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Induction of B-adrenergic metaplasticity of LTP
requires intact anchoring of PKA
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Beta-adrenergic receptors (3-ARs) prime hippocampal synapses to stabilize long-term potentiation (LTP). This “metaplas-
ticity” can persist for 1-2 h after pharmacologic activation of B-ARs. It requires activation of PKA (cAMP-dependent
protein kinase) during B-AR priming. A-kinase anchoring proteins (AKAPs) tether PKA to downstream signaling proteins.
We hypothesized that induction of this metaplasticity requires intact functioning of AKAPs. Acute application of stearated
ht31, a membrane-permeant inhibitor of AKAPs, either during B-AR activation 30 min prior to LTP induction or during
LTP induction, attenuated the persistence of LTP. A control, inactive ht31 peptide did not affect p-AR-mediated metaplas-
ticity. These findings implicate PKA anchoring in the induction of B-adrenergic metaplasticity of LTP.

Long-term potentiation (LTP) is an activity-induced increase in
synaptic strength that is a leading cellular mechanism for learning
and memory (Bliss and Lomo 1973; Martin et al. 2000). The prior
history of synaptic activity can “prime” future alterations in synap-
tic potency by a process termed “metaplasticity” (Abraham 2008).
Activation of beta-adrenergic receptors (B-ARs) by isoproterenol
(Iso) elicits stable, persistent LTP hours after washout of Iso, and
this p-AR metaplasticity requires activation of PKA during Iso appli-
cation (Tenorio et al. 2010). Additionally, this PKA requirement is
correlated with increased serine-845 (a PKA phosphor-site) phos-
phorylation of the GluR1 subunit of glutamatergic AMPA receptors
(AMPARSs) (Tenorio et al. 2010).

A-kinase anchoring proteins (AKAPs) comprise a family of
adaptor proteins that can interact with p-ARs, AMPARs, PKA, and
adenylyl cyclase (for review, see Patriarchi et al. 2018) to enable lo-
calized, rapid multicomponent signaling following activation of
B-ARs. These AKAPs anchor regulatory subunits of PKA in close
proximity to target substrates of CAMP/PKA signaling, thereby en-
abling robust transduction in the face of diffusible cAMP. Specific
AKAPs, such as AKAPS5/150 (Zhang et al. 2013) and AKAP12
(gravin) (Havekes et al. 2012), are critical for f-AR-mediated en-
hancement of hippocampal LTP following 5-Hz stimulation ap-
plied during (Havekes et al. 2012), or immediately after, Iso
(Zhang et al. 2013). It is unknown whether the induction of LTP
metaplasticity, elicited well after Iso application (Tenorio et al.
2010), requires intact AKAP function. We hypothesize that intact
PKA anchoring is critical for inducing stable metaplasticity of
LTP following “priming” of B-ARs.

To address this hypothesis, we acutely applied a stearated,
membrane-permeant AKAP inhibitory peptide, ht31, to murine
hippocampal slices that were prepared and maintained under con-
ditions described in our previous study (Tenorio et al. 2010). Male
C57BL/6 mice (Charles River Laboratories, Canada, aged 7-12 wk)
were used in all experiments and were housed at the University of
Alberta in accordance with Canadian Council on Animal Care
(CCAC) guidelines. Following cervical dislocation and decapita-
tion, hippocampi were extracted, sliced transversely (400 pm
thickness), and slices were transferred to an interface chamber
(Fine Science Tools, Canada) where they recovered for ~90 min
at 30°C, aerated with carbogen (95% 0O,/5% CO,). Slices were
continuously perfused with artificial cerebrospinal fluid (aCSF)
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[124 mM NacCl, 4.4 mM KCI, 1.3 mM MgSO,4, 1 mM NaH,PO,,
26.2 mM NaHCOs, 2.5 mM CacCl,, and 10 mM glucose] at a rate
of 1 mL per minute. Field excitatory postsynaptic potential
(fEPSP) recordings were obtained from area CA1 by homosynapti-
cally stimulating the Schaffer collateral-commissural pathway and
recording from stratum radiatum. Recording glass microelectrodes
were filled with aCSF (resistances of 2-3 MQ), and bipolar nickel-
chromium electrodes were used for stimulation. fEPSPs were elicit-
ed using a stimulus intensity that produced 40% of maximum am-
plitudes, at a test stimulation frequency of once per minute
(0.08-msec pulse duration). Following 20 min of baseline record-
ings, different protocols were administered involving various
drug application and/or high-frequency stimulation (HFS) (one
train of 100-Hz, 1-sec train duration). Drug-free control ex-
periments were achieved by monitoring baseline before delivering
100-Hz. Controls were assessed by applying Iso (10 uM) for 15 min
followed by a 30-min washout, then 100-Hz stimulation. For some
experiments, AKAP inhibitor peptide, ht31 (10 uM, Promega), was
applied for 25 min, overlapping with 15 min of Iso (which com-
menced 5 min after the start of ht31 application; see Fig. 2B below)
or with 100-Hz tetanization (see Fig. 2C below). In experiments
where ht31 was applied during Iso, LTP was induced 30 min after
washout of ht31. This was also repeated using the inactive peptide
analog, ht31P (10 pM, Promega), as well as a PKA inhibitor,
KT5720 (KT, Sigma) (1 uM), which was dissolved in a stock concen-
tration of 1 mM in dimethylsulfoxide (DMSO).

