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Cellular/Molecular

Calcium-Permeable AMPA Receptors Mediate the Induction
of the Protein Kinase A-Dependent Component of Long-
Term Potentiation in the Hippocampus

Pojeong Park,'* ©“Thomas M. Sanderson,'* “Mascia Amici,* Sun-Lim Choi,* Zuner A. Bortolotto,* Min Zhuo,'>
Bong-Kiun Kaang,' and “Graham L. Collingridge'->3+
Department of Biological Sciences and Brain and Cognitive Sciences, College of Natural Sciences, Seoul National University, Seoul 08826, Korea,
2Department of Physiology, Faculty of Medicine, University of Toronto, Toronto, Ontario M5S 1A8, Canada, and *Lunenfeld-Tanenbaum Research
Institute, Mount Sinai Hospital, Toronto, Ontario M5G 1X5, Canada, and “Centre for Synaptic Plasticity, School of Physiology and Pharmacology, Bristol
BS1 3NY, United Kingdom

Two forms of NMDA receptor (NMDAR)-dependent long-term potentiation (LTP) at hippocampal CA1 synapses can be distinguished
based on their sensitivity to inhibitors of protein kinase A (PKA). The PKA-dependent form requires multiple episodes of high-frequency
stimulation (HFS) or theta burst stimuli (TBS) with a spacing between episodes in the order of minutes. To investigate the mechanism by
which spaced episodes induce the PKA-dependent form of LTP, we have compared, in interleaved experiments, spaced (s) and com-
pressed (c) TBS protocols in the rat CA1 synapses. We find that LTP induced by sTBS, but not that induced by cTBS, involves the insertion
of calcium-permeable (CP) AMPARs, as assessed using pharmacological and electrophysiological criteria. Furthermore, a single TBS
when paired with rolipram [4-(3-(cyclopentyloxy)-4-methoxyphenyl)pyrrolidin-2-one], to activate PKA, generates an LTP that also
involves the insertion of CP-AMPARs. These data demonstrate that the involvement of CP-AMPARs in LTP is critically determined by the

timing of the induction trigger and is associated specifically with the PKA-dependent form of LTP.

Key words: calcium-permeable AMPA receptor; hippocampus; long-term potentiation; NMDA receptor; PKA; rectification
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ignificance Statement

Long-term potentiation is a family of synaptic mechanisms that are believed to be important for learning and memory. Two of the most
extensively studied forms are triggered by the synaptic activation of NMDA receptors and expressed by changes in AMPA receptor
function. They can be distinguished on the basis of their requirement for activation of a protein kinase, PKA. We show that the PKA-
dependent form also involves the transient insertion of calcium-permeable AMPA receptors. These results have implications for relating
synaptic plasticity to learning and memory and suggest a specific linkage between PKA activation and the rapid synaptic insertion of
calcium-permeable AMPA receptors during long-term potentiation.
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Introduction
Long-term potentiation (LTP) and its counterpart long-term de-
pression are the major forms of long-lasting synaptic plasticity in
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the vertebrate CNS. LTP was first described at perforant path
synapses (Bliss and Gardner-Medwin, 1973; Bliss and Lomo,
1973) and has since been described in numerous excitatory path-
ways in the CNS. In particular, LTP has been studied extensively
at the Schaffer collateral-commissural pathway (SCCP), in
which, using the competitive NMDA receptor (NMDAR) antag-
onist 2-amino-5-phosphonopentanoate (AP-5; Davies et al.,
1981), it was found that LTP is triggered by the synaptic activa-
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tion of NMDARs (Collingridge et al., 1983). NMDAR-LTP is not
a unitary phenomenon; rather, it can be divided into several
mechanistically distinct components. After a period of high-
frequency stimulation (HFS), there is often a decaying phase,
known as short-term potentiation (STP), and a sustained phase
that lasts hours in vitro and days in vivo (Abraham, 2003). The
sustained phase of LTP has been subdivided based on whether it
is sensitive or not to inhibitors of protein kinase A (PKA) and
protein synthesis. The form of LTP that is insensitive to these
inhibitors is commonly referred to as early LTP (E-LTP), whereas
the form that is sensitive to these inhibitors is often called late-
phase LTP (L-LTP; Huang et al., 1996). The PKA-sensitive form
of LTP requires multiple episodes of HES or theta burst stimula-
tion (TBS) for its induction. When a single episode is used to
induce LTP, the resulting potentiation is independent of both
PKA and de novo protein synthesis. Interestingly, the induction of
the PKA-sensitive form requires not only multiple episodes but
for these episodes to be spaced in time, with an inter-episode
interval in the order of minutes. If the episodes are compressed in
time (with an inter-episode interval in the order of seconds), then
only the PKA-independent form of LTP is induced (Woo et al.,
2003; Kim et al., 2010; Park et al., 2014). This raises an important
question as to why the timing of the stimuli matters.

