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Abstract

Synaptic plasticity, the activity-dependent change in the strength of neuronal connections, is a
proposed cellular mechanism of memory storage that is critically regulated by protein kinases such
as CAMP-dependent protein kinase (PKA). Despite the fact that a neuron contains thousands of
synapses, the expression of synaptic plasticity can be specific to subsets of synapses. This is
surprising because signal transduction pathways underlying synaptic plasticity involve diffusible
second messenger molecules such as CAMP and diffusible proteins such as the catalytic subunit of
PKA. One way in which this specificity can be achieved is by the localization of signal
transduction molecules to specific subcellular domains. Spatial compartmentalization of PKA
signaling is achieved via binding to A kinase-anchoring proteins (AKAPSs). We report here that
pharmacological inhibition of PKA anchoring impairs synaptically activated late-phase long-term
potentiation (L-LTP) in hippocampal slices. In contrast, potentiation that is induced by the
pharmacological activation of the cCAMP/PKA pathway, which can potentially affect all synapses
within the neuron, is not impaired by inhibition of PKA anchoring. These results suggest that PKA
anchoring may be particularly important for events that occur at the synapse during the induction
of L-LTP, such as synaptic tagging and capture. Indeed, our results demonstrate that blocking
PKA anchoring impairs synaptic tagging and capture. Thus our data highlight the idea that PKA
anchoring may allow for specific populations of synapses to change in synaptic strength in the
face of plasticity-related transcription that is cell-wide.
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Introduction

The cellular mechanisms underlying memory storage likely involve activity-dependent
changes in the strength of neuronal connections (Martin et al., 2000). Long-lasting
modifications in synaptic strength require products of transcription (Nguyen et al., 1994)
and translation (Frey et al., 1988). Even though these newly generated molecules may be
distributed throughout the cell, only a subset of these synapses remain changed over time
(Nguyen et al., 1994). Out of thousands of synapses, how does a neuron identify those
synapses that will selectively undergo long-term change? Furthermore, how is this degree of
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specificity possible when signal transduction pathways underlying synaptic plasticity
involve diffusible molecules such as cAMP? One way in which specificity can be achieved
is by localizing signal transduction molecules to specific subcellular domains. Indeed, PKA
is concentrated in certain subcellular regions through interaction with a family of
functionally distinct but structurally related proteins called A kinase-anchoring proteins
(AKAPs), a protein family consisting of more than 50 members (reviewed in Wong and
Scott, 2004). Spatial compartmentalization of PKA may contribute to the specificity of the
cAMP/ PKA signaling pathway in affecting downstream proteins (for example, in studies by
Fink et al., 2001, inhibition of PKA anchoring resulted in redistribution of RIl and decreased
compartmentalization of PKA).

A well known and widely studied form of synaptic plasticity is hippocampal long-term
potentiation (LTP) (Bliss and Collingridge, 1993; Bliss and Lgmo, 1973; Malenka and
Nicoll, 1999). In slice preparations of the hippocampus, brief patterns of high-frequency
stimulation increase the amplitude of subsequent synaptic potentials. At hippocampal
Schaffer collateral-CA1 synapses, L-LTP requires NMDA receptor activation (Collingridge
et al., 1983), protein synthesis (Frey et al., 1988), transcription (Nguyen et al., 1994), and
PKA (Abel et al., 1997; Frey et al., 1993; Huang and Kandel, 1994; Matthies and Reymann,
1993; Woo et al., 2000, 2002, 2003). In area CAL, cAMP levels are increased 1 min after
tetanic stimulation that induced L-LTP (Frey et al., 1993), with a corresponding increase in
PKA activity briefly after stimulation (Roberson and Sweatt, 1996). Treatment of
hippocampal slices with cAMP analogs induces a potentiation that resembles L-LTP,
whereas treatment with PKA inhibitors blocks L-LTP (Frey et al., 1993). Transgenic mice
expressing a dominant negative regulatory subunit of PKA have reduced L-LTP in area CAl
and exhibit impaired performance in hippocampal-dependent memory and place cell
stability (Abel et al., 1997; Rotenberg et al., 2000; Woo et al., 2000, 2002, 2003). Therefore,
PKA activity is crucial in L-LTP and long-term memory.

