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Activation of g-adrenergic receptors facilitates
heterosynaptic translation-dependent long-term
potentiation

Steven A. Connor!, Yu Tian Wang* and Peter V. Nguyen!-?3
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Edmonton, AB, T6G 2H7, Canada
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Non-technical summary Specialized communication zones between neurons known as synapses
undergo changes during memory formation. Noradrenaline is a neurotransmitter that is secreted
in the brain when we are aroused or are exploring a new environment. S-Adrenergic receptors
are activated by noradrenaline and can facilitate synaptic changes in the hippocampus, a brain
structure critical for making new memories. We show that activation of S-adrenergic receptors
generates long-lasting enhancements of synaptic strength that can facilitate plasticity at another
group of synapses on the same post-synaptic cells. This research will further our understanding
of how noradrenaline can facilitate the creation of associative memories.

Abstract Noradrenaline critically modulates the ability of synapses to undergo long-term
plasticity on time scales extending well beyond fast synaptic transmission. Noradrenergic
signalling through S-adrenergic receptors (8-ARs) enhances memory consolidation and can boost
thelongevity oflong-term potentiation (LTP). Previous research has shown that stimulation of one
synaptic pathway with a protocol that induces persistent, translation-dependent LTP can enable
the induction of LTP by subthreshold stimulation at a second, independent synaptic pathway.
This heterosynaptic facilitation depends on the regulation and synthesis of proteins. Recordings
taken from area CAl in mouse hippocampal slices showed that induction of -AR-dependent
LTP at one synaptic pathway (S1) can facilitate LTP at a second, independent pathway (S2)
when low-frequency, subthreshold stimulation is applied after a 30 min delay. 8-AR-dependent
heterosynaptic facilitation requires protein synthesis as inhibition of mammalian target of
rapamycin (mTOR), extracellular signal-regulated kinase (ERK), or translation, prevented homo-
and heterosynaptic LTP. Shifting application of a translational repressor, emetine, to coincide
with S2 stimulation did not block LTP. Heterosynaptic LTP was prevented in the presence of
the cell-permeable cAMP-dependent protein kinase inhibitor, PKI. Conversely, the time window
for inter-pathway transfer of heterosynaptic LTP was extended through inhibition of GluR2
endocytosis. Our data show that activation of B8-ARs boosts the heterosynaptic expression of
translation-dependent LTP. These results suggest that engagement of the noradrenergic system
may extend the associative capacity of hippocampal synapses through facilitation of intersynaptic
crosstalk.

>
(@)
9
IQ
n
>
o
o.
Y
o
©
c
-
=
O
“
()
o
|—

(Received 22 March 2011; accepted after revision 8 July 2011; first published online 11 July 2011)
Corresponding author P. V. Nguyen: University of Alberta, Department of Physiology, 7-14 Medical Sciences Building,
Edmonton, T6G 2H7, Canada. Email: peter.nguyen@ualberta.ca

Abbreviations 4E-BP,4E-binding proteins; 8-AR, S-adrenergic receptor; CAl, cornus ammonis 1; DPT, depotentiation;
eIF4E, eukaryotic initiation factor 4E; eIF4F, eukaryotic initiation factor 4F; EME, emetine; ERK, extracellular
signal-regulated kinase; GluR, glutamate receptor; HFS, high-frequency stimulation; ISO, isoproterenol; LEFS,
low-frequency stimulation; LTD, long-term depression; LTP, long-term potentiation; MEK, mitogen-activated protein
kinase kinase; mTOR, mammalian target of rapamycin; NA, noradrenaline; NSF, N-ethylmaleimide sensitive factor;
PD98059, 2-(2-amino-3-methoxyphenyl)-4 H-1-benzopyran-4-one; PICK1, protein interacting with C-kinase 1; PKA,
cAMP-dependent protein kinase; PKI, protein kinase A inhibitor; PKM, protein kinase-M; PROP, propranolol.

© 2011 The Authors. Journal compilation © 2011 The Physiological Society DOI: 10.1113/jphysiol.2011.209379



4322

Introduction

Noradrenaline (NA) is a neuromodulatory transmitter
secreted in response to arousing or novel stimuli
(Aston-Jones & Bloom, 1981; Sara & Segal, 1991; see
Berridge & Waterhouse, 2003 for review). Activation
of B-adrenergic receptors by NA engages signalling
mechanisms which facilitate neuroplasticity (Harley et al.
1996; Gelinas & Nguyen, 2007) and memory genesis
(Izquierdo et al. 1998; Straube et al. 2003; Lemon et al.
2009; reviewed in O’Dell et al. 2010). Stimulation of
B-adrenergic receptors in the hippocampus, a brain
structure required for memory formation (Scoville &
Milner, 1957; Zola-Morgan et al. 1986; Eichenbaum,
2000), facilitates activity-dependent increases in synaptic
strength (Thomas et al. 1996; Gelinas & Nguyen, 2005)
known as long-term potentiation (LTP) (Bliss & Lomo,
1973; Bliss & Collingridge, 1993; Neves et al. 2008).

Previous research has shown that p-adrenergic
receptors enhance LTP through regulation of protein
synthesis (Walling & Harley, 2004; Gelinas & Nguyen,
2005; Gelinas et al. 2007). Translation regulation can
serve as a priming mechanism for long-term synaptic
changes in a cell-wide manner (Frey & Morris, 1997),
including heterosynaptic metaplasticity (Abraham et al.
2001; Abraham et al. 2007). Similarly, heterosynaptic
facilitation, a form of synaptic plasticity in which
synaptic activity at one group of synapses initiates cellular
mechanisms capable of facilitating synaptic strength at
another group of synapses converging on the same post-
synaptic cells, requires protein synthesis (Frey & Morris,
1997,1998). As B-adrenergic receptors couple to signalling
cascades implicated in translation regulation (Gelinas
et al. 2007), we sought to determine if the S-adrenergic
receptor agonist, isoproterenol (ISO), could enhance
heterosynaptic facilitation in mouse hippocampus CA1.

We characterized the effects of B-adrenergic receptor
activation on heterosynaptic facilitation of LTP using
an in vitro, dual synaptic pathway protocol. In mouse
hippocampus area CAl, two independent populations
of synapses contacting the same postsynaptic cells were
monitored to determine the effects of prior induction of
homosynaptic 8-AR-dependent LTP at one pathway (S1)
on the subsequent induction of heterosynaptic long-term
potentiation at a second pathway (S2). Herein, we have
characterized the mechanisms through which B-ARs
mediate heterosynaptic long-term potentiation.

Methods
Ethical approval

The experiments and methods of this paper were
approved by the University Animal Policy and Welfare
Committee (UAPWC) at the University of Alberta
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using guidelines approved by the Canadian Council
on Animal Care (CCAC). Approximately 150 C57BL/6
mice (aged 7-12 weeks) were used for these experiments.
Hippocampal tissue slices were harvested following
cervical dislocation and decapitation in accordance with
UAPWC and CCAC guidelines.

