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Long-term potentiation can be induced in the CA1
region of hippocampus in the absence of aCaMKII
T286-autophosphorylation
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a-calcium/calmodulin-dependent protein kinase (aCaMKII) T286-autophosphorylation provides a short-term molecular

memory that was thought to be required for LTP and for learning and memory. However, it has been shown that learning

can occur in aCaMKII-T286A mutant mice after a massed training protocol. This raises the question of whether there might

be a form of LTP in these mice that can occur without T286 autophosphorylation. In this study, we confirmed that in CA1

pyramidal cells, LTP induced in acute hippocampal slices, after a recovery period in an interface chamber, is strictly depen-

dent on postsynaptic aCaMKII autophosphorylation. However, we demonstrated that aCaMKII-autophosphorylation-inde-

pendent plasticity can occur in the hippocampus but at the expense of synaptic specificity. This nonspecific LTP was

observed in mutant and wild-type mice after a recovery period in a submersion chamber and was independent of

NMDA receptors. Moreover, when slices prepared from mutant mice were preincubated during 2 h with rapamycin,

high-frequency trains induced a synapse-specific LTP which was added to the nonspecific LTP. This specific LTP was

related to an increase in the duration and the amplitude of NMDA receptor-mediated response induced by rapamycin.

The formation of memories is believed to be achieved through
strengthening of synaptic communication between two simulta-
neously active neurons, a phenomenon called long-term potenti-
ation (LTP). For several years, numerous studies have sought to
better understand the molecular mechanisms of synaptic plastic-
ity and LTP, and in particular the role of calcium-calmodulin-de-
pendent protein kinase II (CaMKII), one of the most important
postsynaptic components in glutamatergic synapses. Indeed,
CaMKII is both necessary and sufficient for LTP induction. The ap-
plication of CaMKII inhibitors, such as KN-62 or KN-93, or genetic
disruption of the CaMKII gene can block LTP (Malinow et al. 1989;
Otmakhov et al. 1997; Hinds et al. 1998; Yamagata et al. 2009).
Conversely, the injection or viral expression of a constitutively ac-
tive form of CaMKII leads to the improvement of spatial memory
(Poulsen et al. 2007), in enhancement of AMPAR-mediated synap-
tic transmission and occludes further induction of LTP (McGlade-
McCulloh et al. 1993; Pettit et al. 1994; Lledo et al. 1995). This en-
hancement in AMPAR conductance has been proposed to occur
through an increase in synaptic trafficking of GluA1 subunits, as
well as phosphorylation of GluA1 at Ser831 (Shi et al. 1999;
Hayashi et al. 2000; Broutman and Baudry 2001; Esteban et al.
2003; Oh et al. 2006). Besides its role in synaptic transmission,
CaMKII is also involved in the structural plasticity of spines, and
more specifically in activity-dependent spine growth following
NMDAR activation (Okamoto et al. 2009; Pi et al. 2010). More-
over, it seems that CaMKII-dependent processes involved in hip-
pocampal LTP in CA1 synapses are quite general since the
kinase also affects in vivo plasticity in different brain regions
(Wu and Cline 1998; Zou and Cline 1999). Disruption of CaMKII
activation leads to developmental changes in synaptic function
and affects experience-dependent plasticity and behavioral mem-
ory (Silva et al. 1992a,b; Glazewski et al. 1996, 2000). In addition,
the homologous kinase in invertebrates plays a key role in synap-

tic function and learning, suggesting an early evolutionary origin
of CaMKII in information storage (Griffith et al. 1993; Koh et al.
1999).

The CaMKII family consists of 28 isoforms, derived from four
genes (a, b, g, and d), but the a and b subunits are predominant in
the brain (Erondu and Kennedy 1985; Schulman and Hanson
1993; Ochiishi et al. 1998; Li et al. 2001). Each isoform comprises
a catalytic domain, containing the ATP- and substrate-binding
sites, an autoinhibitory domain, and a self-association domain.
The latter enables the formation of a dodecameric holoenzyme
containing either one or both subunit types. In basal conditions,
the catalytic domain, responsible for the phosphotransferase re-
action, is inhibited by the autoinhibitory domain of the same sub-
unit, which is acting like a gate (Coultrap and Bayer 2012; Lisman
et al. 2012). When the calcium concentration rises, the calcium/
calmodulin complex subsequently formed can bind to the autoin-
hibitory domain, enabling the gate to open and thus the substrate
to access its binding site (Morris and Török 2001; Hudmon and
Schulman 2002; Rellos et al. 2010; Chao et al. 2011). Another con-
sequence of this opening is the exposure of a particular amino
acid, Thr286, on the a subunit (Thr287 for the b subunit), located
in the autoinhibitory domain. Once this site is phosphorylated by
a neighboring subunit, the dissociation of calmodulin is highly re-
duced (Meyer et al. 1992). Moreover, the gate cannot close even
after dissociation of the calcium/calmodulin complex, making
the enzyme autonomous, with a calcium-independent activity
(Rich and Schulman 1998; Hoffman et al. 2011).