In the present study, we tested the hypothesis that calcium-
permeable (CP) AMPARs are a determinant factor in the gener-
ation of the PKA-dependent form of LTP. CP-AMPARs have
been implicated in the induction of LTP at CA1 synapses under
some (Jia et al., 1996; Plant et al., 2006) but not all (Adesnik and
Nicoll, 2007) experimental conditions. When this occurs, it has
been attributed to an increase in the expression of GluA2-lacking
AMPARs, leading to a greater calcium permeability of AMPARs
during and/or shortly after the HFS or TBS. In interleaved exper-
iments, we have compared compressed TBS (cTBS) with spaced
TBS (sTBS) protocols. We found that three different inhibitors
of CP-AMPARs, IEM 1460 (N,N,H,-trimethyl-5-[(tricyclo
[3.3.1.13,7]dec-1-ylmethyl)amino]-1-pentanaminiumbromide
hydrobromide [IEM]), philanthotoxin 433 [(S)-N-[4-[[3-[(3-
aminopropyl)amino]propyl]amino]butyl]-4-hydroxy-a-[(1-
oxobutyl)amino]benzenepropanamide tris(trifluoroacetate) salt
(PhTx)], and 1-naphthyl acetyl spermine (NASPM), were all
without effect on LTP induced by a compressed protocol (here-
after referred to as cLTP). In contrast, all inhibitors substantially
inhibited LTP induced by a spaced protocol (i.e., sSLTP). Consis-
tent with sLTP involving the insertion of CP-AMPARs, sTBS (but
not cTBS) resulted in an increase in inward rectification of
AMPAR-mediated synaptic transmission. We also found that in-
hibition of phosphodiesterase 4 (PDE4), using rolipram [4-(3-
(cyclopentyloxy)-4-methoxyphenyl)pyrrolidin-2-one], resulted
in an enhancement of LTP in response to a weak TBS (wTBS),
that comprised a single episode of TBS. This rolipram-enhanced
LTP was also sensitive to [IEM and was associated with an increase
in inward rectification. Collectively, these data suggest that the
first TBS episode induces LTP via a mechanism that is indepen-
dent of PKA and CP-AMPARs (i.e., cLTP), but, at the same time,
this TBS activates PKA to prime for sLTP. If a second TBS is
delivered within a critical time window, then a PKA-dependent
form of LTP (sLTP) is induced and this process involves the
transient insertion of CP-AMPARSs.

Materials and Methods

Hippocampal slice preparation. Transverse hippocampal slices (400 pum)
were prepared from male Sprague Dawley rats (3—12 weeks of age). An-
imals were anesthetized with isoflurane and killed by decapitation in

J. Neurosci., January 13,2016 - 36(2):622—631 * 623

accordance with Korean and United Kingdom animal legislation. Hip-
pocampi were isolated rapidly from the brain and sliced using a vi-
bratome (Leica). The CA3 region was removed, and slices were
transferred to an incubation chamber with artificial CSF (ACSF) satu-
rated with 95% O, and 5% CO,. ACSF contained the following (mm):
124 NaCl, 3 KCl, 26 NaHCO;, 1.25 NaH,PO;, 2 MgSO,, 10 glucose, and
2 CaCl,. Slices were allowed to recover at 32-34°C for 30 min and then
maintained at 26-28°C for a minimum of 1 h before recordings were
made.

Extracellular electrophysiology. The extracellular recording was performed
in an interface chamber (Campden Instruments) maintained at 32°C and
perfused continuously at 2-3 ml/min with ACSF. Standard extracellular re-
cordings were performed in the CA1 region of hippocampal slices, as de-
scribed by Choi et al., 2014, to measure the slope of evoked field EPSPs
(fEPSPs). Recordings were monitored and analyzed using WinLTP (Ander-
son and Collingridge, 2007). Each experiment was conducted on slices from
separate animals, so the n value indicates both the number of slices and
animals used. Two independent SCCPs were stimulated alternatively, each at
a frequency of 0.033 Hz (or 0.1 Hz for data shown in Fig. 4). After a stable
baseline of at least 20 min, LTP was induced using TBS delivered at basal
stimulus intensity. An episode of TBS comprised five bursts at 5 Hz, with
each burst composed of five pulses at 100 Hz (Fig. 1A). For cLTP induction,
a train of three TBS episodes was given with an interval of 10 s. For sLTP
induction, a train of three TBS episodes was given with an interval between 2
min and 1 h. Representative sample traces are an average of five consecutive
responses, collected from typical experiments (stimulus artifacts were
blanked for clarity).