Electrophysiology

Transverse hippocampal slices (400 um thick) were
prepared as described by Nguyen & Kandel (1997).
Briefly, following cervical dislocation and decapitation,
the hippocampus was removed and sliced using a manual
tissue chopper (Stoelting, Wood Dale, IL, USA). Slices
were maintained in an interface chamber at 28°C and
perfused at 1-2mlmin~! with artificial CSF (ACSF)
composed of the following (in mm): 124 NaCl, 4.4 KCl,
1.3 MgSO,, 1.0 NaH,PO,, 26.2 NaHCO;, 2.5 CaCl, and
10 glucose, aerated with 95% O, and 5% CO,. Slices
were allowed to recover for 120 min prior to experiments.
Extracellular field EPSPs (fEPSPs) were recorded with
a glass microelectrode filled with ACSF (resistances,
2-3MS) and positioned in the stratum radiatum of
area CAl. fEPSPs were elicited by using two bipolar
nickel-chromium electrodes placed in stratum radiatum
to stimulate two separate sets of inputs converging onto
the same postsynaptic population of neurons. Inter-
pathway paired-pulse facilitation elicited by successive
stimulation through the two electrodes at 75, 100, 150
and 200 ms intervals was used to test for independence
of synaptic pathways during baseline acquisition and at
the conclusion of experiments. Pathways were considered
independent when no facilitation was observed following
pairs of pulses. Stimulation intensity (0.08 ms pulse
duration) was adjusted to evoke fEPSP amplitudes that
were 40% of maximal size (Woo & Nguyen, 2003; Gelinas
& Nguyen, 2007). Subsequent fEPSPs were elicited at
the rate of once per minute at this ‘test’ stimulation
intensity, with S1 stimulation preceding S2 stimulation by
200 ms.

After establishing a 20min baseline recording,
B-AR-dependent LTP was induced by applying one train
of high-frequency stimulation (HFS; 100 Hz, 1 s duration
at test strength) following a 10 min application of the
B-AR agonist, isoproterenol (ISO; 1 um). ISO was applied
for an additional 5 min following HFS. Thirty minutes
after HFS at S1, a LFS (5Hz, 10s duration) was
applied to S2. Depotentiation (DPT) was induced using a
previously established protocol consisting of 5 Hz, 3 min
stimulation applied 15 min after LFS (Staubli & Lynch,
1990; Young & Nguyen, 2005). To assess the duration of
activity-dependent synaptic changes, homosynaptic LFS
(5Hz 10s) was applied followed by a 30 min or 1h delay
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prior to heterosynaptic (1 x 100 Hz, 1 s paired with ISO)
stimulation.

Drugs

The B-AR agonist (R(-)-isoproterenol(+)-bitartrate;
Sigma, St Louis, MO, USA) was prepared daily as
a concentrated stock solution at 1mM, in distilled
water and applied at a final concentration of 1 uM.
The translation inhibitor emetine (EME; Sigma) was
dissolved in DMSO to a stock concentration of 20 mm
in distilled water. At lower concentrations than those
used here (20 um), EME blocked protein synthesis by
>80% in hippocampal slices (Stanton & Sarvey, 1984).
EME was perfused for 20 min prior to commencing
experiments. The B-AR antagonist (=£)-propranolol
hydrochloride (PROP; Sigma) was prepared daily in
distilled water as a 50 mm stock solution and was applied
at a final concentration of 50 uM. A MEK inhibitor
2-(2-amino-3-methoxyphenyl)-4 H-1-benzopyran-4-one
(PD98059) (50 um; Sigma), was prepared in DMSO
at a stock concentration of 10 mM and was applied
30 min prior to experiments. Rapamycin (Sigma), an
mTOR inhibitor, was dissolved in DMSO to make a stock
solution at 1 mM, diluted to 1 uM and was applied 30 min
prior to experiments. The cell membrane-permeant
PKA inhibitor 14-22 Amide (Calbiochem, La Jolla, CA,
USA) was dissolved in ACSF (1 mM stock) and applied
at 1 uM final concentration. An inhibitor of GluR2
endocytosis, the peptide Tat-GluR25y, and a scrambled
control peptide, Tat-GluR2;5, were applied at 4 um,
30 min prior to LFS and during the delay between weak
and strong stimulation. Due to photosensitivity of the
drugs, experiments were performed under dimmed light
conditions. Drug experiments were interleaved with
drug-free controls.

Data analysis

Axon Clampex (10.2) (Molecular Devices) was used for
fEPSP analysis. To quantify changes in synaptic strength,
the initial slope of the fEPSP was measured (Johnston
& Wu, 1995). The average ‘baseline’ slope values were
acquired over a period of 20 min before experimental
protocols were applied. fEPSP slopes were measured at
either 120 or 90 min after HFS or LFS for comparisons of
LTP. Student’s ¢ test was used for statistical comparisons of
mean fEPSP slopes between two groups, with a significance
level of P < 0.05. For comparison of more than two
groups, one-way ANOVAs were conducted followed by
Tukey—Kramer tests for post hoc comparisons. The Welch
correction was applied in cases in which the SDs of
groups being compared were significantly different. All
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values shown are means & SEM, with n the number of
slices

Results

B-Adrenergic receptor activation facilitates
heterosynaptic LTP in mouse CA1

In the first set of experiments, we tested the idea that
B-adrenergic receptor activation primes heterosynaptic
LTP in mouse CAIl. Initially we assessed whether
application of high-frequency stimulation (HFS; 100 Hz,
1s) to one synaptic pathway (S1) could facilitate
heterosynaptic LTP induced by low-frequency stimulation
(LFS; 5Hz, 10s) applied 30 min later to a second,
independent set of synapses. High-frequency stimulation
generated potentiation which decayed to baseline in <2 h
(Fig. 1A; fEPSPs 120 min after HFS were 111 4 10%,
n=238). Low-frequency stimulation applied 30 min after
HFS similarly induced decremental potentiation (fEPSPs
90 min after LFS were 103 &£ 8%). These results suggest
that neither 100 Hz nor 5 Hz stimulation alone is sufficient
for initiating long-lasting (>2 h) LTP.

Next, we asked whether 8-AR application alone would
facilitate the induction of LTP by subthreshold stimulation
applied heterosynaptically. Application of isoproterenol
(ISO; 1 um) for 15min, 30 min before low-frequency
stimulation (5Hz, 10s) at S2, failed to facilitate LTP
at either S1 (fEPSPs were 102 8% 120 min post-ISO
application) or S2 (fEPSPs at S2 were 99 &+ 9% 90 min
after LFS, n=28) (Fig. 1B). Thus, activation of S8-ARs
in the absence of HFS does not initiate heterosynaptic
facilitation.