Following calcium elevation, CaMKII diffuses to the synapse
and accumulates in the postsynaptic density (PSD), where it binds
to NMDA receptors through the carboxy-terminal domain of the
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NR2B subunit (Strack and Colbran 1998; Shen and Meyer 1999;
Bayer et al. 2001; Leonard et al. 2002). The binding sequence of
NR2B blocks the autoinhibitory gate of CaMKII, leaving it in an
active state, even after dissociation of the calcium/calmodulin
complex and without autophosphorylation. This active state is
transient, ranging from seconds to minutes, but is not affected
by phosphatase activity, unlike the autonomous activity pro-
duced by autophosphorylation (Bayer et al. 2001). Furthermore,
the binding of CaMKII to NMDA receptors increases calmodulin
affinity for the kinase. This phenomenon, called trapping, may
be a way of preventing dissociation of CaMKII from synaptic sites.
Indeed, it inhibits the autophosphorylation of a secondary site
(Thr 305) which would precisely be responsible for the kinase
deactivation and release from synapses (Shen et al. 2000). Besides
its functional role, the binding of CaMKII to NMDA receptors has
structural consequences as well, as it creates scaffolding for AMPA
receptor-binding proteins and allows subsequent incorporation
of additional AMPA receptors into the PSD (Lisman and Zhabotin-
sky 2001; Sanhueza and Lisman 2013). Sanhueza et al. (2011)
showed that the CN class of peptides inhibiting CaMKII binding
to NR2B reduced basal synaptic transmission and reversed saturat-
ed LTP. Halt et al. (2012) generated mice with two-point muta-
tions that impair CaMKII binding to the NR2B subunit and
showed that CaMKII/NR2B binding contributes to LTP and that
it is required for LTP-induced GluA1 S831 phosphorylation. In
the same line of evidence, Barria and Malinow (2005) demonstrat-
ed the requirement of CaMKII/NR2B binding for LTP induction.

Using two-photon fluorescence lifetime imaging microsco-
py, Lee et al. (2009) have shown that CaMKII activation triggered
in single spines by glutamate uncaging is rather transient, lasting
only 1 min. Similarly, Lengyel et al. (2004) showed that the calci-
um-independent activity of aCaMKII was increased for only up to
2 min after induction of chemical LTP. However, even though this
persistent activity is short-term, it is required for CA1 LTP (Fuku-
naga et al. 1993; Ouyang et al. 1997; Giese et al. 1998; Buard
et al. 2010) and LTD (Coultrap et al. 2014). This autonomous
activity extends kinase activity beyond the window of calcium
elevation, depending on the dephosphorylation rate of the
subunits. Murakoshi et al. (2011) have demonstrated that the
transient activation of CaMKII is responsible for persistent activa-
tion (more than half an hour) of small GTPases, RhoA and Cdc42.
These GTPases are involved in structural plasticity occurring dur-
ing spine enlargement.

Each of the thousands of synapses that are exhibited by
neurons is thought to be independently modifiable by LTP. This
synaptic specificity, where only activated synapses become
strengthened, leaving neighboring synapses unaffected, is pre-
cisely what enables neurons to store huge amounts of data. In
this context, CaMKII, thanks to its activation process, is a detector
of calcium spikes occurring in the neuron. Hanson et al. (1994)
predicted that repetitive calcium pulses would lead to the recruit-
ment of limited calmodulin to the holoenzyme, which would
further stimulate autophosphorylation while De Koninck et al.
(1998) showed that the enzyme can decode the frequency of
Ca2+ spikes into distinct amounts of kinase activity. Hence, a cal-
cium increase compartmentalized in an activated spine would
lead to CaMKII activation specifically in that subcellular region
(Lee et al. 2009; Lemieux et al. 2012). On the other hand, calcium
increases happening through voltage-dependent calcium chan-
nels or endoplasmic reticulum release might convey a specific sig-
nal supporting the plasticity of neighboring synapses (Greer and
Greenberg 2008; Wheeler et al. 2008; Rose et al. 2009).

In this study, we used mice deficient in aCaMKII autophos-
phorylation due to the T286A mutation (Giese et al. 1998). We
showed that the need for autophosphorylation was linked to
NMDA receptor activation. NMDA-independent LTP could be in-

duced in T286A mice, but in this case, LTP was not restricted to
stimulated synapses. This nonspecific LTP was observed in mutant
and wild-type mice after a recovery period in submersion. More-
over, when slices prepared from mutant mice were preincubated
during 2 h with rapamycin, an inhibitor of mTOR-dependent
translation, high-frequency trains induced a synapse-specific LTP
which was added to the nonspecific LTP. We showed that this spe-
cific LTP was related to an increase in the duration and the ampli-
tude of NMDA receptor-mediated response induced by rapamycin.

Results

In CA1 pyramidal cells, after a recovery period

in submersion, long-lasting LTP can be induced

by repeated 100 Hz trains in T286A mutant mice
In slices which were allowed to recover in interface (Fig. 1A), four
trains at 100 Hz induced an increase of .200% in synaptic
strength, but this potentiation could not be maintained over
time (Fig. 1C). In WT mice, the same protocol induced a potenti-
ation of .300% which was maintained at 200% during 4 h. This
impairment was most probably postsynaptic as synaptic fatigue
was not modified (Fig. 1E) in mutant mice compared with WT
mice (two-way ANOVA, F(1,19) ¼ 0.21, P ¼ 0.65) (Dobrunz and
Stevens 1997).

