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Incorporation of inwardly rectifying AMPA
receptors at silent synapses during
hippocampal long-term potentiation

Daiju Morita†, Jong Cheol Rah‡ and John T. R. Isaac}

Developmental Synaptic Plasticity Section, National Institute of Neurological Disorders and Stroke,
National Institutes of Health, 35 Convent Drive, Bethesda, MD 20892, USA

Despite decades of study, the mechanisms by which synapses express the

increase in strength during long-term potentiation (LTP) remain an area of

intense interest. Here, we have studied how AMPA receptor subunit com-

position changes during the early phases of hippocampal LTP in CA1

pyramidal neurons. We studied LTP at silent synapses that initially lack

AMPA receptors, but contain NMDA receptors. We show that strongly

inwardly rectifying AMPA receptors are initially incorporated at silent

synapses during LTP and are then subsequently replaced by non-rectifying

AMPA receptors. These findings suggest that silent synapses initially incor-

porate GluA2-lacking, calcium-permeable AMPA receptors during LTP that

are then replaced by GluA2-containing calcium-impermeable receptors.

We also show that LTP consolidation at CA1 synapses requires a rise in

intracellular calcium concentration during the early phase of expression,

indicating that calcium influx through the GluA2-lacking AMPA receptors

drives their replacement by GluA2-containing receptors during LTP consoli-

dation. Taken together with previous studies in hippocampus and in other

brain regions, these findings suggest that a common mechanism for the

expression of activity-dependent glutamatergic synaptic plasticity involves

the regulation of GluA2-subunit composition and highlights a critical role

for silent synapses in this process.
1. Introduction
A major body of evidence supports the idea that long-term potentiation (LTP) is

an important synaptic mechanism underlying diverse forms of learning and

memory in the mammalian brain [1,2]. Considerable effort has been made to

define the molecular mechanisms for the induction and expression of LTP.

This work shows that LTP is triggered by the activation of NMDA receptors,

leading to an influx of calcium that causes an increase in the strength of

synapses mediated primarily by an increase in the number and responsiveness

of AMPA receptors expressed at the postsynaptic membrane [3]. AMPA recep-

tor number is increased owing to the trafficking of receptors to the synapse and

involves a number of interacting proteins [3,4]. LTP at silent synapses exempli-

fies the regulation of AMPA receptor number. Silent synapses are a subset of

synapses in hippocampus and neocortex that lack postsynaptic AMPA recep-

tors, yet contain NMDA receptors. Hence, at resting membrane potentials,

these synapses are functionally silent owing to the voltage-dependent block

of NMDA receptors by magnesium ions. However, upon depolarization of

the postsynaptic neuron, the NMDA receptor voltage-dependent block is

relieved, and when combined with synaptic glutamate release, this causes the

induction of LTP [5–9]. Silent synapses are found in greater number in early

development [10–15]. One hypothesis is that they represent conditional synaptic

connections requiring activity-dependent strengthening to become functional.

Such a mechanism is proposed to be important, for example, in experience-

dependent synaptic plasticity underlying development of topographical maps

in primary sensory cortex [12–16].
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One area of recent controversy, concerning the recruitment

of AMPA receptors to synapses during LTP, is the subunit

composition of these receptors. The core AMPA receptor com-

plex is tetrameric, made up of combinations of the GluA1–4

subunits [17]. In cortical pyramidal neurons, the vast major-

ity of AMPA receptors are thought to contain the GluA2

subunit. Indeed, the presence of the GluA2 subunit, in its

typical postnatally edited form, renders the receptor ion

channel impermeable to calcium and insensitive to voltage-

dependent blockade by intracellular polyamines, for example

spermine [17,18]. Consistent with this view, the great majority

of AMPA receptors on cortical pyramidal neurons exhibit

no inward rectification, which reflects their lack of voltage-

dependent blockade by intracellular polyamines. Moreover,

calcium influx through GluA2-lacking AMPA receptors is

believed to be excitotoxic to pyramidal neurons [19],

suggesting an important functional role of GluA2 incorpor-

ation in the AMPA complex in these neurons. Nevertheless,

an emerging body of evidence suggests that GluA2-lacking

AMPA receptors are involved in several forms of synaptic

plasticity. Early studies showed that GluA2-lacking AMPA

receptors are present at synapses on cerebellar stellate neurons

and calcium influx through these receptors causes a form

of synaptic plasticity in which GluA2-lacking are replaced

by GluA2-containing receptors [20–23]. We subsequently

showed that a similar process may occur at hippocampal

CA1 synapses during LTP. We found that immediately after

LTP, inwardly rectifying GluA2-lacking AMPA receptors are

transiently expressed for approximately 15 min before being

replaced by non-rectifying GluA2-containing receptors in an

activity-dependent process that consolidates LTP [24].