Previous research has demonstrated that pairing S-AR
activation (ISO, 1 um) with HFS (100 Hz, 1s) induces
long-lasting LTP which requires translation (Gelinas &
Nguyen, 2005; Gelinas et al. 2007). Can prior induction of
B-AR-dependent LTP facilitate heterosynaptic long-term
potentiation? Pairing ISO (1 uM) with HFS homo-
synaptically (S1) induced LTP that was potentiated
to 151 +8% (n=10) of baseline 2h post-stimulation
(Fig. 1C). LFS applied 30 min later to S2 generated
enhanced LTP (fEPSPs were 131+7% of baseline
90 min after LFS; Fig. 1C). An ANOVA that compared
fEPSPs 120 min after either 100 Hz alone, ISO alone or
ISO + 100 Hz at S1 demonstrated significant differences
between groups (F(.25 =9.77; P <0.01). Subsequent
Tukey—Kramer post hoc tests revealed that ISO + HFS
generated homosynaptic LTP that was significantly greater
than either 100 Hz or ISO alone (P < 0.05). When
differences between heterosynaptic pathways stimulated
with LFS following 100Hz alone, ISO alone or
ISO + 100 Hz applied homosynaptically were compared,
a significant difference between groups was detected
(F.25) =4.86; P <0.02). Tukey—Kramer post hoc tests
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showed that subthreshold LFS at S2 induced long-lasting ~ HFS, these results show that pairing S-adrenergic receptor
LTP only when it was preceded by ISO+100Hz  activation with 100 Hz HES elicits stable LTP that can
stimulation at S1 (P < 0.05; Fig. 1D). As heterosynaptic ~ be transferred heterosynaptically in an activity-dependent
LTP was not facilitated by either ISO alone or 100 Hz  manner.
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Figure 1. B-Adrenergic receptor activation primes heterosynaptic facilitation

A, 100 Hz stimulation alone (open circles) induces transient (< 2 h) LTP which does not facilitate heterosynaptic
LTP following low-frequency stimulation (5 Hz, 10 s; filled squares) at a second synaptic pathway (n = 8). LFS does
not induce persistent changes in synaptic strength as fEPSPs at S2 returned to baseline in < 1 h. B, low-frequency
stimulation 25 min after application of ISO alone has no long-lasting effects on synaptic transmission (n = 8), which
shows that ISO alone is insufficient for facilitating heterosynaptic LTP. C, application of 1 x 100 Hz stimulation to
S1 (open circles) paired with isoproterenol (ISO) facilitates the induction of LTP (filled squares) that can subsequently
be captured by low-frequency stimulation at S2 (n = 10). D, summary histogram comparing fEPSP slopes obtained
120 min after HFS at S1 (open bars) and 90 min after LFS at S2 (filled bars). * indicates significant differences
between treatment groups. Sample traces were taken 10 min after commencement of baseline recordings, 120 min
after stimulation at S1 and 90 min after stimulation of S2. Results in D represent means + SEM, *P < 0.05.
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Figure 2. B-ARs are required for heterosynaptic enhancement
of LTP

A, application of the B-AR antagonist, propranolol, overlapping with
ISO blocked the induction of LTP at S1 (open circles) and prevented
heterosynaptic LTP at S2 (filled squares) (n = 9). B, both
homosynaptic B-AR-dependent LTP (open circles) and heterosynaptic
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Heterosynaptic facilitation elicited by 1SO application
requires B-adrenergic receptors

To determine if S-ARs are necessary for ISO-induced
heterosynaptic facilitation, we co-applied a B-AR
antagonist, propranolol (50 uM), overlapping with ISO
and high-frequency stimulation. Induction of homo-
synaptic LTP was completely blocked in the presence
of propranolol (Fig.2A). fEPSPs in slices treated with
propranolol were 1094 6% 120 min post-stimulation
(n=9), which was significantly less (P < 0.001) than
control slices not exposed to propranolol (fEPSPs
were 153 +8% 120min post-HFS, n=38) (Fig.2B).
Comparison of fEPSPs 120 min after stimulation at S1
revealed that propranolol applied overlapping with S1
stimulation also blocked the expression of heterosynaptic
LTP (propranolol-treated slices, 102+ 4%; controls,
122 £ 6%, P < 0.05; Fig. 2C).

Protein synthesis is required for the g-AR-dependent
heterosynaptic facilitation

As B-ARs gate LTP through translation regulation
(Gelinas & Nguyen, 2005; Gelinas et al. 2007), we
investigated whether heterosynaptic facilitation induced
by activating S-adrenergic receptors requires protein
synthesis. To test this, we applied a protein synthesis
inhibitor, emetine (EME, 20 uM) 20 min prior to and
overlapping with homosynaptic 8-AR-dependent LTP. At
this concentration, EME inhibits protein synthesis by
>80% in hippocampal slices (Stanton & Sarvey, 1984).
When HFS was paired with ISO in the presence of EME,
homosynaptic LTP was significantly reduced (fEPSPs
were 104 £ 9% of baseline 120 min post-HFS, n=11)
(Fig.3A). Heterosynaptic LTP was similarly inhibited
when emetine was applied overlapping with S1 (fEPSPs
were 101 £ 5% 90 min after LES Fig. 3A). This suggests
that translation during B-AR-dependent LTP facilitates
the subsequent induction of heterosynaptic LTP.
Heterosynaptic transfer of LTP may be a process that
is independent of protein synthesis as it is mediated
by activation of specific kinases (Young et al. 2006). To
determine if heterosynaptic transfer of LTP induction is
independent of translation, we shifted the application
of EME to coincide with S2 stimulation. If protein
synthesis during homosynaptic LTP induction is sufficient

LTP were significantly enhanced relative to slices treated with
propranolol (n = 8). C, summary histogram comparing fEPSP slopes
obtained 120 min after HFS at S1 (open bars) and 90 min after LFS
(filled bars) at S2. Sample traces were taken 10 min after
commencement of baseline recordings and 120 and 90 min after
stimulation after HFS at S1 and LFS at S2, respectively. Results in C
represent means + SEM, *P < 0.05.
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for facilitating heterosynaptic LTP 30 min later, shifting ~ were 141 +8% 120 min after HFS) or heterosynaptic
application of EME to coincide with LFS at S2 should not ~ LTP (fEPSPs were 128 9% 90 min after LFS, n=29)
prevent the expression of heterosynaptic LTP. Consistent  (Fig. 3B). An ANOVA that compared fEPSPs at S1 120 min
with this hypothesis, bath application of EME during S2  after conjoint ISO application and HFS in the presence
stimulation failed to block either homosynaptic (fEPSPs  of emetine, during shifting of EME to overlap with
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Figure 3. Protein synthesis is necessary for heterosynaptic facilitation induced by p-ARs