We previously demonstrated that maintaining the slices in
submersion after dissection, during the 90-min recovery period,
lowered the threshold of LTP and modified its properties (Capron
et al. 2006). We therefore wondered whether allowing the slices
prepared from T286A mice to recover in submersion (Fig. 1B)
could modify LTP properties and make it independent ofaCaMKII
autophosphorylation.

As shown in Figure 1D, four trains of high-frequency stim-
ulation (HFS), applied after a recovery period in submersion, in-
duced an immediate increase of up to 200% in synaptic
strength, which was further maintained to 138+5% after 4
h. Under the same conditions, LTP induced in WT mice was main-
tained at 235+22% during 4 h (Fig. 1D). Here again, the postsyn-
aptic fatigue observed during the train was not different in mutant
and WT mice (Fig. 1F, two-way ANOVA, F(1,13) ¼ 0.50, P ¼ 0.49).

LTP induced without aCaMKII autophosphorylation

is not specific to stimulated synapses and is independent

of NMDA receptors
When slices prepared from mutant mice or WT mice were allowed
to recover in submersion, we observed that the control pathway
which was not submitted to HFS presented a slow increase in syn-
aptic strength. In mutant mice, the potentiation of the non-HF-
stimulated pathway reached 138+8% of the baseline at the end
of the experiment (Student’s t-test P ¼ 0.005, Fig. 2A). If the per-
centage of potentiation was recalculated considering this in-
crease, which is not synapse-specific, it would produce a curve
which is very similar to that observed when the resting period oc-
curred in interface (Fig. 2C cf. Fig. 1C). We checked that the two
pathways were independent to be sure that the potentiation ob-
served in the pathway which did not receive the HFS was not
due to superposition of the two stimulated axon bundles. When
the second pathway was stimulated 50 msec after the first path-
way, the slope of the fEPSP did not undergo facilitation (106+

2%) while paired-pulses applied to the same pathway induced a fa-
cilitation of 149+8% (n ¼ 7).

Under the same conditions, in WT mice, the potentiation of
the control pathway reached 156+14% of the baseline at the end
of the experiment (Student’s t-test P ¼ 0.017, Fig. 2B). In this case
the nonspecific potentiation is added to the synapse-specific LTP
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which can be estimated by recalculating the percentage of poten-
tiation without nonspecific response (Fig. 2D). We checked, in
control mice, that the slow increase of potentiation observed in
the nonstimulated pathway was not due to a slow drift of the re-
sponse independent of the stimulation. When no trains were in-
duced in any of the two pathways, the basal synaptic responses
were stable during .4 h (Fig. 2G).

We tested whether this nonspecific LTP observed in mu-
tant and WT mice was dependent on NMDA receptor activation.
The addition of APV (50 mM), an antagonist of NMDA receptors,
30 min before the induction of LTP in mutant mice, reduced the
immediate increase in synaptic strength but did not prevent
the slow increase observed in both pathways (Fig. 2E). This effect
seemed even heightened by the presence of APV, as the potentia-
tion reached 4 h after the trains was of 171+14% instead of 138+

5% without APV (Wilcoxon rank-sum test P ¼ 0.035).
In WT mice, in the presence of APV, the nonspecific LTP

reached nearly the same level in the stimulated and the nonstimu-
lated pathways (193.4+23.5% and 162.9+10.8%, respectively,
Fig. 2F). This observed increase was not due to a drift of the re-
sponse over time because under the same conditions, when no
HFS was applied to the slice, the fEPSP slope remained stable for
.4 h (Fig. 2G). Figure 2H shows the final level of potentiation
reached by each pathway in WT and mutant mice in the presence
or in the absence of APV.

Thus, an LTP independent of NMDA receptors can be in-
duced in the absence of aCaMKII autophosphorylation. However,
this LTP is not restricted to activated synapses.

Increasing cAMP concentration induces an LTP which

is independent of aCaMKII autophosphorylation
To test the role of aCaMKII autophosphorylation in chemical LTP,
we induced it by applying forskolin and IBMX, two drugs that in-
crease the concentration of cAMP, during 15 min on slices dissect-
ed from WT or T286A mice (Chavez-Noriega and Stevens 1992;
Capron et al. 2006). For these experiments, the CA3 region of
each slice was cut to prevent drug-induced epilepsy.

Immediately after the addition of the drugs, the synaptic
strength increased to 224+28% in mutant mice, a value which
is similar to that obtained in WT mice (202+15%, Student’s
t-test, P ¼ 0.467, Fig. 3A). The level of potentiation then decreased
but was maintained to 129+7% in mutant mice 4 h after the
induction. Likewise, the level of potentiation was identical to
that obtained in WT mice (144+10% at the end of the ex-
periment, Student’s t-test P ¼ 0.278). The increase of synaptic
strength induced by forskolin and IBMX was not due to an in-
crease in axon excitability as the amplitude of the fiber volley
was not modified over time (see recording traces inserted in
Fig. 3A,C).