Since these early studies on the involvement of GluA2-

lacking, calcium-permeable AMPA receptors in cerebellar

and hippocampal synaptic plasticity, a number of studies

have shown that similar mechanisms may underlie plasticity

in other brain areas, including primary sensory cortex, vent-

ral tegmental area (VTA), amygdala and hypothalamus

[18,25–28]. Despite this, considerable controversy remains for

hippocampal CA1 LTP on the role of GluA2-lacking AMPA

receptors. Some studies have failed to observe any change in

the GluA2 content of AMPA receptors during LTP expression

[29,30], whereas others provide evidence in favour of the

hypothesis [31,32]. One possibility to explain these discrepant

results is that different subsets of CA1 synapses differentially

incorporate GluA2-lacking or GluA2-containing AMPA recep-

tors immediately after LTP induction, depending on their

previous history of plasticity or stage of maturity [32]. In par-

ticular, one possibility is that silent synapses, which are

thought to represent an immature form, may selectively

express GluA2-lacking AMPA receptors immediately after

LTP induction. In this study, we directly tested this idea by

studying the rectification properties of AMPA receptors incor-

porated at silent synapses during LTP. By pharmacologically

isolating the AMPA receptor responses after LTP, we measured

the rectification properties of these newly incorporated AMPA

receptors. We show that in the majority of cases, silent synapses

incorporate strongly inwardly rectifying AMPA receptors

immediately after LTP and these are subsequently replaced

by non- or outwardly rectifying receptors. In a separate set

of experiments, we tested the role for intracellular calcium

in the consolidation of LTP. Using UV light to uncage an

intracellular calcium chelator immediately following LTP

induction, we show that calcium chelation causes reversal of
LTP. Taken together with previous work on the requirement

for synaptic activation of GluA2-lacking AMPA receptors for

the consolidation of LTP [24], this work provides evidence

that silent synapses preferentially incorporate GluA2-lacking

receptors during LTP and the calcium influx through these

receptors is required for LTP consolidation by driving their

switch to GluA2-containing receptors.
2. Results
(a) Inwardly rectifying AMPA receptors are

transiently incorporated at silent synapses
during long-term potentiation

We tested the hypothesis that GluA2-lacking, calcium-

permeable AMPA receptors are inserted into silent synapses

as a mechanism for LTP expression in hippocampal CA1 pyr-

amidal neurons in acute slices prepared from 5- to 8-day-old

rats. To detect GluA2-lacking AMPA receptors, we measu-

red the rectification properties of the newly incorporated

receptors. To isolate a putative silent synapse, we used

minimal stimulation and reduced the intensity to that just

subthreshold for eliciting AMPA receptor-mediated excit-

atory postsynaptic currents (EPSCs) at a holding potential of

270 mV and collected a baseline of 100 stimuli at 0.5 Hz. To

induce LTP, we then switched the membrane potential to

0 mV for the next 100 trials, without interrupting the ongoing

0.5 Hz stimulation. At the end of the LTP induction period, the

membrane potential was once again returned to 270 mV, with-

out interrupting the ongoing stimulation, and 100 mM D-AP5

was bath applied for the remaining duration of the experiment.

At this point, in a subset of cells, AMPA EPSCs were now

observed showing that LTP had been successfully induced at

the originally silent synapse (figure 1a). In the remainder of

the experiments in which no AMPA EPSCs were detected, pre-

sumably no silent synapse was being activated during baseline.

This protocol is very similar to that used previously for the

induction of LTP at silent synapses [5].

In the cells in which LTP was induced, we could then study

the rectification properties of the newly incorporated AMPA

receptors as follows: a 5-min period of trials were recorded

at 270 mV immediately after LTP induction followed by a

5-min period at þ40 mV to investigate whether the newly

inserted AMPA receptors exhibited inward rectification. In a

subset of cells, a period at 0 mV was also collected. We called

this early phase of LTP, ‘LTP1’. Following this, the cell was

returned to 270 mV and data collected for another 15 min

before the cell was once again depolarized to 0 and þ40 mV

to measure rectification properties of the AMPA receptors

(‘LTP2’). Note that the presence of the NMDA receptor antag-

onist, D-APV, after LTP induction, as well as the GABAA

receptor blocker picrotoxin throughout, enabled the rectifica-

tion properties of the newly inserted AMPA receptors to be

measured in pharmacological isolation.