A, slices treated with the translation inhibitor, emetine (EME), during B-AR activation paired with high-frequency
stimulation did not express LTP at S1 (open circles) or S2 (filled squares; n = 11). B, shifting emetine to coincide
with low-frequency stimulation at S2 had no significant effect on LTP at either synaptic pathway, as LTP was still
expressed (n =9). C, LTP in the presence of emetine at S2 was similar in magnitude to translation inhibitor-free
controls (n = 8). D, summary histogram comparing fEPSP slopes obtained 120 min after HFS (open bars) at S1 and
90 min after LFS at S2 (filled bars). * indicates significant differences between treatment groups. Sample traces
were taken 10 min after commencement of baseline recordings and 120 min after HFS. Results in D represent
means £ SEM, *P < 0.05.
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LFS, or with no EME (Fig. 3C), demonstrated significant
differences between groups (F(;.27) = 8.15; P < 0.01). Sub-
sequent Tukey—Kramer post hoc tests revealed that emetine
significantly inhibited LTP only when applied during HFS
at S1 (P < 0.05). Comparisons of LTP at S2 (ANOVA;
F(2.27) =5.97; P < 0.02) revealed similar results in which
heterosynaptic LTP was significantly reduced (P < 0.05)
only when EME was applied during ISO + HFS at
S1 (Fig.3D). Comparisons between control and EME
shift experiments revealed no difference between groups
(P <0.05). Thus, shifting the application of EME to
coincide with S2 LFS did not block the expression of LTP
at either synaptic pathway. Thus, similar to heterosynaptic
mechanisms engaged by multiple trains of HFS, protein
synthesis is required for the generation, but not the
heterosynaptic transfer, of LTP. Our second pathway data
also show that inhibition of protein synthesis does not
affect basal synaptic transmission in hippocampal slices,
consistent with previous reports (Krug et al. 1984; Frey
et al. 1988; Nguyen et al. 1994; Scharf et al. 2002; Gelinas
& Nguyen, 2005).

B-adrenergic receptors engage cap-dependent
translation to facilitate heterosynaptic
long-term potentiation

Stimulation of 8-ARs with isoproterenol regulates protein
synthesis at synapses through initiation of extracellular
signal-regulated kinase (ERK) and mammalian target of
rapamycin (mTOR) signalling pathways (Gelinas et al.
2007). We sought to determine if ERK and mTOR
pathways, which are coupled to cap-dependent trans-
lation, are involved in the heterosynaptic facilitation
initiated by S-adrenergic receptor activation.

We examined the effects of a MEK inhibitor,
PD98059 (50 um), on B-adrenergic receptor-mediated
heterosynaptic LTP. Pairing 100 Hz stimulation with ISO
in the presence of PD98059 inhibited LTP at both Sl
(fEPSPs were 1134+9% 120 min after HFS) and S2
(fEPSPs were 98 4= 8% 90 min after LFS, n = 8) (Fig. 4A).
Additionally, when the mTOR inhibitor, rapamycin
(1 uM), was applied prior to and overlapping with
induction of homosynaptic 8-AR-LTP, expression of both
homo- and heterosynaptic LTP was impaired (fEPSPs were
reduced to 110 £ 12% 120 min after a HFS stimulation at
S1 and 101 £ 6% 90 min after LES at S2, n=6) (Fig. 4B).
An ANOVA that compared fEPSPs 120 min after conjoint
ISO application and HFS in the presence of PD98059,
rapamycin or no drug (Fig.4C) showed significant
differences between groups (F(;.21) = 6.79; P < 0.01). Sub-
sequent Tukey—Kramer post hoc tests revealed that both
PD98059 and rapamycin significantly inhibited LTP at
S1 (P < 0.05; Fig.4D). Furthermore, the PD98059 and
rapamycin groups did not significantly differ from each
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other in their impairment of LTP (P > 0.05). An ANOVA
comparing responses at our second synaptic pathway
revealed differences between groups at S2 90 min following
LES (F321)=5.61; P<0.02). When applied with S1,
both PD98059 and rapamycin inhibited expression of
heterosynaptic LTP at S2 (P < 0.05). Thus, ISO activates
B-adrenergic receptors to establish LTP that requires
downstream activation of both ERK and mTOR. Coupled
with our emetine experiments, our data suggest that
B-adrenergic receptor activation recruits cap-dependent
translation to engage translation regulation capable of
stabilizing LTP heterosynaptically.

Heterosynaptically captured LTP is immune
to depotentiation

Depotentiating (DPT) stimuli can lead to the reversal
of LTP during a restricted time interval soon after LTP
induction (Young & Nguyen, 2005). Importantly, LTP
stabilized through translation-dependent mechanisms
cannot be reversed by a DPT stimulus (O’Dell & Kandel,
1994; Woo & Nguyen, 2003; Young & Nguyen, 2005). If
translation products generated during ISO + 100 Hz are
captured at S2 following LFS, we hypothesized that this
form of LTP should be immune to DPT. To test this, we
paired ISO application with 100 Hz HFS, waited 30 min
and applied 5 Hz for 10 s to a second independent synaptic
pathway. Following a 15 min delay, LFS (5 Hz for 3 min)
was given to S2 in an attempt to depotentiate established
LTP. We found that LTP could not be persistently erased;
following a reversal to below baseline, fEPSPs recovered
to the previously potentiated values (Fig.5A). fEPSPs
were 129 4 6% 90 min after LFS (n = 6), which was not
significantly different from control slices not given a DPT
stimulus (control fEPSPs were 124 & 9% 90 min after S2
stimulation, n=6, P > 0.05; Fig. 5B and C). To confirm
that the depotentiating stimulus is sufficient for reversing
previously potentiated LTP, we used a stimulation protocol
which induces translation-independent LTP (1 x 100 Hz
stimulation) (Dulffy et al. 2001). Application of 5 Hz 3 min
stimulation 15 min after brief HFS reversed LTP (Fig. 5D),
which resulted in fEPSPs that were significantly reduced
(108 £ 3% of baseline, n=6) relative to slices tetanised
with 100 Hz stimulation only (Fig. 5E; 132 2%, n=6;
P < 0.05), when compared 60 min post-HFS.

Heterosynaptic transfer of g-adrenergic
receptor-dependent LTP requires PKA

cAMP-dependent protein kinase (PKA) possesses
properties required of a local synaptic activity indicator
as it is localized at synapses, is activity dependent
and inactivates with time (Huang er al. 2006; Young
et al. 2006). Previous research has identified PKA as
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a mediator of heterosynaptic facilitation induced by
repetitive HFS (Navakkode et al. 2004; Young et al.
2006). Does heterosynaptic transfer of LTP generated
by pairing B-adrenergic receptor activation with HFS
require PKA? To address this question, we paired ISO
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with HFS in the presence of a membrane-permeant
inhibitor of PKA, PKI (1 uMm). We found that LTP
was intact following PKA inhibition, with S1 displaying
potentiation of 152 &= 11% 120 min after HFS. Similarly,
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Figure 4. B-AR-dependent heterosynaptic facilitation requires ERK and mTOR