Simultaneous whole-cell and field recording. In some experiments, si-
multaneous whole-cell and field recordings were obtained to monitor
EPSCs and fEPSPs under identical conditions. Peak amplitude (picoam-
peres) and initial slope (volts per seconds) of EPSCs and fEPSPs were
measured using WinLTP (Anderson and Collingridge, 2007). Recording
chamber was maintained at 32°C, and CA1 pyramidal cells were visual-
ized with infrared differential interference contrast optics (Hamamatsu
Photonics). ACSF contained 50 um picrotoxin and 20 um (+)-bic-
uculline. The whole-cell solution comprised the following (in mm): 8
NaCl, 130 CsMeSOs;, 10 HEPES, 0.5 EGTA, 4 Mg-ATP, 0.3 Na;-GTP, 5
QX-314, and 0.1 spermine. The pH was adjusted to 7.2-7.3 with CsOH,
and osmolarity was to 285-290 mOsm. Two independent SCCPs were
stimulated alternatively, each at a frequency of 0.1 Hz. Borosilicate glass
pipettes were used with a resistance of 4 — 6 M) for whole-cell recordings,
and experiments were only accepted for analysis if series resistance values
were <25 M() and varied by <20% during the course of experiment.
Cells were clamped at a holding potential of —70 mV. Whole-cell patch-
clamp recordings were initiated following collection of at least 10 min
stable baseline of extracellular recordings. LTP was obtained within 10
min of whole cell (to prevent “washout” of LTP) under current-clamp
conditions.

Rectification index measurement. The rectification index (RI) of
AMPAR EPSCs was measured 10 min after LTP induction. Currents
through AMPARs were isolated pharmacologically using a combination
of a competitive NMDAR antagonist (D-AP-5; 100 um) plus a glycine-site
antagonist [1-689,560 (trans-2-carboxy-5,7-dichloro-4-phenylami-
nocarbonylamino-1,2,3,4-tetrahydroquinoline); 5 um]. The neuron was
immediately depolarized to 40 mV for 100 s and then to 0 mV for 50 s, and
consecutive responses obtained at these holding potentials were averaged.
The index was calculated by taking the ratio of the slopes from 0 to 40 mV
and —70 to 0 mV. RIs were compared between LTP and control inputs
within each neuron.

Compounds. Drugs were prepared as frozen stock solutions (stored below
—20°C) and dissolved into ACSF at least 20 min before their bath applica-
tion. Compounds used were as follows: IEM 1460, NASPM, L-689,560 (Toc-
ris Bioscience), rolipram (Abcam), KT5720 [(9R,10S,12S)-2,3,9,10,11,
12-hexahydro-10-hydroxy-9-methyl-1-ox0-9,12-epoxy-1 H-diindolo[ 1,2,3-fg:
3',2',1"-kl]pyrrolo[3,4-i][1,6]benzodiazocine-10-carboxylic acid, hexyl
ester (KT)], p-AP-5 (Tocris, Abcam, or Hello Bio), and philanthotoxin
433 (Sigma).

Analysis. All treatment groups were interleaved with control (i.e., ve-
hicle) experiments. Data were normalized to the baseline preceding drug
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Defining the PKA dependence of LTP. 4, A schematic of the protocol for studying LTP. Two inputs were stimulated alternately and TBS delivered to one input with the second input

serving as a control for stability. Traces are the averages of five successive records of baseline and LTP, obtained at the times indicated by numbers in E for a vehicle (Veh) control (black) and a KT
experiment (red). B, The lack of effect of KT on LTP using a cTBS protocol (inter-episode interval of 10 s). Data are pooled (mean = SEM from 5 experiments) and illustrate the effects of treated
(colored) and interleaved controls (n = 8, black) for the test (filled symbols) and control (open symbols) input. The timing of TBS is shown by the blue arrows. KT (1 M) was applied for the duration
indicated by the gray bar. (—G, The effects of KT on a sTBS with an inter-episode interval of 2 min (C; » = 5 and 3 for the KT and vehicle experiment, respectively), 5 min (D; 4 and 3), 10 min (E; 5
and5), 20 min (F; 4and 6), and 60 min (G; 4 and 3). H, The time course of inhibition (percentage) of LTP by KT. Each value was calculated by comparing the level of LTP in KT with its interleaved control

experiment. The line is a log Gaussian curve with 95% confidence intervals (shaded).