Experiments were conducted under dimmed light to mini-
mize the photolysis of Iso. Drug experiments were interspersed
with drug-free controls. Data were analyzed offline using
pCLAMP 10 software (Axon Instrument Inc.). Initial fEPSP slopes
were measured as an index of synaptic strength (Johnston and
Wu 1995). Slopes were averaged using a steady baseline recording
(prior to 100-Hz) to obtain a “baseline” mean value for each exper-
iment. All subsequent slopes were expressed as percentages of these
baseline mean slopes. Mean fEPSP slopes, measured 100 min
post-100-Hz, were used for inter-group comparisons of synaptic
strength. Student’s t-tests were used for statistical comparisons of
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PKA anchoring enables metaplasticity

mean fEPSP slopes between two groups. One-way ANOVA and
Tukey-Kramer post-hoc tests were used for comparing the signifi-
cance between three groups (significance level of P<0.05). All val-
ues were standardized to the average baseline slope and reported as
mean + SEM.

In our previous study (Tenorio et al. 2010), PKA activation was
shown to be required for B-AR-induced priming of enhanced LTP
maintenance. Because AKAPs tether PKA regulatory subunits to
molecular targets of PKA, we first wanted to confirm the PKA de-
pendence of this metaplasticity, by acutely applying a PKA inhibi-
tor, KT5720 (1 uM), during Iso administration prior to 100-Hz
induction of LTP (Fig. 1). In slices treated with KT5720 during Iso
treatment, the mean fEPSP slope recorded 100 min after 100-Hz
stimulation was 105+ 5% (n=6) of pre-Iso baseline (Fig. 1B); this
was significantly less than the mean fEPSP slope recorded from slic-
es treated with Iso and given 100-Hz stimulation 30 min after Iso
washout (136+11%, n=6, P<0.0S, Fig. 1A). Slices receiving only
100-Hz, without Iso, displayed a mean fEPSP slope of 106+4%
(Fig. 1A, n=8), which was significantly less than the mean slope
from Iso + 100-Hz slices (P<0.01). Thus, stable B-AR metaplasticity
requires PKA activation during the priming Iso treatment. p-AR ac-
tivation by Iso recruits PKA 30-40 min before LTP induction.

We next applied stearated ht31, an inhibitor peptide that
blocks the interaction between type RII regulatory subunits
of PKA and AKAP (Carr et al. 1992). In slices treated with
active ht31 (10 uM) during Iso (Fig. 2B), the mean fEPSP slope
was 103+3% (n=7) versus 139+ 14% in control slices receiving
only Iso+100-Hz (n=6, Fig. 2A). In contrast, an inactive ht31 pep-
tide (10 uM), applied to slices receiving Iso+100-Hz, yielded a
mean fEPSP slope of 160 £ 23% (n=8, Fig. 2B). An ANOVA compar-
ing differences in fEPSP slopes among a control group and both the
active and inactive peptides identified significant differences be-
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tween groups (F,15=23.3, P<0.00001) (Fig. 2D). A subsequent
Tukey-Kramer post-hoc test revealed that ht31 application im-
paired induction of metaplasticity of LTP relative to control slices
(P<0.01) but not with the inactive peptide (P>0.05). In compari-
son with the ht31 experiments, the inactive peptide group also ex-
hibited a marked increase in mean fEPSP slope (P<0.00001).