A, application of the MEK inhibitor, PD98059, overlapping with ISO and HFS at S1 prevented the induction of
homosynaptic LTP (S1; open circles) as well as the subsequent expression of heterosynaptic LTP (S2; filled squares)
(n=8). B, slices treated with rapamycin (mTOR inhibitor) similarly exhibited decremental LTP at both S1 (open
circles) and S2 (filled squares; n = 6). C, relative to drug-free controls (n = 8), fEPSPs in slices treated with PD98059
and mTOR were significantly less at both homo- and heterosynaptic inputs. D, summary histogram comparing
fEPSP slopes obtained 120 min after HFS at S1 (open bars) and 90 min after LFS at S2 (filled bars). Sample traces
were taken 10 min after commencement of baseline recordings and 120 min after HFS. Results in D represent

means =+ SEM, *P < 0.05.
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PKA inhibition at S1; fEPSPs were potentiated to
126 = 8% of baseline 90 min after stimulation (n=_8;
Fig.6A). Next, PKI was shifted to coincide with S2
stimulation. Homosynaptic LTP was not blocked when
PKI was paired with S2 (fEPSPs were 148 +£8% of
baseline 120 min post-HFS; Fig.6B). However, LTP
was not expressed heterosynaptically (fEPSPs decayed
to 102+5% 90 min after LFS; n=10) (Fig.6B). An
ANOVA comparing homosynaptic LTP induced in the
presence of PKI with S1, paired with S2, or no drug
revealed (Fig.6C) no significant differences between
groups (P> 0.05; Fig.6D). An ANOVA comparing
heterosynaptic LTP demonstrated that bath application of
PKI only inhibited heterosynaptic LTP when it was present
during LFS at S2 (F(323 =6.19; P <0.01). Subsequent
Tukey—Kramer post hoc tests showed that LFS paired with
PKI induced decaying LTP which was significantly less
(P < 0.05) than either PKI with S1 or ISO + HFS controls
(Fig. 6D). Slices treated with PKI homosynaptically were
similar to ISO + HFS controls (P > 0.05). These data
suggest that PKA is not required for plasticity protein
generation, but is necessary for heterosynaptic transfer
of LTP.

LTP can be transferred heterosynaptically
when LFS precedes HFS

Previous research has demonstrated that weak, sub-
threshold stimulation applied within a limited time
window before strong LTP-inducing stimulation, can still
be facilitated in a heterosynaptic manner (Frey & Morris,
1998). These experiments allow for determination of the
temporal limitations for heterosynaptic facilitation. In the
light of these data, we investigated whether our form
of heterosynaptic facilitation can similarly be expressed
in a ‘retrograde’ manner, with LFS (S1) preceding ISO
paired with 100 Hz stimulation (S2). We observed that
prior application of 5Hz stimulation, which normally
only induces a transient (<1h) form of LTP, produced
LTP lasting >2 h, provided that 8-AR-dependent LTP was
induced 30 min later (Fig.7A) (fEPSPs were 124 &+ 6%
120 min after 5 Hz, n=6). When the duration between
LFS and ISO + HFS was extended to 1h, no transfer
of LTP was observed (Fig.7B; fEPSPs were 103 + 4%
120 min after 5Hz, n=38). Comparisons between LFS
applied 30 min or 1 h before heterosynaptic HFS showed
that prior application of a weak stimulus could capture
subsequently induced LTP, only at the 30 min inter-
val. Mean fEPSP slopes from the 30 min delay group
were substantially higher than the 1h group (Fig.7C;
P <0.02). B-AR-dependent homosynaptic LTP induced
30min and 1h after LFS were similar in magnitude
(P> 0.05).
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Preventing GluR2 endocytosis extends the duration
of the temporal window for heterosynaptic
facilitation of LTP

Identification of mechanisms that could extend the time
window for intersynaptic crosstalk is crucial for under-
standing the mechanisms required for heterosynaptic
LTP. AMPA receptor trafficking and insertion have
been identified as mechanisms involved in facilitating
heterosynaptic long-term potentiation (Yao et al. 2008).
To determine if GluR trafficking is involved in
B-AR-dependent heterosynaptic facilitation, we asked
whether preventing GluR internalization following LEFS
could increase the lifetime of the molecular activity
trace. Using a membrane-permeant Tat-GluR2;y peptide
which prevents endocytosis of GluR2, we tested the
hypothesis that the duration of the time window for
effective heterosynaptic transfer of LTP could be extended
by blocking endocytosis of GluR2-containing receptors
(thereby maintaining these receptors at the synapse).
Tat-GluR2;y (4 um) was applied 30 min prior to and 1 h
after LFS (5 Hz, 10 s). Followinga 1 h delay, LTP at a second
pathway was induced by pairing ISO with HES (100 Hz,
1 s). We found that fEPSPs were potentiated to 142 + 11%
(n=4; Fig.8A) 120 min after LFS. To determine if the
effects of preventing GluR2 endocytosis facilitated the
heterosynaptic expression of LTP, we conducted several
control protocols. First, we applied the inert Tat-GluR2;,
scrambled control peptide to assess the effects of this
peptide application. The Tat-GluR2;, scrambled peptide
failed to enhance the expression of homosynaptic LTP
when induced prior to heterosynaptic S-AR-dependent
LTP (fEPSPs were 99 8% of baseline 120 min after
LFS (n=4; Fig. 8B). Next we determined if preventing
GluR2 endocytosis with the active peptide is sufficient
for enhancing the duration of LTP independent of
B-AR stimulation. We applied active Tat-GluR25y paired
with 5Hz, 10s alone. Tat-GluR2;y coupled with 5Hz
stimulation induced transient LTP which returned to base-
line in less than 2 h (fEPSPs were 103 &= 10% 120 min after
LFES; n=4; Fig. 8C). Finally, we applied Tat-GluR2;y with
ISO alone to test whether prevention of GluA2 endocytosis
paired with B-adrenergic receptor stimulation affected
baseline transmission. Application of Tat-GluR2;y with
ISO in the absence of stimulation induced a transient
potentiation which returned to baseline in less than 30 min
(fEPSPs were 103 & 6% 90 min after the termination of
drug application, n = 6; Fig. 8D). An ANOVA comparing
either Tat-GluR2;y with LFS, Tat-GluR2;y paired with
ISO and high-frequency stimulation, scrambled peptide
Tat-GluR2;, paired with heterosynaptic ISO 4+ HFS or
Tat-GluR2;y paired with ISO revealed a significant
effect (F3.17 =6.76; P <0.05; Fig.8E). Tukey—Kramer
post hoc tests demonstrated that only when active
Tat-GluR2;y was paired with the induction of 8-AR-LTP
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Figure 5. Heterosynaptic LTP is immune to depotentiation
A, to determine if heterosynaptic LTP is immune to depotentiation (DPT), an activity-dependent reversal of
established LTP, we applied a depotentiating stimulus (5 Hz, 3 min). Following induction of homosynaptic

© 2011 The Authors. Journal compilation © 2011 The Physiological Society



J Physiol 589.17

was the temporal window for heterosynaptic trans-
fer of LTP extended to 1 h. There was no significant
difference between the synaptic pathways receiving the
strong stimulation protocol (fEPSPs were potentiated to
138 4= 10% 90 min after HFS in Tat-GluR2;y-treated slices
and 153 £ 13% in slices exposed to the control scrambled
peptide). However, both pathways receiving ISO + 100 Hz
stimulation were significantly more potentiated than
the non-stimulated control pathway in the LFS paired
with Tat-GluR25y experiment (P < 0.05). These findings
show that blocking endocytosis of GluR2-containing
receptors allows heterosynaptic transfer of persistent LTP
to occur later than would normally be observed. The
data also underscore the possibility that GluR2-containing
receptors may serve as possible ‘tags’ to enable
heterosynaptic capture of translation-dependent LTP.