As shown in figure 1a–c, we found that in the majority of

experiments, the newly inserted AMPA receptors at silent

synapses were completely or very strongly inwardly rectifying

in the early LTP phase (LTP1). However, in one experiment we

observed non-rectifying AMPA receptors newly incorporated

(figure 1d). In the later LTP2 phase, we found that the AMPA

receptors had switched to being non-rectifying or outwardly

rectifying in the majority of experiments (figure 1a–d ). When
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Figure 1. Inwardly rectifying AMPA receptors are incorporated at silent synapses during LTP: (a) example silent synapse experiment showing EPSC amplitude versus
time (i) and series resistance (ii) during a whole-cell voltage-clamp recording from a CA1 pyramidal neuron in a hippocampal slice. Holding potential is indicated for
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all experiments were taken together (n ¼ 6), the appearance

of AMPA receptor-mediated EPSCs at a holding potential of

270 mV during LTP1 was not associated with the appearance

of AMPA receptor-mediated EPSCs at þ40 mV; however,

during LTP2 AMPA receptor-mediated EPSCs were observed

at both potentials (figure 2a). Thus, during LTP1, AMPA recep-

tor-mediated EPSCs were strongly inwardly rectifying AMPA

receptors on average, whereas during LTP2 AMPA receptor-

mediated EPSCs no longer exhibited inward rectification and

were now typically non- or outwardly rectifying (figure 2b–d).

Therefore, we show that inwardly rectifying AMPA receptors

are initially incorporated at silent synapses during LTP and are

subsequently replaced by non-rectifying receptors.

(b) An increase in intracellular calcium is required for
consolidation of long-term potentiation

Our data support the model [18,24] in which GluA2-lacking,

calcium-permeable inwardly rectifying AMPA receptors
are initially incorporated into CA1 pyramidal cell synapses

during LTP and are subsequently switched for GluA2-

containing calcium-impermeable non-rectifying AMPA recep-

tors. As GluA2-lacking AMPA receptors are calcium

permeable, one hypothesis is that this calcium influx is required

for their activity-dependent replacement during LTP stabiliz-

ation. Indeed, previous work suggests that activation of the

newly incorporated GluA2-lacking AMPA receptors is required

for their replacement by GluA2-containing receptors [21,22,24].

At CA1 synapses, we have previously shown that blockade of

GluA2-lacking AMPA receptors by philanthotoxin reverses

LTP when applied within the first 15 min following induction

and that synaptic activity is also required for LTP consolidation

during this early LTP period [24]. One prediction from these

findings is that an increase in intracellular calcium concentration

owing to calcium influx through the GluA2-lacking AMPA

receptors is necessary for LTP consolidation. To test this idea,

we used the caged calcium chelator, diazo-2. This caged version

of the high-affinity calcium chelator, BAPTA, can be used in
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neurons to prevent a rise in intracellular calcium concentration

with little effect on resting calcium levels [33,34]. We included

10 mM diazo-2 in the intracellular solution during whole-cell

patch-clamp recordings from CA1 pyramidal neurons in acute

hippocampal slices prepared from two week old rats, and then

used UV light to uncage the chelator following LTP induction.

We interleaved these experiments with controls in which no

diazo-2 was included but in which UV light was still applied,

or in which diazo-2 was included in the whole-cell solution

but no UV light was applied. We found that inclusion of

diazo-2 did not prevent the induction of LTP; however, uncaging

of diazo-2 2 min after LTP induction did cause the potentiation

to reverse back to baseline after 20–25 min. In the interleaved

controls, UV light alone or diazo-2 without UV light did not pre-

vent establishment of stable LTP (figure 3a,d). These findings

suggest that an increase in intracellular calcium concentration

during the early phase of LTP is required for its maintenance

and support the idea that calcium influx through GluA2-lacking

AMPA receptors is required for LTP consolidation.
3. Discussion
Here, we have studied the properties of AMPA receptors that

are newly inserted at silent synapses during LTP. We have

also investigated a role for an increase in intracellular calcium

concentration in the consolidation of LTP. We show that

fully or strongly inwardly rectifying AMPA receptors are tran-

siently incorporated at silent synapses during LTP. These

unique rectification properties strongly indicate that GluA2-

lacking, calcium-permeable AMPA receptors are preferentially
incorporated at silent synapses and mediate the earliest phase

of LTP expression. We further show that the rectifying recep-

tors are subsequently replaced by non-rectifying receptors,

indicating that the newly incorporated GluA2-lacking recep-

tors are replaced by GluA2-containing receptors. Finally, we

show that an increase in intracellular calcium is required for

the consolidation of LTP, suggesting that the calcium influx

through the newly incorporated GluA2-lacking AMPA recep-

tors drives the switch to GluA2-containing receptors during

LTP consolidation. These findings are summarized in figure 4.