In addition to impairing the induction of metaplasticity of
LTP, ht31 may indirectly reduce PKA activation that results from
100-Hz HFS. To test this notion, we shifted the application of
ht31 to overlap with HFS. In these experiments (Fig. 2C), ht31
(or ht31P) was applied for 25 min, starting 10 min prior to HFS
and ending 15 min after HFS. We found that with ht31 (active pep-
tide), the mean fEPSP slope was 100 + 5% (n=7), which was signifi-
cantly reduced from a mean slope of 131+10% in slices treated
with ht31P control peptide (n=5; P<0.01). An ANOVA comparing
differences in fEPSP slopes among a control group (Iso minus pep-
tide) and both the active and inactive peptides, identified signifi-
cant differences between groups (F15=27.1, P<0.00001). A
subsequent Tukey-Kramer post-hoc test revealed that ht31 appli-
cation during HFS impaired induction of LTP relative to control
slices (P<0.001) but not with the inactive peptide (P>0.05).
Furthermore, the control peptide, when applied coincidentally
with 100-Hz, significantly increased the average fEPSP slope
relative to the active form (when also applied during tetanization)
(P<0.00001). Our collective data are summarized in the histo-
grams of Figures 1C and 2D, and they indicate that PKA anchoring
is critical for induction of p-adrenergic metaplasticity of LTP. Such
anchoring may be associated with, or initiated by, HFS that leads to
induction of stable LTP after earlier “priming” of 8-ARs by Iso.

Metaplasticity of LTP following priming of endogenous neu-
romodulatory receptors may facilitate the formation of associative
memories by prolonging the “effective” time window for synaptic
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PKA activation is required for metaplasticity of LTP induced by B-AR stimulation. (A) One train of 100-Hz stimulation (1 sec) did not elicit robust

long-lasting potentiation in area CA1 (white symbols, n=8). In contrast, application of Iso (a B-AR agonist), followed by 100-Hz given 30 min after washout
of Iso, induced stable, robust LTP (dark gray symbols, n=6) that lasted for at least 110 min after induction by 100-Hz. (B) KT5720, a PKA inhibitor, blocked
stabilization of LTP when applied during the priming Iso stimulus (n=6). LTP induced by 100-Hz given 30 min after washout of Iso decayed to pre-100-Hz
baseline within 100 min after 100-Hz stimulation. (C) Histogram showing mean fEPSP slopes measured at 100-min post-100-Hz. * represents different
P values: P<0.01 for 100-Hz versus Iso + 100-Hz; P<0.05 for Iso+100-Hz versus KT group (light gray bar). Sample fEPSP traces were obtained at time

points marked “A” and “B” on x-axes of graphs.
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Figure 2. Intact PKA anchoring is required for stable, metaplastic induction of LTP. (A) Iso-primed synapses for subsequent long-lasting potentiation
induced by 100-Hz given 30 min after washout of Iso (n=6). (B) Application of stearated ht31 (white symbols, n=7), a peptide inhibitor of AKAPs,
during the priming Iso stimulus, blocked LTP maintenance. fEPSPs decayed to pre-100-Hz baseline within 90 min after LTP induction by 100-Hz. In con-
trast, an inactive, stearated ht31 peptide (“ht31P,” n=8, dark gray symbols) did not affect the stabilization of LTP over the time course of these experi-
ments. (C) Shifting application of the active ht31 peptide (white symbols, n=7) to overlap (“OVL") with 100-Hz stimulation significantly reduced the
longevity of Iso-primed LTP, whereas applying 100-Hz in the presence of ht31P (dark gray symbols, n=5) had no significant effect. (D) Histogram
showing mean fEPSP slopes measured at 100-min post-100-Hz. * represents different P values: P<0.01 for Iso+100-Hz versus Iso+100-Hz+ht31
group; P<0.00001 for Iso+100-Hz+ht31 group versus Iso+100-Hz +ht31P inactive peptide group; P<0.001 for Iso+ 100-Hz versus Iso+ht31 OVL
100-Hz; P<0.00001 for Iso+ht31 OVL 100-Hz versus Iso +ht31P OVL 100-Hz. Sample fEPSP traces were obtained at time points marked “A” and “B”
on x-axes of graphs.

processing of temporally separated events (Abraham 2008). In our study, their data complement the growing literature that supports
previous study, we showed that B-AR activation by Iso 1-2 h before the idea that multiple isoforms of AKAPs (and of PKA: Woo et al.
LTP induction can extend the longevity of LTP (Tenorio et al. 2000) undetlie various forms of synaptic plasticity and mnemonic
2010). This p-AR-primed metaplasticity required PKA activation phenotypes.