Discussion

Our results indicate that S-adrenergic receptor activation
can facilitate heterosynaptic long-term potentiation in
the adult mouse hippocampus. Neuromodulators gate
both local protein synthesis (Huber et al. 2000; Gelinas
& Nguyen, 2005; Navakkode et al. 2007) and activation
of second messengers that can support heterosynaptic
facilitation. Previous research showed that application of
a cAMP phosphodiesterase inhibitor, rolipram, enabled
the transformation of heterosynaptic, transient LTP
into translation-dependent long-lasting LTP, suggestive
of a cAMP-mediated increase in plasticity proteins
(Navakkode ef al. 2004). As noradrenergic receptors can
facilitate protein synthesis-dependent LTP (Straube et al.
2003; Gelinas & Nguyen, 2005) and long-term memory
(Cahill et al. 1994; Walling & Harley, 2004; Hu et al. 2007;
Kemp & Manahan-Vaughan, 2008), translation regulation
is critically involved in long-term changes in synaptic
strength required for memory formation. Our findings
suggest that cap-dependent translation is required for this
form of heterosynaptic facilitation as inhibition of protein
synthesis, ERK and mTOR prevented the expression of
homo- and heterosynaptic LTP. Here, upregulation of
plasticity proteins through cap-dependent translation is
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sufficient for prolonging the duration of heterosynaptic
LTP beyond 2 h.

The current study characterizes a novel heterosynaptic
facilitation protocol which relies upon activation of 8-ARs
for its induction. We found that pairing B-adrenergic
receptor activation with HFS induced LTP that could
be transferred to a second synaptic pathway provided
stimulation sufficient for sequestering LTP was applied
within a finite time window (30 min). Additionally, once
captured, heterosynaptic LTP could not be depotentiated.
Depotentiation is an activity-dependent reversal of
previously established LTP (O’Dell & Kandel, 1994; Woo
& Nguyen, 2003; Young & Nguyen, 2005). However, if
a depotentiating stimulus is applied after a finite time
window during which translation-dependent mechanisms
have been engaged to stabilize recently induced synaptic
potentiation, LTP can no longer be depotentiated
(O’Dell & Kandel, 1994; Woo & Nguyen, 2003). When
we applied a depotentiating tetanus 15min after LFS
applied to our second synaptic pathway, LTP was not
reversed. This suggests that once plasticity-related proteins
generated by prior 8-AR activation have been captured,
heterosynaptic LTP is stabilized, thus conferring immunity
to depotentiation.

How does B-adrenergic receptor activation facilitate
heterosynaptic LTP? S-ARs regulate translation post-
synaptically through initiation of ERK and mTOR
pathways (Gelinas et al. 2007; Fig. 9). ERK and
mTOR co-regulate cap-dependent translation through
4E-binding proteins (4E-BPs), which sequester and repress
eukaryotic initiation factor 4E (eIF4E), which in turn
forms part of the elF4F initiation complex (Kelleher
et al. 2004; Richter & Sonenberg, 2005; see Klann et al.
2004, Banko & Klann, 2008; Costa-Mattioli et al. 2009 for
reviews). In the present study, application of emetine over-
lapping with S-AR-dependent LTP induction generated
decremental LTP at both synaptic pathways, consistent
with a necessity for translation regulation in the generation
of plasticity proteins. Importantly, shifting application
of emetine to coincide with S2 stimulation did not
affect the expression of heterosynaptic LTP. These results
are consistent with previous work which showed that
proteins synthesized during strong S1 stimulation enable

B-AR-dependent LTP (open circles; n = 6) at S1, LFS (5 Hz, 10 s) was applied to S2 (filled squares) 30 min later.
Fifteen minutes after LFS at S2, a depotentiating stimulus (5 Hz, 3 min) was applied. Following an initial depression,
LTP at S2 returned to previous potentiated levels which were not significantly different from slices not given a DPT
stimulus (n = 6) (B). Homosynaptic LTP in which HFS was paired with ISO similarly was not significantly different
when compared 2 h post-stimulation. C, summary histogram comparing fEPSP slopes obtained 120 min after HFS
at S1 (open bars) and 90 min after LFS at S2 (filled bars). D, depotentiation induced with 5 Hz, 3 min is sufficient
for reversing previously potentiated (100 Hz, 1's) stimulation (n = 6). 100 Hz stimulation was followed by DPT
stimuli which resulted in a reversal of LTP which was significantly reduced relative to LTP induced with 100 Hz
alone (n = 6) (E and F). Sample traces were taken 10 min after commencement of baseline recordings and either
60 or 120 min after stimulation. Results in D and F represent means =+ SEM.
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the induction of long-lasting LTP at S2 in a protein
synthesis-independent manner (Frey & Morris, 1998).
Recent evidence from in vivo experiments demonstrated
that prior exposure of rats to novel experiences promoted
the transformation of short-term memory into protein
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synthesis-dependent long-term memory in a form of
‘behavioural tagging’, provided that novelty exposure took
place within a limited time frame (Moncada & Viola,
2007). Both noradrenaline and dopamine are released in
the hippocampus in response to novelty, where it has been
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Figure 6. PKA is required for heterosynaptic transfer of LTP

A, application of the membrane-permeant PKA inhibitor, PKI, overlapping with 1 x 100 Hz simulation paired with
ISO (open circles), did not prevent the induction of homosynaptic LTP or the transfer of LTP to a second synaptic
pathway (filled squares) (5 Hz, 10's; n = 8). B, shifting PKI application to overlap with low-frequency stimulation
prevented the heterosynaptic transfer of LTP to S2 (filled squares; n = 10). Heterosynaptic LTP was significantly
reduced relative to slices treated with PKI during HFS or PKI-free controls. LTP at S1 was unaffected (open circles)
as determined by comparisons with PKA inhibitor-free controls (C) (n = 6). D, summary histogram comparing
fEPSP slopes obtained 120 min after HFS (open bars) at ST and 90 min after LFS at S2. Sample traces were taken
10 min after commencement of baseline recordings and 120 min after S1 stimulation. Results in D represent

means =+ SEM, *P < 0.05.
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Figure 7. Prior LFS facilitates heterosynaptic transfer of
LTP

A, prior application of LFS (5 Hz, 10 s: S1; open circles), which
normally induces transient LTP, enables long-lasting potentiation
when B-AR LTP is induced heterosynaptically (S2; filled squares)
30 min later (n = 6). B, increasing the delay between LFS at S1
(open circles; n = 8) and HFS + ISO at S2 (S2; filled squares) to
1 h prevents the heterosynaptic transfer of long-lasting LTP. C,
summary histogram comparing fEPSP slopes obtained 120 min
after HFS (open bars) at S1 and LFS at S2 (filled bars). Sample
traces were taken 10 min after commencement of baseline
recordings and 120 min after low-frequency stimulation.