application and are presented as mean * SEM. Statistical significance
was assessed using either Student’s ¢ test or one-way ANOVA with post
hoc Bonferroni’s correction as appropriate; the level of significance is
denoted as follows: *p < 0.05, **p < 0.01, and ***p < 0.001.

Results

PKA inhibitors inhibit LTP induced by sTBS but not cTBS
Previous work has shown that the sensitivity of LTP to inhibitors
of PKA is dependent on the induction parameters. A single epi-
sode (Huang and Kandel, 1994; Bortolotto and Collingridge,
2000) or multiple episodes that are compressed in time (Woo et

al., 2003; Kim et al., 2010; Park et al., 2014) induce a PKA-
independent form, whereas multiple episodes that are spaced in
time induce a PKA-dependent component of LTP (Huang and
Kandel, 1994; Woo et al., 2003; Kim et al., 2010; Park et al., 2014).
Before investigating the underlying mechanism, we wanted to
define more precisely the timing requirements for the induction
of sSLTP (Fig. 1). We performed two-input experiments and de-
livered 75 stimuli to one input (test input) leaving the other un-
conditioned (control input), to ensure stability of the recordings.
In each case, the stimuli were delivered as three episodes, with
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each episode comprising five bursts (of five shocks at 100 Hz,
with an interburst interval of 200 ms). The only variable was the
inter-episode interval that was varied between 10 s and 1 h (Fig.
1A). We probed for the involvement of PKA using the extensively
studied inhibitor KT (1 um). We found that KT has no effect on
LTP induced with an inter-episode interval of 10 s (Fig. 1B) or 1 h
(Fig. 1G) but inhibited LTP induced with intermediate intervals
of 2 min (Fig. 1C), 5 min (Fig. 1D), 10 min (Fig. 1E), 20 min (Fig.
1F), and 40 min (data not shown). For example, the levels of LTP,
expressed as percentage baseline and quantified 2 h after the third
TBS episode, using an inter-episode interval of 20 min were
161 £ 4% (n = 6) and 124 £ 7% (n = 4, p = 0.004, unpaired
Student’s t test) for the vehicle and KT groups, respectively. To
determine the time course, we measured the level of inhibition at
each time point, by comparing the level of LTP in the presence of
KT with the corresponding interleaved control group. These re-
sults are presented graphically in Figure 1H.

CP-AMPARs are important for sLTP

The present observations can be explained by the first TBS prim-
ing for, and the subsequent TBS being involved in inducing, the
PKA-sensitive form of LTP. In which case, an important question

is how does this priming work? We wondered whether this prim-
ing might recruit CP-AMPARs and whether these are required
for SLTP. We based this idea on the findings that PKA is known to
recruit GluAl-containing AMPARs to the plasma membrane
(Roche et al., 1996; Oh et al., 2006; Man et al., 2007) and because
inhibitors of CP-AMPARs have been reported to inhibit LTP at
these synapses under certain (Jiaetal., 1996; Plant et al., 2006) but
not all circumstances (Adesnik and Nicoll, 2007). To test this
idea, we compared the ability of the CP-AMPAR inhibitor IEM
(30 M) to inhibit LTP induced by ¢TBS or sTBS.

IEM had no effect on cLTP (Fig. 2A) but substantially inhib-
ited sSLTP (Fig. 2F). The levels of LTP, expressed as percentage
baseline and quantified 2 h after the third TBS episode for the
IEM and vehicle groups, were 164 * 10% (n = 6) versus 160 *
7% (n =8, p = 0.457, unpaired Student’s t test) for the cTBS and
123 £ 4% (n = 4) vs 158 = 5% (n = 6, p = 0.001, unpaired
Student’s ¢ test) for the sTBS with an inter-episode interval of 20
min. In a previous study, in which CP-AMPARs were found to be
involved in LTP, there was a time window after the induction of
LTP in which they were involved (Plant et al., 2006). Therefore,
we applied IEM at different times during and after the sTBS pro-
tocol. When IEM was applied immediately after the first TBS
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(Fig. 2B), the second TBS (Fig. 2C) or the third TBS (Fig. 2D) it
was able to inhibit LTP in an application timing-dependent man-
ner. However, when it was applied 1 h after the last TBS, it was
ineffective (Fig. 2E). These data, compared in Figure 2F, show
that the IEM-sensitive process extends beyond the TBS but is
fairly transient in nature.