This work characterizing newly incorporated AMPA recep-

tors at silent synapses represents the most direct analysis of the

rectification properties of synaptic AMPA receptors during

LTP, to date. The design of the experiment allows the newly

incorporated receptors to be analysed in isolation because they

are added to synapses that originally lack AMPA receptors

and the rectification properties are measured in the presence of

NMDA receptor blockade. Thus, a pure population of newly

incorporated receptors are assayed. Our work shows that the

new AMPA receptors exhibit very strong inward rectification

consistent in magnitude with that observed at CA1 synapses

from neurons in which GluA2 has been knocked out [35]. This

suggests that silent synapses preferentially incorporate AMPA

receptors that lack the GluA2 subunit. This work confirms the

previous finding [24] that the inwardly rectifying population

of AMPA receptors expressed during LTP is transient. In agree-

ment with that study, the rectifying population of receptors is

only present during the early phase of LTP and is replaced by

non-rectifying receptors after approximately 20–30 min.

Despite the accumulating evidence for a role of GluA2-

lacking AMPA receptors in the expression of LTP in several
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brain regions [18,25–28], there is controversy as to the role

GluA2-lacking AMPA receptors play in the expression of hip-

pocampal LTP. Two studies failed to find evidence for such a

role forGluA2-lacking AMPA receptors [29,30]; however, two

other studies do provide evidence for incorporation of

GluA2-lacking AMPA receptors in LTP [31,32]. Based on

the present results, one possibility to explain the inconsistent

data is that GluA2-lacking AMPA receptors are selectively

incorporated at silent synapses in CA1 pyramidal neurons.

Silent synapses are developmentally downregulated and

may also be regulated in response to experience. Thus, a

possibility is that there was a lack of silent synapses in studies

that failed to observe changes in GluA2 content during LTP.

One important proposed role of the GluA2-lacking AMPA

receptors initially incorporated during LTP is that they drive

consolidation of LTP in a mechanism requiring calcium

influx through these receptors. This has been proposed as a

mechanism to tag newly potentiated synapses that then require

subsequent activity to stabilize the potentiation at these inputs

[18,24]. Indeed, it has been shown that such newly potentiated

synapses require synaptic activity for LTP consolidation and

that blockade of GluA2-lacking AMPA receptors by philantho-

toxin reverses LTP [24]. The current data showing reversal of
LTP with diazo-2 uncaging after induction, now provide further

evidence for such a model by showing the requirement for a rise

in intracellular calcium concentration for the consolidation of

the LTP. It is formally possible that intracellular diazo-2 unca-

ging is chelating a calcium rise produced by mechanisms

other than calcium permeation through GluA2-lacking AMPA

receptors. However, this seems unlikely as other calcium

sources, such as NMDA receptor-dependent calcium influx or

release of calcium from intracellular stores, have previously

been shown not to be required for the stability of LTP after its

induction [36]. For example, as shown in figures 1 and 2, LTP

is stable in the presence NMDA receptor blockade. Moreover,

although calcium-permeable AMPA receptors have a lower

calcium-permeability compared with, for example, NMDA

receptors, calcium transients in neurons resulting from the

synaptic activation of calcium-permeable AMPA receptors

are observed, supporting the idea that such calcium influx is

functionally important. Previous work using intracellular unca-

ging of a calcium chelator showed that diazo-4 uncaging more

than 2 s after LTP induction had no effect on subsequent LTP

stability [37]. However, slices from animals 2–5 weeks of

age were used in this study and silent synapses are developmen-

tally downregulated in CA1 hippocampus by this age [10];
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therefore, the lack of effect of calcium chelation on LTP

consolidation shows that this study is consistent with the hypo-

thesis that GluA2-lacking AMPA receptors are selectively

incorporated at silent synapses.