* indicates a significant difference between treatment groups.
Results in C represent means & SEM, *P < 0.05.
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postulated that they serve as learning signals (Kitchigina
et al. 1997; Harley, 2004). Given that both S-adrenergic
(Walling & Harley, 2004; Harley et al. 2006; Lemon
et al. 2009) and dopaminergic (Li et al. 2003) system
activation induces cellular plasticity and boosts memory
formation (Kemp & Manahan-Vaughn, 2008; Lemon &
Manahan-Vaughn, 2006), these systems are well equipped
for promoting the incorporation of new information into
existing cellular networks representing previously encoded
experiences.

In agreement with previous research, PKA was required
for transfer of heterosynaptic LTP (Alarcon et al. 2006;
Huang et al. 2006; Young et al. 2006). Inhibition of PKA
failed to prevent homosynaptic LTP, consistent with pre-
vious experiments which demonstrated that isoproterenol
paired with HFS induces PKA-independent homosynaptic
LTP (Gelinas et al. 2008). Our present results suggest
that translation regulation and gating of heterosynaptic
facilitation occur through different mechanisms, with
heterosynaptic transfer of LTP requiring PKA. What
function does PKA serve in synaptic capture of LTP? PKA
phosphorylates Ser845 of GluR1 which increases GluR
insertion in response to synaptic activity (Esteban et al.
2003; Oh et al. 2006; Tenorio et al. 2010). Increased
GluR trafficking could enhance synaptic capture both
through boosting postsynaptic responses and providing
additional slots for AMPAR insertion (Malinow, 2003).
Previous data have established the dynamics of AMPAR
subunit turnover at the synapse following the induction
of LTP. Makino & Malinow (2009) have shown that GIuR1
insertion is elevated immediately following the induction
of LTP. These GluR1 receptors are subsequently replaced
by GluR2-containing receptors during the expression of
LTP which serves to maintain previously potentiated
synaptic responses (Makino & Malinow, 2009). These data
suggest that boosting the initial incorporation of GluR1
through Ser845 phosphorylation by PKA could increase
the amount of postsynaptic AMPAR slots available for
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subsequent incorporation of GluR2, resulting in enhanced
capture of LTP. Taken together, these results suggest that
PKA activation may serve as a local synaptic indicator
of previous synaptic activity following low-frequency
stimulation.

Interestingly, increased synthesis of a constitutively
active isoform of PKC, PKM¢ can prime heterosynaptic
facilitation through upregulation of GluR2 (rat analogue
for GluA2)-dependent AMPA receptor trafficking (Yao
et al. 2008). Our data indicate that disrupting AMPAR
internalization appeared to extend the temporal window
for heterosynaptic transfer of LTP to 1 h. Recent data have
implicated increased regulation of GluR2 trafficking in
the maintenance of both LTP and memory (Serrano et al
2005; Migues et al. 2010). AMPARs form heterodimers
which exist primarily in GluR1-GluR2 and GluR2-GluR3
configurations (Wenthold et al. 1996). Preventing the
constitutive endocytosis of GluR2-containing AMPARs
may extend the duration of synaptic tags by maintaining
recently incorporated GluR1-GluR2 heterodimers at the
synapse. We observed that maintaining GluR2 at the
synapse extended the duration of the synaptic tag to
1h. This result suggests that glutamatergic receptor
trafficking determines the duration of synaptic tags.
From a broader perspective, these data suggest that
the temporal limits for associative memory formation
are contingent upon the dynamics of experience-driven
glutamate receptor trafficking. Synapses potentiated in
response to environmental stimuli would be available
for incorporation into cellular networks provided that
AMPARs were trafficked to and maintained at the synapse
(tagging), and stabilized through translation-dependent
mechanisms initiated by neuromodulatory receptor
stimulation (capture). Thus, GluR subunits may inter-
act to facilitate synaptic plasticity, with GluR2 exocytosis
acting to increase GluR levels to promote maintenance of
LTP, and GluR1 acting to facilitate delivery of the receptors
through phosphorylation, which has been correlated with

Figure 8. Preventing GluR2 endocytosis extends the temporal window for transfer of heterosynaptic

LTP

A, when GIuR2 endocytosis is prevented through application of the Tat-GluR23y peptide, LFS (5 Hz, 10 s: S1; open
circles) still expresses LTP when HFS + ISO is applied 1 h later (n = 4). B, application of a scrambled, inert version
of the peptide (Tat-GluR23;) failed to extend the time window for heterosynaptic transfer of LTP when ISO + HFS
was delayed to 1 h post-LFS (n = 4). ISO + HFS generated homosynaptic, long-lasting LTP in the presence of both
peptides, indicative of intact synaptic plasticity in both groups. C, application of Tat-GluR23y peptide with 5 Hz
stimulation fails to induce long-lasting LTP. When Tat-GluR23y was applied prior to and overlapping with 5 Hz, 10 s
stimulation transient LTP was induced which returned to baseline in < 2 h. D, pairing of ISO with Tat-GluR23y does
not have any significant effect on baseline synaptic responses. To test for effects on basal synaptic transmission,
Tat-GluR23y was paired with ISO application and basal synaptic responses were monitored. A transient, small
(<20%) increase in synaptic potentiation was observed during ISO application. fEPSPs subsequently returned to
baseline levels. £ and F, summary histograms comparing fEPSP slopes obtained 120 min after LFS at S1 (E; open
bars) and 90 min after HFS at S2 (F; filled bars). * indicates significant differences between groups. Sample traces
were taken 10 min after commencement of baseline recordings and 120 min after stimulation. Results in £ and F

represent means + SEM, *P < 0.05.
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reduced thresholds for LTP induction (Makino et al. 2011)

and enhanced learning and memory (Hu et al. 2007).
Our results with the Tat-GluR2;y peptide, which

inhibits GluR2 internalization, suggest that maintaining

S. A. Connor and others
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GluR2-containing AMPARs at the synapse is sufficient
for prolonging the temporal window for inter-
synaptic crosstalk. The extension of the time window
from 30min to 1h in the presence of Tat-GluR2;y

Capture
C

L;S }é’ s L;S
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Figure 9. Model for enhanced heterosynaptic long-term potentiation induced by g-AR-dependent LTP
A, activation of B-ARs (shown here with the endogenous ligand noradrenaline; NA) paired with high-frequency
stimulation (HFS) initiates intracellular signalling cascades that regulate protein synthesis (ERK, mTOR). ERK and
mTOR converge on translational machinery to increase plasticity-related protein synthesis. These plasticity proteins
can enhance heterosynaptic long-term potentiation by stabilizing AMPAR insertion induced by low-frequency
stimulation. B, when B-AR-dependent LTP is not induced, LFS applied heterosynaptically induces a transient
increase in AMPAR trafficking and insertion which, in the absence of protein synthesis upregulation is subsequently
reversed through an endocytotic mechanism. Similarly, low-frequency stimulation applied prior to homosynaptic
LTP induced with B-ARs does not capture LTP if the delay between stimuli is increased to 1 h (D). C, preventing
GIuR2 endocytosis following LFS extends the temporal window for heterosynaptic transfer of LTP. By stabilizing
GIuR2 in the membrane (with the Tat-GluR23y peptide), subsequently generated plasticity proteins can promote
increased synaptic strength during a more extended time window, thereby overcoming homeostatic mechanisms
that would drive removal of synaptically localized AMPARs and weaken synaptic strength.