Although IEM is used extensively as an inhibitor of CP-
AMPARs, there is the possibility of off-target effects. Therefore,
we tested two additional inhibitors, PhTx (5-10 um) and NASPM
(30 M), applying them immediately after the first TBS. Consis-
tent with an action on CP-AMPARs, PhTx had no effect on cLTP
(Fig. 3A) but inhibited sLTP (Fig. 3B). Similarly, NASPM had no
effect on cLTP (Fig. 3C) but inhibited sLTP (Fig. 3D).

SLTP requires low-frequency stimulation after the delivery

of TBS

It has been reported (Plant et al., 2006) but disputed (Adesnik and
Nicoll, 2007) that CP-AMPAR:s are activated by the test pulses deliv-
ered after the induction trigger and that this is required for the
expression of LTP. To test whether this is the case for sLTP, we
compared, in interleaved experiments, the effects of stopping stim-
ulation after the TBS (Fig. 4A) to the standard condition of contin-
uous low-frequency stimulation (Fig. 4B). In these experiments, we
stimulated as usual after the delivery of the first TBS to assess the level
of cLTP. We also collected a test response after the delivery of the
second and third TBS to estimate the level of sLTP induction. How-
ever, for the remainder of the time, until 30 min after the third TBS,
we stopped the test stimuli on both inputs. The level of LTP, quan-
tified 2 h after the third TBS, was significantly less than that induced
in experiments in which test stimuli were delivered continuously
[135 % 8% (n=9) vs 173 == 10% (n = 7), respectively, p = 0.01; Fig.
4D]. These observations are consistent with the scenario in which
test stimuli given after the initial induction trigger are required for
the full expression of sSLTP.

Rolipram facilitates LTP via a mechanism involving
CP-AMPARs

We have assumed that the priming effect of the first TBS in-
volves the activation of PKA based on the sensitivity of the LTP
induced by the subsequent TBS to KT. To test this in another
way, we activated PKA using rolipram to inhibit cAMP hydro-
lysis by PDE4 and delivered a single episode of TBS (wTBS).
Under control conditions, this induced a relatively small LTP
(122 £ 4% of baseline, n = 4; Fig. 5A), and, in the presence of
rolipram (0.1 uM), the LTP was much larger (157 * 5%, n =5,
p = 0.002, one-way ANOVA with Bonferroni’s correction for
vehicle vs rolipram; Fig. 5B). IEM had no effect on the weak
LTP induced under control conditions (124 * 7%, n = 4; Fig.
5C) but substantially inhibited the rolipram-enhanced LTP
(128 * 5%, n = 6; Fig. 5D), to a level that was not significantly
different from the LTP recorded under control conditions
(p > 0.999, one-way ANOVA with Bonferroni’s correction).
These data show that, although the LTP induced by a wTBS is
independent of CP-AMPARs, the additional LTP induced by a
rolipram-primed TBS is primarily, if not exclusively, mediated
by CP-AMPARs.

sLTP is associated with an increase in inward rectification

of AMPARs

So far, the evidence for the insertion of CP-AMPARs has been
based on sensitivity to polyamine inhibitors. Because CP-
AMPARs have an inwardly rectifying current—voltage rela-
tionship, we tested whether LTP was associated with any
alteration in rectification properties. To do this, we made si-
multaneous field potential recordings and whole-cell patch-
clamp recordings and compared the rectification of
pharmacologically isolated AMPAR-mediated EPSCs between
potentiated and control inputs. As shown in Fig. 6, cTBS re-
sulted in input-specific LTP that was similar in magnitude
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when the fEPSP (Fig. 6A1) and EPSC (Fig. 6A2) recordings
were compared. Immediately after delivering the cTBS,
NMDARs were blocked by applying p-AP-5 (100 um) plus
L-689,560 (5 uwM), and, 10 min after TBS, the rectification of
AMPARs was estimated by recording AMPAR-mediated EP-
SCs at three holding potentials (—70, 0, and 40 mV). The RI
was not significantly different between the two inputs (the
respective values for test and control inputs were 0.81 = 0.03
and 0.83 = 0.03; p = 0.240, n = 21 neurons, 10 animals, paired
Student’s ¢ test; Fig. 6A3). Because of washout of LTP, it was
not possible to estimate the RI for sLTP in exactly the same
way. Instead, two TBS were delivered to ensure that LTP was
induced within the neuronal population (Fig. 6BI) and a
whole-cell recording obtained shortly after the second TBS
(Fig. 6B2). Thereafter, the protocol was the same. In contrast
to cLTP, the sLTP was associated with a small, but highly
significant, change in the RI (0.78 = 0.03 and 0.84 = 0.03,n =
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23, 11 animals, p = 0.003, paired Student’s ¢ test), which is
consistent with the insertion of CP-AMPARs (Fig. 6B3).