Figure 1. Successful induction of LTP without aCaMKII autophosphorylation is dependent on slice recovery conditions. (A,B) Diagrams of the exper-
imental paradigm, with a recovery period either in interface, A, or in submersion, B. (C,D) Time-course of the slope of fEPSP, while LTP was triggered using
four trains of high-frequency stimulation (arrows). Insets show fEPSP waveforms, recorded just before LTP induction (dotted trace) or 4 h afterward (full
trace). (C) After a recovery period in interface, on slices from T286A (squares, n ¼ 3) or wild-type (triangles, n ¼ 8) mice. (D) After a recovery period in
submersion, on slices from T286A (squares, n ¼ 7) or wild-type (triangles, n ¼ 5) mice. (E,F) Postsynaptic fatigue during high-frequency stimulation was
assessed by the reduction in fEPSP amplitude during the first 10 stimulations of the first train. (E) Following a recovery period in interface, in wild-type
(empty squares, n ¼ 6) or T286A (black squares, n ¼ 15) mice. (F) Following a recovery period in submersion, in wild-type (empty triangles, n ¼ 7) or
T286A (black triangles, n ¼ 8) mice.
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Figure 2. LTP induced in T286A mutant mice after a recovery period in submersion is not specific to stimulated synapses and is independent of NMDA
receptors. (A,B) After a recovery period in submersion, LTP was triggered using four trains of high-frequency stimulation (arrows). The graphs present the
evolution of the fEPSP slope in the stimulated (black symbols) and control (empty symbols) pathways. Insets show fEPSP waveforms, recorded just before
LTP induction (dotted trace) or 4 h afterward (full trace). (A) On slices from T286A mice (n ¼ 7). (B) On slices from wild-type mice (n ¼ 5). (C,D)
Calculation of the ratio between the two stimulating pathways, on slices from T286A (C, based on A), or wild-type (D, based on B) mice, showing
that the potentiation observed in A was not synapse-specific. (E,F) After a recovery period in submersion, the slices were incubated with APV (50 mM),
applied 30 min before LTP induction until the end of the experiment. The graphs present the evolution of the slope of the fEPSP measured in the stim-
ulated (black symbols) and unstimulated (empty symbols) pathways. Insets show fEPSP waveforms, recorded just before LTP induction (dotted trace) or 4
h afterward (full trace). (E) In slices from T286A mice (n ¼ 6). (F) In slices from wild-type mice. (G) Time-course of the slope of the fEPSP in the absence of
high-frequency stimulation, on slices from control mice with (n ¼ 10) and without (n ¼ 6) APV. (H) Bar graph comparing the level of potentiation of the
stimulated (black columns) and unstimulated (empty columns) pathways reached 4 h after LTP induction after a recovery period in submersion in the
presence or absence of APV. (∗) P , 0.05, Student’s t-test; (∗∗) P , 0.05, Mann–Whitney rank-sum test.
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Consequently, we can say that chemical LTP, which is not
limited to one set of synapses as the drugs have a neuron-wide ef-
fect, is not dependent on aCaMKII autophosphorylation contrary
to electrically induced LTP. These two forms of LTP are not mutu-
ally exclusive as it was possible to induce chemical LTP after elec-
trical LTP (Fig. 3E) whereas a second HFS was not able to induce
a stable increase of synaptic strength (Fig. 3F) demonstrating the
saturation of the first induced potentiation.

As the effect of the drugs can be pre- or postsynaptic, we com-
pared the efficacy of paired-pulse facilitation before and 4 h after
the induction of LTP. In the case of a presynaptic increase in syn-
aptic strength, we should have observed a reduction in paired-
pulse facilitation. Yet, for the four intervals tested (25, 50, 100,
and 200 msec), the facilitation was strictly identical (Fig. 3B).

Then we tested whether the incubation of slices in submer-
sion during the recovery period could further increase the level

Figure 3. LTP induced by an increase in cAMP concentration is independent of aCaMKII autophosphorylation. (A) After a recovery period in interface,
the graph presents the evolution of the slope of the fEPSP, while LTP was induced chemically by a 15-min perfusion of forskolin (50 mM) and IBMX
(30 mM), on slices from wild-type mice (triangles, n ¼ 10) and T286A mice (squares, n ¼ 6). Insets show fEPSP waveforms recorded at three time
points during LTP induction. (B) After a recovery period in interface, paired-pulse facilitation was recorded on slices from mutant mice (n ¼ 8) before
(empty columns) and 4 h after the chemical induction of LTP (black columns). (C) After a recovery in submersion, the graph presents the evolution of
the slope of the fEPSP, while LTP was induced by forskolin and IBMX on slices from wild-type mice (triangles, n ¼ 7) and T286A mice (squares, n ¼
6). Insets show fEPSP waveforms recorded at three time points during LTP induction. (D) Bar graph comparing the level of potentiation reached 4 h
after LTP induction on slices from wild-type (empty columns) or T286A (black columns) mice, for both recovery conditions. (∗∗) P , 0.01. (E)
Chemically induced LTP is not occluded by electrically induced LTP. Time-course of the slope of fEPSP on slices from control C57Bl6 mice (n ¼ 4). LTP
was triggered by four trains of high-frequency stimulation (arrows). One hour after induction, stimulation intensity was reduced to evoke fEPSP in the
same range than the baseline level. Then, chemical LTP was induced by a 15-min incubation with forskolin (50 mM) and IBMX (30 mM). (F) LTP
induced by four trains is saturated. Time-course of the slope of fEPSP on slices from control C57Bl6 mice (n ¼ 4). LTP was triggered by four trains of high-
frequency stimulation (arrows). One hour after induction, stimulation intensity was reduced to evoke fEPSP in the same range than the baseline level.
Then, electrical LTP was again induced by four trains (arrows).
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of potentiation induced by forskolin and IBMX. We can see in
Figure 3C that the induction of LTP was not modified by the incu-
bation of the slices in submersion. However, this potentiation was
maintained at the same level during 4 h in mutant and WT mice
(232+26% in mutant and 204+17% in WT, Student’s t-test P ¼
0.375). This could be explained by the addition of a slow-onset po-
tentiation to the immediate potentiation induced by the drugs.