In summary, we have shown that strongly inwardly rectify-

ing AMPA receptors are incorporated at CA1 silent synapses

during LTP, but are subsequently replaced by non-rectifying

AMPA receptors. Further, we show that uncaging of an intra-

cellular calcium chelator prevents consolidation of LTP. Our

data are consistent with a mechanism in which GluA2-lacking,

calcium-permeable AMPA receptors are selectively expressed

at silent synapse during the early phase of LTP and replaced

by GluA2-containing receptors during LTP consolidation in a

mechanism requiring calcium influx through the calcium-per-

meable AMPA receptors. The requirement for calcium influx

through GluA2-lacking AMPA receptors to drive the switch

to GluA2-containing receptors during CA1 LTP consolidation

is very similar to the mechanism described for plasticity at cere-

bellar stellate cell synapses [21]. This suggests that such a

mechanism may be a common process in the brain underlying

the GluA2-subunit composition switch during similar forms of

plasticity described at inputs in primary sensory cortex, VTA,

amygdala and hypothalamus [18,25–28].
4. Material and methods
Whole-cell patch-clamp recordings were made from CA1 pyram-

idal neurons in acute hippocampal slices using standard

techniques as previously described [24,38]. Acute slices prepared

from rats aged 5–8 days old (for silent synapse experiments) or

two weeks old (for diazo-2 experiments) were immersed in an

extracellular solution comprising (mM): 125 NaCl, 3.25 KCl,

1.25 NaHPO4, 25 NaHCO3, 2.5 CaCl2, 1.3 MgSO4, 10 glucose,

0.1 picrotoxin, saturated with 95% O2/5% CO2. The intracellular

solution was as follows (mM): 135 CsMeSO4, 8 NaCl, 10 HEPES,

0.5 EGTA, 4 Mg-ATP, 0.3 Na-GTP, 5 QX314, 0.1 spermine and pH

7.2, 285 mOsm. All recordings were performed at room tempera-

ture. For the diazo-2 experiments, 10 mM diazo-2 was added

to the intracellular solution and CsMeSO4 was reduced to

130 mM. EPSCs, recorded at a holding potential of 270 mV,

were elicited by extracellular stimulation of CA3 axons using a
stimulating electrode placed in stratum radiatum, at a frequency

of 0.5 Hz for silent synapse experiments, and at 0.2 Hz for diazo-

2 experiments. Signals were amplified using an Axopatch 700B

patch-clamp amplifier and filtered at 5 Hz. Data were digitized

at 10 kHz and acquired on PC using SIGNAL software. EPSC ampli-

tude, direct current, series resistance and input resistance were

measured and displayed online. Recordings were terminated if

series resistance changed by more than 20%.

For silent synapse experiments, minimal stimulation was

used whereby initially a stimulus intensity sufficient to evoke

EPSCs was used, and then gradually reduced in intensity until

just subthreshold for eliciting AMPA receptor-mediated EPSCs.

One hundred trials were then collected at 0.5 Hz (at 270 mV

holding potential) as a baseline followed by an LTP induction

protocol in which holding potential was changed to 0 mV and

stimulation continued uninterrupted for 100 trials at 0.5 Hz.

The cell was returned to 270 mV and monitored for a further

100 trials to determine whether LTP had been induced, character-

ized by the appearance of EPSCs. We did not attempt to detect

ESPCs mediated only by NMDA receptors during baseline,

because the unblocking of NMDA receptors to measure such

EPSCs would itself induce plasticity.

For diazo-2 experiments, LTP was induced by pairing 100

stimuli at 1 Hz with a holding potential of 0 mV. Rectification

index is calculated as (EPSCþ40/EPSC270) � (7/4). For the

diazo-2 uncaging experiments, a 1 s UV light pulse was applied

to the recorded cell through the objective (�40). The calcium buf-

fering properties of diazo-2 before and following uncaging has

been well described in the literature [33,34]. This shows that

diazo-2 at mM intracellular concentrations in whole-cell record-

ings from CA1 pyramidal neurons exhibits a small amount of

calcium buffering, which is then greatly increased upon un-

caging. This reflects the change in KD from 2.2 mM to 70 nM

upon uncaging. Although we do not measure the degree of cal-

cium buffering in this work, the ability to induce LTP in the

presence of diazo-2 and the block of LTP following diazo-2 un-

caging indicates that a significant increase in calcium buffering

was achieved under our experimental conditions. Drugs were

purchased from Sigma, Invitrogen or Tocris. For statistical com-

parisons, a two-tailed Student’s t-test was used; p , 0.05 was

considered significant.
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