Rolipram-enhanced LTP is associated with an alteration in
rectification of AMPARs

Last, we determined whether the rolipram-enhanced LTP is also
associated with an alteration in AMPAR rectification. As illustrated
in Fig. 7A, a wTBS resulted in a modest, input-specific LTP that was
of similar magnitude in the field (Fig. 7A1) and patch-clamp (Fig.
7A2) recordings. The rectification was assessed 10 min after the TBS,
and again there was no difference between the potentiated (0.87
0.03, n = 20, 10 animals) and control (0.87 = 0.02, p = 0.823, paired
Student’s t test; Fig. 7A3) inputs. In interleaved slices treated with
rolipram, there was a larger LTP that was similar between the field
(Fig. 7BI) and patch-clamp (Fig. 7B2) recordings, and this was asso-
ciated with a small, but highly significant, change in the RI of AM-
PARs (0.83 = 0.02 vs 0.89 £ 0.02, n = 24, 10 animals, p = 0.004,
paired Student’s ¢ test; Fig. 7B3), again consistent with the insertion
of CP-AMPARs.

Discussion

In the present study, we have found that the synaptic recruitment of
CP-AMPARSs is required for the generation of the PKA-dependent
form of LTP that is induced using an sTBS protocol. We base this
conclusion on the effects of three distinct antagonists of these recep-
tors on sLTP and the finding that there is a small, but highly signifi-
cant, increase in AMPAR inward rectification. Interestingly, CP-
AMPARs are specifically involved in sLTP because, in interleaved
experiments, the same blockers had no effect whatsoever on cLTP
and there was no change in AMPAR rectification.

LTP can be divided into mechanistically distinct forms

LTP at CA3—CALl synapses comprises a family of different, mech-
anistically distinct, forms of potentiation. In the present study, we
have observed three separate forms of NMDAR-dependent syn-
aptic potentiation. One form, STP, was not specifically studied in
the present investigation. The other two forms of potentiation are
both able to persist for many hours in vitro, but they can be
distinguished on the basis of their sensitivity to inhibitors of PKA.
In response to a ¢TBS, we found that the LTP was completely
insensitive to inhibitors of PKA and protein synthesis (data not
shown). This form of LTP, termed here as cLTP, is equivalent to
that which has been referred to previously as E-LTP, a termed
coined because, in some studies, the LTP decayed back to baseline
within ~1 h. In contrast, in response to an sTBS, we observed an
LTP that was sensitive to inhibitors of PKA and protein synthesis
(data not shown). This form of LTP, termed here as sLTP, is
equivalent to that commonly referred to as L-LTP. Because we
observe that the PKA-independent form of LTP can last for many
hours and that the PKA-dependent form can be induced rapidly
(Bortolotto et al., 2000; Park et al., 2014), we have used the oper-
ational terms (cLTP and sLTP) rather than descriptors “early”
and “late” to avoid any ambiguity.

We defined the PKA-sensitive component using KT. Al-
though KT may have off-target effects, the sensitivity of SLTP
to a variety of different PKA inhibitors and to genetic deletion
of PKA subunits clearly defines sLTP as dependent on PKA
(Frey etal., 1993; Qi et al., 1996; Woo et al., 2003). Additional
support for this is provided by the observation that a similar
KT-sensitive component of LTP was induced when a wTBS
was delivered in the presence of rolipram, which enhances the
activation of PKA by inhibiting the breakdown of cAMP
(Barad et al., 1998).