The final level of potentiation reached in WT and mutant
mice 4 h after the application of forskolin and IBMX is presented
in Figure 3D for the interface and the submersion conditions.

Specific LTP can be induced in T286A mice

in the presence of rapamycin
In T286A mice, immediate learning was impaired, but when the
task was repeated in a massed training protocol of fear condition-
ing, learning occurred (Irvine et al. 2005). Radwanska et al. (2011)
showed that this learning could be impaired by rapamycin.

We thus studied the effect of rapamycin on the LTP induced
by four trains in mutant mice after a recovery period in sub-
mersion. Surprisingly, instead of inhibiting LTP, the incubation
of slices with rapamycin increased the potentiation level of the
stimulated pathway (Fig. 4A).

Four hours after HFS, the potentiation reached a level of
157+10% in slices prepared from mutant mice and incubated
with rapamycin (1 mM) from 2 h before until 4 h after induction.
At the same time, the control pathway presented a slow increase
in synaptic strength which did not reach the level of the pathway
stimulated by HFS (124+9%, Student’s t-test P , 0.05). Even
when we did not take the effect which was not synapse-specific
into account, a stable synapse-specific
LTP was observed in T286A mice. The
level of potentiation was maintained at
128+9% 4 h after the induction (Fig.
4C). The final level of potentiation
reached by the stimulated and the non-
stimulated pathways in the presence or
absence of rapamycin is shown in
Figure 4B.

Long-term incubation of slices with

rapamycin increases NMDA-

dependent synaptic activity
As a part of the increase in synaptic
strength observed in the presence of
rapamycin in mutant mice was restricted
to activated synapses, we hypothesized
that it could be due to an increased effica-
cy of NMDA receptors.

We thus measured the slope of
NMDA fEPSP before and after rapamycin
incubation in the presence of Mg-free
ACSF added with CNQX (50 mM) in
T286A mice (Fig. 5A) and in WT mice
(Fig. 5C).

We observed a significant increase
in NMDA fEPSP slope after a 2-h rapamy-
cin incubation although AMPA synaptic
responses remained stable in mutant
mice (Fig. 5B) and WT mice (Fig. 5D). In
mutant mice, the maximal slope of
NMDA fEPSP increased from 0.7+0.2
to 2.0+0.2 mV/msec. Similarly, the
maximal slope of NMDA fEPSP of WT

mice increased from 0.5+0.1 to 1.6+0.2 mV/msec.
We checked that the increase in NMDA fEPSP response was

not due to time, to the first CNQX incubation or the permutation
of incubating solutions by omitting rapamycin in a sham experi-
ment in WT mice (Fig. 5E,F). In this case the amplitudes of NMDA
fEPSP and of AMPA fEPSP were left unchanged during the 3-h
experiment.

More surprisingly, the incubation of slices with rapamycin
revealed a polysynaptic NMDA response to Schaffer collaterals
stimulation (Fig. 5G). This polysynaptic response dramatically
increased the duration of the fEPSP, which in turn probably in-
creased the amount of calcium influx into postsynaptic dendritic
spines.

Discussion

T286A mutation impairs the specific increase of AMPA

synaptic responses to electrical stimulation
The input/output curves of AMPA fEPSPs and NMDA fEPSPs were
not different in mutant and WT mice. This result suggests that
aCaMKII autophosphorylation is not required for the basal inser-
tion of AMPA and NMDA receptors into the synaptic membrane.
The slope of NMDA-dependent fEPSP measured in the presence
of Mg-free ACSF added with CNQX (50 mM) was identical in mu-
tant and WT mice with a maximal value of 0.7+0.2 and 0.5+

0.1 mV/msec, respectively, a result which is consistent with that
obtained by Giese et al. in the original paper of 1998. This suggests
that the calcium entry induced by high-frequency stimulation will
be equivalent in both groups of mice. This entry is sufficient to