during Iso application and it involved phosphorylation of AKAPs are adaptor proteins that interact with PSD-95 to assist
serine-845 on GluR1 subunits of AMPARs, a PKA phosphor-site in assembling a multicomponent complex consisting of PKA,
(Tenorio et al. 2010). However, that study did not examine the rel- adenylyl cyclase, AMPARs, and B-ARs (Colledge et al. 2000; Joiner
ative importance of free, unanchored PKA versus anchored PKA in et al. 2010; for review, see Patriarchi et al. 2018). By bringing these
inducing stable metaplasticity of LTP. Our present results shed light signaling elements into close proximity to glutamatergic receptors,

on this issue by revealing that inhibition of AKAP during Iso appli- AKAPs can facilitate rapid, localized phosphorylation following
cation impaired the metaplasticity of LTP induced by one 100-Hz B-AR activation. This may help to explain the rapid induction of
train applied 30 min after Iso washout. By using time-limited LTP late after priming of B-ARs, but it is unclear exactly how such
bath application of stearated ht31, a peptide inhibitor of AKAPs, phosphorylation of cell surface receptors causes long-lasting po-
we were able to implicate a generic requirement for PKA anchoring tentiation that can endure for several hours after 100-Hz stimula-

in the induction of B-AR-triggered metaplasticity of LTP. PKA an- tion in hippocampal slices. Protein synthesis is likely involved, as
choring was also implicated in the maintenance of LTP, as ht31 ap- pharmacologic inhibition of translation significantly reduced
plication during HFS reduced the longevity of LTP (Fig. 2C). the cell surface expression of GluR1-containing AMPARs after

In an earlier study, transgenic, conditional overexpression of B-AR-induced metaplasticity (Tenorio et al. 2010). Also, serine-845
ht31in the hippocampi of mice identified a differential require- phosphorylation (by PKA) on GluR1 persisted for 1-2 h after wash-
ment for PKA anchoring in distinct forms of LTP and memory: out of Iso (Tenorio et al. 2010). Thus, long-lasting phosphorylation
theta-burst LTP and spatial memory required presynaptically an- of GluRl by PKA, along with insertion of GluR1-containing

chored PKA, whereas LTP induced by four trains of 100-Hz, and AMPARSs, a process that depended on protein synthesis, appears
spatial learning, required postsynaptically anchored PKA (Nie to explain the longevity of metaplastic stabilization of LTP
et al. 2007). Although metaplasticity was not examined in that following B-AR activation. Indeed, a study by Maity et al. (2015),
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identified significantly increased GluR1 mRNA translation in hip-
pocampal extracts of CA1 following noradrenergic metaplasticity
of LTP, using an induction protocol similar to the present study.
We hypothesize that PKA anchoring may actually play broader
roles in affecting synaptic plasticity, by enabling posttranslational
modifications of glutamatergic receptors (following B-AR activa-
tion) that can, under appropriate conditions, assist in initiating
translation to stabilize LTP (Gelinas and Nguyen 2005; Gelinas
et al. 2007; Maity et al. 2015).

Which AKAP isoforms are required for metaplasticity follow-
ing B-AR activation? Our data do not permit the identification of
specific AKAPs. However, evidence from previous studies provides
insights on which AKAPs are likely recruited during Iso-triggered
metaplasticity. In the presence of Iso, CA1 LTP induced by theta-
pulse stimulation was blocked by genetic knockout of AKAPS in
mice (Zhang et al. 2013). Interestingly, a line of mice in which
only the PKA-binding site of AKAPS was deleted (without affecting
adenylyl cyclase association with GluR1) displayed less impair-
ment of theta-pulse LTP in the presence of Iso than did AKAPS
KO mice (Zhang et al. 2013). This suggests that AKAPS’s anchoring
of adenylyl cyclase may also be important for regulating postsyn-
aptic B-AR signaling. In another study by Havekes et al. (2012), ge-
netic knockout of AKAP12 (gravin) also impaired Iso-induced LTP
following theta-pulse stimulation, a deficit apparently linked to al-
tered ERK (extracellular signal-regulated protein kinase) signaling.
Unlike our present study, however, these earlier studies did not ex-
amine B-AR-initiated priming with the same 30-min time interval
before subsequent 100-Hz LTP induction. From a behavioral per-
spective, such a protocol may better mimic situations where an or-
ganism’s hippocampal circuits are primed for plasticity well before
a significant event has occurred, but is nonetheless anticipated.
Noradrenergic priming may constitute a mnemonic “preparatory”
signal that can facilitate future information storage at synaptic con-
tacts engaged by behaviorally salient events occurring well after
B-AR activation.
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