An interesting property of hippocampal L-LTP is that of pathway specificity. A two-
pathway experimental setup, where two independent sets of presynaptic inputs converge on
a common set of postsynaptic neurons, can be used to monitor synaptic activity in two
separate populations of synapses on the same synaptic neurons. In this two-pathway setup,
only synapses that received L-LTP stimulation remain persistently potentiated; synapses that
did not receive L-LTP stimulation do not undergo long-term functional change (Nguyen et
al., 1994). This pathway specificity with which subsets of synapses become stably
potentiated over time suggests that plasticity-related gene products are selectively used by
those synapses that have received L-LTP stimulation to increase synaptic strength. Frey and
Morris tested the idea that plasticity-related proteins, widely distributed throughout the cell,
can be captured at specific “tagged” synapses (Frey and Morris, 1997). They demonstrated
using two-pathway experiments that transient synaptic potentiation induced by weak
stimulation in one pathway can be converted to stable synaptic potentiation if it is paired
with strong stimulation in the other pathway. Thus synaptic activity seems to “tag” active
synapses. It has been proposed that strong stimulation of synapses not only tags the synapses
but also induces transcriptional and translational activity; weak stimulation of synapses only
tags the synapses, but these tags have the ability to “capture” the products of gene
expression produced by the neuron in response to strong stimulation in other synapses
(Barco et al., 2002, 2005; Frey and Morris 1997, 1998; Sajikumar and Frey 2004; Sajikumar
et al., 2005; Young and Nguyen, 2005).

Because selectively modifying subsets of synapses likely requires highly compartmentalized
signal transduction pathways, we explore here the hypothesis that PKA anchoring is
essential for hippocampal L-LTP. To inhibit PKA-AKAP interactions, we use a cell-
permeable form of the Ht31 peptide, a truncated form of an AKAP that competitively binds
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the regulatory subunits of PKA, blocking the interaction of the regulatory subunit with most
AKAPs (Carr et al., 1992). We demonstrate that synaptically activated L-LTP is impaired by
this pharmacological inhibitor of PKA anchoring in a dose-dependent manner. We provide
further evidence for the compartmentalized nature of PKA signaling in L-LTP by showing
that synaptic potentiation caused by the global elevation of cAMP does not require PKA
anchoring. Because tagging synapses for long term changes is specific to subsets of
synapses, we investigate whether PKA anchoring is required to maintain the spatial
specificity that is critical to synaptic tagging. Using a two-pathway paradigm, we
demonstrate that the process of synaptic tagging and capture is impaired by inhibition of
PKA anchoring. Thus the spatial specificity of the PKA signaling pathway, mediated by
AKAPs, is critical to long-term synaptic changes in the hippocampus.

Materials and methods

Electrophysiology

Hippocampal slices were prepared as described previously (Abel et al., 1997). Briefly, 2- to
6-month-old male and female C57BL/6J (Jackson Labs) mice were sacrificed by cervical
dislocation, brains were removed and hippocampi were rapidly dissected in the presence of
chilled, oxygenated artificial cerebrospinal fluid (aCSF). Transverse slices (400 um) were
prepared using a tissue chopper and placed in an interface recording chamber (Fine Science
Tools, Foster City, CA). ACSF (pH 7.4) containing 124 mM NaCl, 4.4 mM KCI, 1.3 mM
MgSO,, 1 mM NaH,POy, 26.2 mM NaHCO3, 2.5 mM CaCl, and 10 mM D-glucose
bubbled with 95% O,/5% CO,, was constantly perfused over slices at a rate of
approximately 1 ml/min. Slices were allowed to recover for approximately 1.5 h before
recording. To elicit field excitatory postsynaptic potentials (fFEPSPs) from Schaffer
collateral-CA1 synapses, bipolar nichrome wire (0.5 mm; AM Systems, Carlsborg, WA)
extracellular stimulating electrodes were placed in stratum radiatum of CAL. Field EPSPs
were recorded extracellularly using a glass micropipette (1.5 mm OD; AM Systems,
Carlsborg, WA) electrode filled with aCSF with a resistance of 2—4 MQ Data were acquired
using ClampEx 9.2 and a Digidatal322 A/D converter (Axon Instruments, Union City, CA)
at 20 kHz and low pass filtered at 2 kHz with a 4-pole Bessel filter. To examine basal
synaptic transmission, input-output curves were generated by measuring the initial slope of
the fEPSP in response to systematic increases in the strength of the stimulus. Slices that had
maximum amplitude responses of less than 4 mV were rejected. The stimulus strength was
then set to elicit approximately 40% of the maximum initial fEPSP amplitude. Paired pulse
facilitation was then examined at interpulse intervals between 25-300 ms. For LTP
experiments, test pulses were delivered to Schaffer collaterals once every minute for 20 min.
Slices that did not have stable baseline responses for 20 min were rejected. After 20 min,
LTP was induced electrically by using one of two protocols. A tetraburst (four 1 s, 100 Hz
tetanic stimulus trains delivered 5 min apart) was used to induce L-LTP. After induction of
synaptic potentiation, test pulses were delivered once per minute for two hours. In E-LTP
experiments, a single 1 s, 100 Hz tetanic stimulus was used to induce a transient potentiation
that was followed for one hour. For synaptic tagging experiments, two stimulating
electrodes were positioned in such a way as to activate two separate sets of inputs onto the
same postsynaptic population of neurons. Pathway independence was assessed by the
absence of paired-pulse facilitation (50 ms interval) between the two pathways. Strong
stimulation (tetra-burst protocol) was used to induce L-LTP in S1. Weak stimulation (one 1
s, 100 Hz) in S2 was used to assess the efficacy of the synaptic tagging and capture process.
All experiments were conducted according to National Institutes of Health guidelines for
animal care and use and were approved by the Institutional Animal Care and Use Committee
of the University of Pennsylvania.
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Custom peptide synthesis of stearated Ht31 (stHt31) and Ht31P (stHt31P) was conducted by
Quality Controlled Biochemicals (Hopkinton, MA). The sequences of the peptides were:
stHt31, St-N-DLIEEAASRIVDA-VIEQVKAAGAY-C; stH31P, St-N-DLIEEAASR-
PVDAVPEQVKAAGAY-C (Carr et al., 1992; Vijayaraghavan et al., 1997). Peptides were
delivered as lyophilized powder and resuspended at a stock concentration of 10 mM in 50
mM Tris—HCI (pH 7.0) and 0.05% DMSO to increase peptide solubility. Unless specified,
peptides were used at 10 uM final concentration in aCSF in all experiments described.