Figure 4. Specific LTP can be induced in T286A mice in the presence of rapamycin. (A) Time-course
of the slope of the fEPSP in T286A mice in the presence of rapamycin. Rapamycin (1 mM) was applied
from the beginning of the recovery period in submersion till the end of the experiment. LTP was trig-
gered by four trains of high-frequency stimulation (arrows) on slices from T286A mice (n ¼ 4). Insets
show fEPSP waveforms, recorded just before LTP induction (dotted trace) or 4 h afterward (full
trace). (B) Bar graph comparing the level of potentiation of the stimulated (black columns) and un-
stimulated (empty columns) pathways reached 4 h after LTP induction under control condition or in
the presence of rapamycin. (∗) P , 0.05. (C) Calculation of the ratio between the two stimulating path-
ways showed that a part of potentiation illustrated in A was specific of the stimulated pathway. (D) Bar
graph comparing the level of specific potentiation (after calculation of the ratio) reached 4 h after LTP
induction under control condition or in the presence of rapamycin. (∗) P , 0.05, Student’s t-test.
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trigger an immediate increase in synaptic strength which could be
due to the phosphorylation of preexisting AMPA receptors by PKA
(Leeet al. 2000). Indeed, calciumentrycouldactivateadenylate cy-
clase increasing the production of cAMP, which activates PKA (Wei
et al. 2006). This early LTP could also be due toaCaMKII activation
by calcium/calmodulin leading to phosphorylation of GluR1 sub-
unit of AMPA receptors on S831 (Coultrap et al. 2012). However,
this increase in fEPSP remained largely smaller than that observed
in WT mice and is not maintained over time in mutant mice. The
impairment of LTP inducedby HFS in T286A micewasdemonstrat-
ed previously for LTP induced by four trains at 50 Hz (Irvine et al.

2011) and two groups of four trains at 50
Hz (Radwanska et al. 2011). In this paper,
we presented the data of LTP induced by
four trains at 100 Hz but no other kind
of electrical stimulation (200 Hz (Cavus
and Teyler 1996) or TBS (Larson et al.
1986)) was able to induce a sustained
increase in synaptic strength (data not
shown).

Impact of recovery conditions

on excitability and LTP
Just after dissection, acute hippocampal
slices must recover during a minimum
of 1 h before starting any experiment.
However, recovery conditions modify
the properties of LTP induced by high-
frequency stimulation (Capron et al.
2006). When the recovery period occurs
in submersion, the potentiation reaches
a higher level and is maintained at this
high level throughout the experiment.

In this study, after a period of incu-
bation in submersion, the slices prepared
from mutant mice presented a higher
level of potentiation just after the induc-
tion and a small increase in synaptic
strength was observed during 4 h. How-
ever, this increase was correlated to a
slow-onset potentiation of the unstimu-
lated pathway (which did not receive
any HFS). This increase, which was not
synapse-specific, was independent of
NMDA receptors as it was still present
and even increased in the presence of
APV, an NMDA receptor antagonist.
Giese et al. (1998) also found some
NMDA receptor-independent LTP but
did not test for input specificity. These re-
sults suggested that the postsynaptic
neurons responded to the HFS by a gene-
ral activation not restricted to dendritic
spines. This general activation presented
a slow onset and a progressive installa-
tion. This kind of potentiation could be
associated with L-type VDCC activation
as shown in the studies of Tayler et al.
(Grover and Teyler 1990; Cavus and Tey-
ler 1996). Grover and Yan (1999) showed
that this VDCC-dependent LTP was facil-
itated by postsynaptic depolarization
and action potential back-propagation.

We hypothesize that the incubation
in submersion leads to an increased neu-

ronal excitability and to the activation of L-type VDC channels by
a relatively weak stimulus. As VDCC are located in the dendrites,
close to the neck of dendritic spines, their activation cannot be
synapse-specific. The entry of calcium through NMDA receptors
is isolated in dendritic spines while the increase in calcium con-
centration mediated by VDCC or reticulum endoplasmic chan-
nels is more general and concerns more synapses (Malenka 1991).

During the resting period in submersion we increased the
flow rate of perfusion to 2 mL/min. As the volume of the chamber
is 1 mL, it will be renewed every 30 sec. Moreover, during this pe-
riod, slices are covered only by a thin layer of liquid because they

Figure 5. Long-term incubation of slices with rapamycin increases NMDA receptor-mediated synap-
tic transmission. (A–D) Input/output relationships of NMDA receptor and AMPA receptor-mediated
responses (respectively, left and right) were recorded before (empty circles) and after (black circles) a
2-h incubation with rapamycin (1 mM), on slices from T286A mice (A,B, n ¼ 4) and wild-type mice
(C,D, n ¼ 4). NMDAR-mediated responses were recorded in the presence of CNQX and in the
absence of Mg2+. (E,F) Input/output relationships of NMDA receptor and AMPA receptor-mediated re-
sponses were recorded at 2-h interval under control conditions on slices from wild-type mice (n ¼ 4). (∗)
P , 0.05, Student’s t-test. (G) NMDA receptor-mediated fEPSP recorded before (dotted trace) and after
(full trace) a 2-h perfusion with rapamycin (1 mM), showing emergence of polysynaptic NMDA activity.
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are allowed to float freely at the surface of the liquid (Capron et al.
2006). Nevertheless, this procedure could provide less oxygena-
tion to the slices than the interface condition. A mild hypoxia
of the slices during the recovery period could be at the origin of
the increase in excitability. The increased neuronal excitability
observed in submersion could also be due to signaling through
BDNF released by neurons (Kuczewski et al. 2008) or TNF-a release
by astrocytes. BDNF can have NMDA-dependent and NMDA-in-
dependent actions (Li and Keifer 2009) while LTP induced by
TNF-a can appear after a trauma in the spinal cord (Liu et al. 2007).

