGFP (bottom). p.d.f., Probability
density function. C, Summary plots showing that the ratio of F⫺60 to F⫹40 , describing the proportion of silent synapses, was significantly reduced in cells
expressing ␣CaMKII1–290–EGFP ( p ⬍ 0.005; n ⫽ 10). Open circles represent data from individual experiments; filled circles show means and SEs.

were preceded by a large, multiquantal event, immediately after
afferent stimulation (Fig. 4 A). Therefore only events occurring
within 135–500 msec of synaptic stimulation were measured for
this analysis. The mean quantal size of AMPAR EPSCs recorded
in these conditions ranged from 4.3–7.5 pA in uninfected cells
(mean, 5.9 ⫾ 0.3 pA; n ⫽ 14). When two neighboring uninfected
cells were recorded in sequence, the mean quantal size of EPSCs
recorded in both cells was remarkably identical ( p ⫽ 0.84; n ⫽ 4)
(Fig. 4 D). In contrast, the quantal size of EPSCs recorded from
neighboring infected cells reached 9.2–15.8 pA (11.6 ⫾ 0.7 pA;
p ⬍ 10 ⫺5; n ⫽ 14) (Fig. 2 B,C) with no change in decay kinetics
(decay ⫽ 10.3 ⫾ 0.7 vs 11.3 ⫾ 0.5 for control cells; p ⫽ 0.41). This
effect on quantal size was unlikely to reflect collisions of quantal
events because their mean frequency remained low (4.0 ⫾ 1.0 vs
3.2 ⫾ 1.0 Hz in control cells).
Increased quantal size in neurons expressing ␣CaMKII1–290–
EGFP could reflect an increased number of receptors per synapse, an increased unitary conductance of AMPAR channels, or
both. Constitutive ␣CaMKII activity has been shown to increase
homomeric GluR1 channel conductance in a heterologous expression system (Derkach et al., 1999). We therefore compared the
conductance of synaptically activated AMPAR in infected and
uninfected neurons. EPSCs of similar amplitude were evoked in
neighboring neurons and were used to perform nonstationary
variance analysis (see Materials and Methods). The unitary conductance of channels underlying these EPSCs ranged from 8 –15
pS in control cells (mean, 11.0 ⫾ 0.8 pS; n ⫽ 9), as described
previously for locally evoked, dendritic EPSCs onto CA1 pyramidal cells (Benke et al., 1998). In cells expressing ␣CaMKII1–290–
EGFP, the conductance of channels underlying evoked EPSCs was
significantly increased compared with controls and ranged from
14 –25 pS (mean, 16.9 ⫾ 1.3 pS; Student’s t test; p ⬍ 0.002) (Fig. 5),
suggesting that the biophysical properties of endogenous AMPAR
in CA1 pyramidal cells can be directly modified by increased
␣CaMKII activity.
To assess the contribution to ␣CaMKII-induced potentiation
produced by the various mechanisms examined in this study, we
use the relationship between mean response, M, mean quantal
size, q, and mean quantal content, m, given by M ⫽ q ⫻ m.
Furthermore, the quantal size is given by q ⫽ ␥ ⫻ n, where ␥ is
the average unit conductance and n is the average number of
channels activated at a synapse (the number of channels multiplied by their mean open probability). Assuming synapse homogeneity, the ratios of values in ␣CaMKII1–290-expressing over
control cells, indicated by ⌬, are given by ⌬M ⫽ ⌬q ⫻ ⌬m and

⌬q ⫽ ⌬␥ ⫻ ⌬n. From our experiments, ⌬M ⫽ 3.73, ⌬␥ ⫽
16.9/11.0 ⫽ 1.53, and ⌬q ⫽ 11.6/5.9 ⫽ 2.0. Thus, ⌬m ⫽ 3.73/2.0 ⫽
1.87 and ⌬n ⫽ 2.0/1.53 ⫽ 1.3. We can therefore roughly estimate
that the increase in transmission produced by increased
␣CaMKII activity is attributable to an ⬃87% increase in quantal
content (which can be accounted for by the decrease in the
proportion of silent synapses), and an ⬃53% and an ⬃30%
increase in the conductance and number of opened AMPA receptors per synapse, respectively.

DISCUSSION
We have shown that enhanced CaMKII activity in CA1 neurons
leads to a specific potentiation of AMPAR-mediated synaptic
transmission. This potentiation involves a reduction in the proportion of silent synapses devoid of functional AMPAR as well as
an increase in the quantal size of AMPAR-mediated EPSCs.
These results are consistent with the described properties of LTP
at excitatory synapses onto these cells, suggesting that CaMKII
acts as an early transduction signal during LTP induction, which
initiates several divergent paths of enhancement of AMPARmediated transmission.
The uncovering of silent synapses has been suggested to play a
significant role in the expression of LTP at several central excitatory synapses (Isaac et al., 1995; Liao et al., 1995; Li and Zhuo,
1998; Rumpel et al., 1998; Poncer and Malinow, 2001). This
model is supported by immunogold electron microscopic studies
that revealed morphological evidence for synapses containing
NMDAR and lacking AMPAR (Nusser et al., 1998; Petralia et
al., 1999; Takumi et al., 1999). We have shown previously that
recombinant GluR1 overexpressed in CA1 pyramidal cells can be
delivered to synapses after expression of constitutively active
CaMKII (Hayashi et al., 2000). This process requires interaction
between the Thr-887 residue of the intracellular carboxy-tail of
GluR1 and a PDZ domain, presumably of proteins contained in
the postsynaptic density (Bezprozvanny and Maximov, 2001;
Sheng, 2001). Such a mechanism is likely involved in the
␣CaMKII-induced delivery of native AMPAR at previously
silent synapses, as described in the present study. We report that,
in most cases, the proportion of synaptic failures detected at ⫹40
and ⫺60 mV was identical in cells expressing ␣CaMKII1–290,
suggesting that virtually all synapses expressed functional
AMPAR.
However, several reports have demonstrated an increase in
quantal size associated with LTP expression at excitatory synapses onto CA1 cells (Malinow, 1991; Liao et al., 1992; Manabe et