628 - J. Neurosci., January 13,2016 - 36(2):622—631

A Vehicle
250;
S
o 200
n
o
']
< 1501
[}
2
£ 100/8EREd R ACEE
2
50 !
0 20 40 60 80 100
Time (min)
Cc IEM 1460
250,
S
o 2001
%)
]
S 1501 N
Q
L
T
£
o
4
0 20 40 60 80 100
Time (min)
E
1. 2.
\/\‘//— 4
<
o~
S 5ms
3. 4.
V\/" >
E
N
o 5ms

Figure 5.

Park et al. @ CP-AMPARs Mediate PKA-Dependent LTP

Rolipram

250

200
150

100455

Normalised fEPSP (%)

50

100
Time (min)

O

Rolipram + IEM 1460
250

200

150 4.

&S
S G e e

100

Normalised fEPSP (%)

50 I

0 20 40 60 80
Time (min)

100

-

180

*%

160

140

120

Normalised fEPSP (%)

100

Veh Rol IEM Rol + [IEM

Rolipram enhances LTP via the insertion of CP-AMPARs. A, The effects of a wTBS. B, Enhancement of LTP induced by a wTBS in the presence of rolipram (0.1 rum). €, The lack of effect

of IEM on LTP induced by a wTBS. D, Inhibition of the rolipram-enhanced LTP by IEM. In B-D, the vehicle dataset is replotted for illustrative purposes. E, Traces from representative experiments to
illustrate rolipram-enhanced LTP (red) and the effects of rolipram plus IEM (purple), which were obtained at the times indicated by numbers during baseline and 1 h after the delivery of wTBS. F,
Quantification of the effects measured 1 h after LTP induction. **p << 0.01 versus vehicle. Rol, Rolipram; Veh, vehicle.

Interestingly, the magnitude of cLTP and sLTP, induced by the
same number (i.e., 75) of stimuli, were similar. This suggests that,
when the PKA-dependent from of LTP is induced, there is suppres-
sion of the PKA-independent form (which would otherwise be ad-
ditive). It seems likely that the small LTP induced by sTBS in the
presence of a PKA or CP-AMPAR inhibitor is the residual PKA-
independent form, although the possibility it represents an incom-
pletely inhibited PKA-dependent form cannot be excluded.
Additional work will be required to address this issue.

A role for CP-AMPARSs in the induction of the PKA-sensitive
form of LTP

We have found that sLTP is highly sensitive to inhibitors of CP-
AMPARSs and is associated with an increase in AMPAR rectifica-
tion. In contrast, cLTP was insensitive to these inhibitors and was
not associated with any change in AMPAR rectification. These
findings may reconcile a previous controversy over the role of
CP-AMPARs in the induction of LTP at these synapses. Retro-
spectively, one may conclude that the study that reported an
involvement of CP-AMPARs (Plant et al., 2006) studied predom-
inantly the PKA-dependent form of LTP, whereas that which saw
no evidence for a role (Adesnik and Nicoll, 2007) studied the
PKA-independent form. Superficially, these studies were similar,
but there are many unknown variables that could account for the
differences between studies. In this context, it is interesting to

note that acute stress recruits CP-AMPARs, and these are able to
magnify LTP induced by compressed induction protocols
(Whitehead etal., 2013). Therefore, the level of stress experienced
by the animals before the preparation of slices may have been an
important factor.

Based on our experiments, it is not possible to determine
whether the CP-AMPARs responsible for sLTP are GluA2-
lacking or contain unedited GluA2(Q) subunits, because both are
sensitive to inhibitors, such as IEM (Schlesinger et al., 2005).
However, the majority of GluA2 subunits undergo mRNA edit-
ing to the GluA2(R) form (Sommer et al., 1991), and so it is
highly likely that the CP-AMPARs are GluA2 lacking.

It is possible to estimate the proportion of the synaptic current
that is mediated by CP-AMPARSs after the induction of sSLTP. In
GluA2 knock-out mice, in which all the AMPARs are of the CP
variety, the RI, estimated using outside-out patches, is 0.16,
whereas the value in wild-type mice is 0.83 (Lu et al., 2009).
Assuming that this equates to 100 and 0% CP-AMPARs, re-
spectively, then in the present study, the RI change would be
explained by the newly inserted CP-AMPARs comprising
~10% of the total synaptic current. The acute effect of the
polyamine inhibitors, assessed 10—20 min after the third TBS,
are consistent with this level of contribution of CP-AMPARs
to the total AMPA receptor-mediated synaptic response.
However, these newly inserted CP-AMPARs seem to be re-
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recording from a neuron in the same region of the slice. p-AP-5 (100 ) plus L-689,560 (5 M) were applied immediately after the delivery of TBS, as indicated by the gray bar. After
10 min, the holding current was varied to obtain an RI. A3, The traces are averages of five successive EPSCs recorded at 40, 0, and —70 mV for the LTP pathway (top), the control pathway
(middle), and the two inputs normalized at 40 mV and superimposed (bottom). Note the absence of any alteration. The histogram plots the Rl calculated for 21 neurons from 10 animals.
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records for the LTP induced by sTBS. Note that the whole-cell recording (WC) was obtained after the second TBS. This was necessary because of the lability of LTP washout and to enable
the Rl measurements to be made after a similar length of whole-cell dialysis. Note that there is a small but discernible alteration in AMPAR rectification (quantification of 23 neurons from