© 2011 The Authors. Journal compilation © 2011 The Physiological Society



J Physiol 589.17

peptide is in line with previously established time
frames for heterosynaptic LTP (Frey & Morris, 1998)
and LTD (Sajikumar & Frey, 2004). As preventing
GluR2 endocytosis facilitated heterosynaptic LTP at
1 h, this suggests that activity-dependent GluR2 inter-
nalization may serve to define the effective temporal
window for synaptic associativity across distinct synaptic
pathways.

The role of homosynaptically induced translation
products may be to stabilize primed AMPAR insertion
following heterosynaptic stimulation (Fig. 9). Inhibiting
GIuR2 endocytosis appeared to extend the lifetime
of the tag by maintaining synaptic incorporation of
AMPARs, which would normally be removed in the
absence of plasticity proteins. Activation of B-adrenergic
receptors could facilitate heterosynaptic LTP through
phosphorylation of AMPARs by PKA, in addition
to increasing the generation of plasticity proteins
which would enhance heterosynaptic facilitation. As
heterosynaptic LTP maintenance continued beyond
1h, Tat-GluR2;y-dependent enhancement of AMPAR
surface expression appears to maintain potentiation until
B-AR-dependent mechanisms are engaged to provide
plasticity products capable of stabilizing long-term
synaptic augmentation. Interestingly, application of
Tat-GluR2;y appeared to increase the initial magnitude
of synaptic potentiation following LFS relative to
control peptide experiments (Fig.8A and B). This
could result from prevention of constitutive AMPA
receptor endocytosis. Prevention of GluR2 endocytosis
appears to maintain GluR2-containing AMPARs with
no observed increase in basal synaptic transmission
when the Tat-GluR2;y was applied alone (Fig.8D).
Increasing the pool of available AMPARs may prime these
receptors for activity-dependent insertion into the post-
synaptic membrane. These receptors could increase the
capacity for AMPAR trafficking in response to synaptic
stimulation (Hayashi ef al. 2000; Ju et al. 2004). This
would generate enhanced synaptic responses immediately
following tetanisation. The elevated magnitude of
the initial fEPSP potentiation observed in the pre-
sence of Tat-GluR2;y (Fig.8A) is consistent with this
hypothesis.

What would be expected if GluRI receptor endo-
cytosis was prevented? Most forms of LTP require the
rapid insertion of GluR1 during induction (Makino
& Malinow, 2009). Blocking GluR1 endocytosis could
result in either increased basal synaptic responses or
the saturation of synaptic weights. Interestingly, recent
data using phosphomimetic knock-in mice suggest that
increasing GluR1 phosphorylation lowers the threshold
for inducing LTP without affecting membrane insertion
of GluR1 (Makino et al. 2011). Although not observed
in the Makino et al. (2011) study, increasing GluR1
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phosphorylation has previously been reported to enhance
GluR1 expression, which facilitated the induction of LTP
(Oh et al. 2006). Importantly, most native receptors are
GluR1-GluR2 heterodimers, and therefore, they are often
trafficked together. However, the regulated endocytosis of
this heterodimer is determined by sequences in the GluR2
tail, and therefore is GluR2 dependent, and not GluR1
dependent. As such, the endocytosis of heterodimers
(both GluR1 and GluR2) will be inhibited by GluR2 tail
peptides. Sequences in the GluR1 tail are only involved
in constitutive endocytosis, but lack of signals for the
regulated endocytosis and, thus, GluR1-derived peptide,
may affect constitutive endocytosis, but not the regulated
endocytosis, and therefore, will have little effect on LTP
maintenance.

Our data suggest that preventing GluR2 endo-
cytosis in conjunction with increased PKA activity,
results in the synergistic facilitation of heterosynaptic
LTP. Recent evidence has implicated GluR2 trafficking
in the maintenance of LTP and memory (Migues
et al. 2010). This process is mediated through
mechanisms requiring the constitutively active PKC iso-
form, PKM¢(Sacktor, 2011). Activation of PKM({¢increases
N-ethylmaleimide-sensitive factor (NSF) activity which
interferes with protein interacting with C-kinase 1
(PICK1)-mediated sequestration of GluR2 (Araki et al.
2010). Once activated, NSF liberates GluR2 from
PICK1-mediated extrasynaptic pools, which allows for
synaptic delivery of GluR2, resulting in potentiation (Yao
etal. 2008). Our data are consistent with synaptic processes
observed following the synthesis and phosphorylation of
PKM{. Preventing GluR2 endocytosis enhances levels of
free GluR2, which can subsequently be driven into post-
synaptic locations. An important mechanistic distinction
is that in our protocol, PKA could substitute for
PKM¢-dependent GluR2 trafficking by increasing the
phosphorylation and synaptic delivery of GluR1, which
is consistent with previous studies demonstrating a
requirement for PKA in synaptic tagging (Young et al.
2006). It appears that endocytosis of GluR2-containing
AMPARs may reset synapses which have not undergone
translation-dependent potentiation back to basal states.
which could be considered a form of tag degradation. Both
PKM¢mediated GluR2 regulation and PKA activation
could prevent this tag degradation through the synaptic
maintenance of GluR2 and priming of GluR1 insertion,
respectively.

Our main finding was an enhancement of
heterosynaptic long-term potentiation in CAl following
the induction of homosynaptic 8-AR-dependent LTP. Our
results suggest that increased noradrenergic signalling
can prime heteroassociative processes requiring trans-
lation in a cell-wide manner. Synaptic protein synthesis
may provide a mechanism for behavioural tagging, a
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process in which memory consolidation is enhanced
by prior exposure to an open field and that requires
translation (Moncada & Viola, 2007). Open field
exposure is a mildly aversive stimulus which engages the
neuromodulatory systems capable of upregulating trans-
lation (Thomas et al. 1996; Winder et al. 1999; Straube
et al. 2003; Gelinas & Nguyen, 2005). Taken together, our
results suggest that activation of noradrenergic receptors
enhances heterosynaptic facilitation which, in turn, could
provide a cellular mechanism for the remembrance of
temporally spaced events during associative memory
formation. Our results add B-adrenergic receptors to a
growing list of neuromodulatory receptors that can engage
cellular mechanisms capable of enhancing heterosynaptic
facilitation.
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