On the other hand, Ito and Schuman (2009) showed that the
presence of A-type potassium channels along the dendrites could
influence the regulation of AMPA receptors insertion into synap-
tic membranes. A redistribution of this kind of channels could
therefore induce homeostatic regulation of synaptic strength.

A possible role for b subunits of CaMKII
The generation of null mutant mice that do not express aCaMKII
protein allowed to demonstrate that aCaMKII controlled presyn-
aptic plasticity (Hinds et al. 2003) in a way independent of its ki-
nase activity (Hojjati et al. 2007). Postsynaptic LTP was also
impaired in these mice (Silva et al. 1992b) but not totally absent
(Hinds et al. 1998) suggesting a compensatory role of bCaMKII
which can be autophosphorylated at T287 (Brocke et al. 1999).
However, in T286A mice, aCaMKII is present and cannot be re-
placed by bCaMKII. The holoenzyme consisting of heteromeric
complexes of the aCaMKII and bCaMKII isoforms is targeted to
synapses in a way dependent of the presence of bCaMKII (Borge-
sius et al. 2011) and of the state of phosphorylation of the inhib-
itory site T305 or 306 of aCaMKII (Elgersma et al. 2002). In vivo,
the calmodulin dependence for autophosphorylation of the b

subunits is shifted toward that of a homomers, suggesting that
T287 in b subunits is phosphorylated by a subunits present in
the same holoenzyme (Brocke et al. 1999).

Chemical LTP
LTP can be induced chemically by activating enzymes down-
stream from calcium entry. In this case, LTP is not restricted to
electrically activated synapses. In this study, we used forskolin
and IBMX to induce long-lasting LTP in hippocampal slices after
a resting period in interface or in submersion.

The mechanisms underlying this potentiation are still un-
clear and there is no definite evidence that cAMP can strengthen
synaptic transmission by a CaMKII-independent mechanism.
Blitzer et al. (1998) suggested that the activation of PKA by
cAMP could inhibit the activity of protein phosphatase PP1
through the activation of inhibitor 1. As PP1 dephosphorylates
CaMKII, it was suggested that PKA can extend the duration of
the CaMKII autophosphorylation state, leading to CaMKII-depen-
dent LTP. Yet, during chemical-LTP (c-LTP), there is an NMDA-
dependent accumulation of CaMKII in the dendritic spines
(Otmakhov et al. 2004b). Makhinson et al. (1999) have showed
that NMDA antagonists or CaMKII inhibitors can block the poten-
tiation and the structural changes that are produced by activation
of the cAMP pathway. Otmakhov et al. (2004a) showed that cLTP
was dependent on NMDA receptors, a finding that we have par-
tially confirmed previously (Capron et al. 2006). However, in
this study, the increase in synaptic strength induced by forskolin
and IBMX was independent of the mechanisms induced by elec-
trical stimulation. Indeed, chemical LTP can be induced in slices
which have undergone an electrical LTP which was shown to be
saturated. Yet, our results showed that the chemical LTP was inde-
pendent of aCaMKII autophosphorylation as it reached exactly
the same level in WT and mutant mice. The potentiation was
maintained at .140% during 4 h. In comparison, Otmakhov

et al. (2004a) showed a decreasing LTP induced by forskolin and
rolipram in normal conditions and a sustained LTP in the pres-
ence of picrotoxin. This LTP was dependent on NMDA receptors,
but the combination of picrotoxin and forskolin/rolipram in-
duced an epileptic activity. In our preparation, we did not use pic-
rotoxin and the epileptic activity was prevented by cutting the
CA3 region.

After a recovery period in submersion, the LTP induced by
forskolin and IBMX was maintained at a higher level than after
a recovery period in interface. This was observed in WT and in mu-
tant mice. This suggests that two different cascades could be in-
duced by the drugs and add their effects. Here again, the cut of
CA3 region prevent the apparition of epileptic activity in the
slices.

The long duration of drug application can explain the inde-
pendence of synaptic plasticity from aCaMKII autophosphory-
lation. As the stimulus is long and not restricted to dendritic
spines, it can activate CaMKII and induce its translocation into
synapses. The short activation of adenylate cyclase by calcium/
calmodulin during HFS stimulation (Uhlén and Wikberg 1988)
might not be sufficient to allow the translocation of CaMKII.