11 animals, **p < 0.01, paired Student’s ¢ test). Con, Control.

quired for the stabilization of sLTP, such that, if they are
blocked during the critical time window, LTP decays toward
baseline. In additional support of this role of CP-AMPAR:s,
which outlasts the initial induction trigger, we found that
stopping stimulation after TBS resulted in a smaller magni-
tude of LTP. This observation is consistent with the notion
that the CP-AMPARSs are activated by low-frequency trans-
mission over a period of tens of minutes after the TBS or HFS
(Plant et al., 2006) and that this is required for the stabilization
of sSLTP. How the activation of CP-AMPARSs is able to selec-
tively trigger sLTP under these conditions remains to be de-
termined. Interestingly, in GluA2 knock-out mice, it has been
shown that the CP-AMPAR-dependent form of LTP requires
activation of phosphatidylinositol 3-kinase and MAPKs (As-

rar et al., 2009). Additional work is required to assess the role
of these kinases in the induction of sLTP.

The requirement for the activation of CP-AMPARs was only
transient because, 1 h after the last TBS, IEM had no effect on
synaptic transmission. This suggests that CP-AMPARs, although
necessary for the induction of sSLTP and contributing to the initial
expression of the sSLTP, are not involved in the later expression of
sLTP. As suggested previously (Plant et al., 2006), GluA2-lac-
king AMPARs are presumably replaced by GluA2-containing
AMPARSs over time.

On the mechanisms underlying two forms of LTP
We propose that the first episode of TBS (or HFS) does two
distinct things. First, it induces cLTP via a process that does not
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require PKA. Rather it may involve, for example, CaMKII-
mediated alterations in AMPAR function and/or number
(Derkach et al., 1999; Poncer et al., 2002; Kristensen et al., 2011).
Second, and concurrently, it primes for sLTP. The priming in-
volves the activation of PKA, presumably via a pathway involving
Ca**-sensitive adenylyl cyclase to generate cAMP, which leads to
the rapid membrane insertion of GluA2-lacking AMPARs. These
may be GluA1l homomers or GluA1/3 heteromers and could in-
volve the PKA-dependent phosphorylation of GluAl at Ser845
(Roche et al., 1996; Oh et al., 2006; Man et al., 2007). Such a
phosphorylation has been shown to lead to the insertion of
CP-AMPARSs to the plasma membrane (He et al., 2009; Clem
and Huganir, 2010). Although it has been shown that LTP is
unaffected in GluA1S845A mice, the timing of the stimuli was
such that only cLTP would have been expected (Lee et al.,
2010). However, if the first priming stimulus causes mem-
brane insertion of CP-AMPARs, then why do inhibitors of

CP-AMPARs not affect cLTP? The simplest explanation is that
PKA drives CP-AMPARs into the plasma membrane but not
into the synapse. Rather, this requires a subsequent TBS (or
HFS), with a time interval of at least a couple of minutes, to
drive the CP-AMPARSs into the synapse. Consistent with this
model, it has been shown that increasing cAMP, with for ex-
ample forskolin, requires NMDAR activation to facilitate syn-
aptic transmission (Otmakhov et al., 2004). Therefore, this
predicts that, to induce sSLTP, NMDARSs are required to, first,
activate PKA during the priming stimulus to drive AMPARs
into the plasma membrane at extra synaptic sites and, second,
during the subsequent TBS, to drive these CP-AMPARs into
the synapse. Because they are also required to induce STP
(Volianskis et al., 2013) and cLTP, NMDARs have multiple
actions during the induction of LTP, a scenario far more com-
plex than envisaged originally (Collingridge et al., 1983; Bliss
and Collingridge, 1993).
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