4410 J. Neurosci., June 1, 2002, 22(11):4406–4411

Figure 4. Increased quantal size of AMPAR EPSCs in pyramidal cells
expressing ␣CaMKII1–290–EGFP. EPSCs were evoked in pyramidal cells
after substitution of Ca 2⫹ by Sr 2⫹, resulting in asynchronous quantal
events. A, EPSCs recorded in two neighboring CA1 cells (average of 200
consecutive EPSCs). Inset, Five consecutive responses showing asynchronous events after a larger initial event. Open bars show the section of trace
that was used to detect quantal EPSCs. Calibration, 10 pA, 100 msec. B,
Amplitude distributions of quantal EPSCs recorded in the two cells
shown above. Note the shift of the distribution toward larger amplitudes
in the cell expressing ␣CaMKII1–290–EGFP. Consequently, the mean
quantal size of EPSCs recorded in this cell, calculated as the average of
quantal EPSC amplitudes, showed a ⬃83% increase compared with
controls. Individual traces show the average of all detected quantal events
(424 in controls, 418 in infected cells). Calibration, 2 pA, 10 msec. p.d.f.,
Probability density function. C, Summary data for nine independent
experiments (open circles). Note the increased variance of quantal size in
infected cells. Filled circles indicate the average of all experiments. D,
Graph showing the ratio of the quantal size of the first cell of a sequence
over that of the second when the first cell was not infected and the second
either uninfected as well ( filled bar; n ⫽ 5) or infected (open bar; n ⫽ 9).
Note the approximately twofold increase in quantal size when the second
cell was infected, as in C.

al., 1992; Oliet et al., 1996; Stricker et al., 1996). A similar effect
was observed with expression of ␣CaMKII1–290 in our experiments (Fig. 4). An increase in quantal size could reflect an
increased conductance of channels underlying AMPARmediated transmission, an increased number of receptors per
synapse, or both. An increase in conductance can be detected
with LTP of dendritically evoked EPSCs in CA1 pyramidal cells
(Benke et al., 1998). Here, we show that the conductance of
synaptic AMPAR channels is increased by ⬃50% in cells expressing ␣CaMKII1–290. Phosphorylation of GluR1 by CaMKII is
likely involved in this effect. The Ser-831 residue has been shown
to be specifically phosphorylated by ␣CaMKII and during LTP
(Barria et al., 1997a,b; Lee et al., 2000). Accordingly, we observed
a ⬎100% increase in Ser-831 phosphorylation in infected slices
(data not shown). In a heterologous model, phosphorylation of
Ser-831 or mutation to Asp on recombinant GluR1 results in
increased channel conductance (Derkach et al., 1999). We therefore suggest that an increase in channel conductance underlies, at
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Figure 5. The unitary conductance of channels contributing to AMPAR
EPSCs is increased in pyramidal cells expressing ␣CaMKII1–290–EGFP.
Nonstationary variance analysis was applied to locally evoked EPSCs
onto control or infected pyramidal cells maintained at ⫺60 mV, as
described in Materials and Methods. A, A total of 30 – 45 EPSCs of similar
amplitude were aligned to their half rising time and scaled in amplitude
(arrows). The mean and variance of the currents were then computed for
all data points of the decay phase, starting at the peak. B, Variance to
mean relationship plotted for neighboring pyramidal neurons, both infected (bottom) and noninfected (top). Data points were binned according
to mean current (see Materials and Methods). The unitary conductance of
channels contributing to EPSCs in the infected cell was ⬃60% larger than
the conductance derived from EPSCs in a neighboring control cell. C,
Summary plots from nine independent experiments (open circles). Filled
circles show the average conductance for control and infected cells (11.0 ⫾
0.8 and 16.9 ⫾ 1.3 pS, respectively; p ⬍ 0.002).

least in part, the increased quantal size associated with LTP and
CaMKII activity in CA1 pyramidal neurons. An increase in
either the number or the open probability of synaptic AMPARs
is also likely to contribute to increasing quantal size. Indeed, the
⬃100% increase in quantal size associated with ␣CaMKII1–290
expression (Fig. 4) may not be entirely accounted for by the
⬃50% increase in channel conductance we report (Fig. 5). Coexpression of a constitutively active CaMKII in human embryonic
kidney cells expressing a recombinant GluR1, however, did not
lead to any significant change in channel open probability
(Derkach et al., 1999). We therefore suggest that the increased
number of channels underlying mEPSCs in cells expressing
␣CaMKII1–290 more likely reflects an increased number of receptors per synapse than an increased channel open probability.
Immunogold electron microscopy using antibodies raised against
AMPAR subunits may help resolve this issue.
In conclusion, our results provide additional support to the
view that activation of CaMKII suffices to mimic the synaptic
effects observed during LTP (Lledo et al., 1995). Of the increase
in transmission produced by active CaMKII, approximately onehalf is attributable to increased quantal content after conversion
of silent synapses. The remaining potentiation is attributable to
an increase in quantal size; approximately two-thirds of the
increase in quantal size can be attributed to increased singlechannel conductance, and the remainder can be attributed to an
increase in receptor number. The increased conductance likely
involves direct phosphorylation of GluR1. It remains to be determined whether CaMKII can phosphorylate and thereby increase
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the conductance of synaptic receptors, or whether this modification occurs before receptor incorporation into synapses.
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