Rapamycin effect
Rapamycin has been reported to inhibit LTP through its action on
mTOR-dependent translation (Gong et al. 2006). However, in our
case, as LTP had been shown to be resistant to the presence of pro-
tein synthesis inhibitors (Villers et al. 2012), this effect was not
present. Conversely, a specific form of potentiation was observed
in slices prepared from mutant mice and incubated with rapamy-
cin. This effect was assumed to be related to NMDA receptor acti-
vation and aCaMKII translocation. A large increase in NMDA
fEPSP was observed at the very moment of LTP induction, which
probably caused a much longer-lasting calcium entry into den-
dritic spines. This entry of calcium by NMDA receptors remained
restricted to dendritic spines and thus led to synapse-specific LTP.
Longer calcium waves might therefore lead to a longer presence of
the calcium/calmodulin complex and to a longer activation of
CaMKII even in the absence of autophosphorylation.

The mechanisms underlying NMDA fEPSP increase after 2 h
of incubation with rapamycin are unknown and cannot be gener-
alized as this increase cannot be reproduced in another strain of
mice (C57Bl6, data not shown). Polysynaptic responses mediated
by AMPA and NMDA receptors have already been shown in the
CA1 region of rat hippocampus after blocking GABAa receptors
(Crépel et al. 1997). On the other hand, rapamycin induces
Kv1.1 synthesis in dendrites (Raab-Graham et al. 2006) leading
to modifications in neuronal excitability.

Conclusion
Taken together, our findings suggest that aCaMKII autophosphor-
ylation is not necessary to induce several forms of potentiation in
the CA1 region of hippocampus. However, the increase in synap-
tic strength was not restricted to stimulated synapses. Because
synapse specificity is a key element in the learning capacity of
the neuronal networks, this cell-wide LTP cannot be related to spe-
cific learning processes. aCaMKII autophosphorylation seems
therefore necessary to guarantee the synapse specificity of plastic-
ity and learning and memory.

However, if the duration and the amplitude of NMDA
receptor-mediated response were artificially increased then syn-
apse-specific LTP could be induced in the absence of autophos-
phorylation. We propose that aCaMKII autophosphorylation,
which is necessary for learning induced by a single trial, is also re-
quired for synaptic plasticity induced by a short and precise stim-
ulus but maybe not for a longer and stronger stimulation.
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Materials and Methods

Slice electrophysiology
The experiments were performed on transverse hippocampal
slices from adult aCaMKII-T286A mice and wild-type littermates
generated as described (Giese et al. 1998) and for some experi-
ments from C57Bl/6 mice. The hippocampus was dissected and
cut into 400-mm-thick slices with a tissue chopper. Hippocampal
slices were perfused with artificial cerebrospinal fluid (ACSF) with
the following composition: 124 mM NaCl, 5 mM KCl, 26 mM
NaHCO3, 1.24 mM NaH2PO4, 2.5 mM CaCl2, 1.3 mM MgSO4,
10 mM D-glucose, bubbled with a mixture of 95% O2 and 5%
CO2. Mice were anaesthetized and decapitated. The slices were
transferred into the recording chamber and kept in an interface
or a submersion chamber at 28˚C for 1.5 h. The perfusion rate
of ACSF was 1 mL/min for interface and 2 mL/min for submersion
chamber. Recordings were performed in interface chamber. Bipo-
lar twisted nickel–chrome electrodes (50 mm each) were used to
stimulate two distinct bundles of Schaffer collaterals. Extracellular
field excitatory postsynaptic potentials (fEPSP) were recorded in
the stratum radiatum of the CA1 region with low resistance (2–
5 MV) glass microelectrodes filled with ACSF. Test stimuli were
biphasic constant-voltage pulses (0.08 msec for each pulse) deliv-
ered every minute with an intensity adjusted to evoke �40% max-
imal response. The slope of the fEPSP was measured on the average
of four consecutive responses. Independence of both pathways
was ascertained by applying two pulses with a 50-msec interval
to the two pathways and verifying the absence of paired-pulse fa-
cilitation. Synaptic fatigue was assessed by measuring the ampli-
tude of the fEPSP induced by the first 10 stimulations of the first
train. LTP was induced by applying four trains (100-Hz, 1-sec,
5-min interval) or a mixture of forskolin (50 mM, Alomone) and
IBMX (30mM, Sigma). In both protocols, the potentiated response
was recorded for 4 h. For each slice, the fEPSP slopes were normal-
ized with respect to the mean slope of the fEPSPs recorded during
the 30-min period preceding induction of LTP. When slices were
allowed to recover in a submersion chamber, the initial response
increased during the first 20 min and then remained stable for
the rest of the experiment. In this case the baseline was started af-
ter stabilization. To determine whether or not the normalized
fEPSP of a group of slices submitted to the same experimental con-
ditions was significantly potentiated (P , 0.05), the percentages
of baseline measured after induction of LTP were compared using
a two-way ANOVA and several Student’s t-tests at different times
after LTP induction. In some experiments, rapamycin (1 mM,
Tocris) or APV (50 mM, Tocris) was added to ACSF. NMDA fEPSP
were measured in the presence of Mg-free ACSF added with
CNQX (disodium salt, 20 mM, Tocris). Rapamycin, forskolin,
and IBMX were diluted in DMSO (0.1% final concentration) while
APV and CNQX were diluted in water.
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