Forskolin (50 uM; Sigma, St. Louis, MO; de Souza et al., 1983), is an adenylyl cyclase
activator. 3-1sobutyl-1-methylxanthine (IBMX, 30 uM; Sigma; Kalderon et al., 1980;
Wojcikiewicz et al., 1984) is a phosphodiesterase inhibitor. Forskolin and IBMX were
independently dissolved in 50 mM Tris—HCI (pH 7.0) and 0.05% DMSO and used together
to induce a form of chemical LTP that is PKA dependent (Woo et al., 2002).

Data analysis

Results

Synaptic strength was measured by the initial slope of the fEPSP. A 20 min stable baseline
was acquired prior to pharmacological manipulations or L-LTP stimulation. Field EPSP at
each subsequent time point is normalized to the averaged baseline value and plotted to
generate LTP graphs. Two way repeated measures ANOVA with post-hoc Student
Newman-Keuls test (SYSTAT 7.0.1 software) was used to determine statistical differences
between treatment groups. ANO-VA was performed on the last 20 min time points of each
recording. In Fig. 2b, the normalized fEPSP values at 100-120 min posttetanus are averaged
and plotted for each drug treatment group. For the analysis of the input—output properties at
Schaffer collateral-CA1 synapses, presynaptic fiber volley amplitudes were binned at 0.1
mV intervals prior to ANOVA.

Basal synaptic transmission is normal in stHt31 treated hippocampal slices

To examine the role of PKA anchoring in hippocampal synaptic plasticity, we bath-applied a
membrane-permeable (stearated) form of the Ht31 peptide (stHt31) to hippocampal slices.
Stearated Ht31P (stHt31P), a peptide identical to stHt31 except for proline substitutions to
prevent binding to PKA, was used as negative control (Carr et al., 1992; Vijayaraghavan et
al., 1997). At the Schaffer collateral-CA1 synapses, input-output properties, as assessed by
the scatter plots of fEPSPs and their corresponding presynaptic fiber volley amplitudes, were
not statistically different between stHt31- (n = 15 slices) and stHt31P- (n = 10) treated slices
(F1, 209 = 1.37, p>0.05) (Fig. 1a). Paired-pulse facilitation (PPF), the short-term
enhancement of synaptic efficacy following delivery of two closely spaced stimuli that is
sensitive to alterations in presynaptic function (Manabe et al., 1992), was not significantly
different between the two peptide treatments (n = 9 for each) at interpulse intervals from 25
to 300 ms (F1, g9 = 0.027, p>0.05) (Fig. 1b), suggesting that stHt31 treatment does not alter
presynaptic function.

Inhibition of PKA anchoring impairs synaptically activated L-LTP

Because changing the strength of neuronal connections in subsets of synapses likely requires
PKA signals that are restricted to these synapses, we specifically examined whether PKA
anchoring is required for a PKA-dependent form of L-LTP induced synaptically at Schaffer
collateral-CA1 synapses by four 1 s, 100 Hz trains of electrical stimuli. We observed that L-
LTP was impaired by 10 pM stHt31 peptide treatment relative to 10 uM stHt31P control
peptide treatment (n = 6 slices for each, p<0.05 in the post-hoc test) (Fig. 2a).
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Furthermore, impairment in this form of L-LTP was dependent on the dosages of stHt31
(F3, 539 = 8.18, p<0.05; main effect of dose). During the period between 100 and 120 min
post-tetanus, the average fEPSPs were 203 + 34% for the stHt31P control group, 183 + 19%
for the 1 uM stHt31 group, 130 + 11% for the 5 uM stHt31 group, and 106 + 6% for the 10
uM stHt31 group (Fig. 2b). Compared to the stHt31P treatment group, 1 pM stHt31 did not
significantly impair L-LTP (n = 6, p>0.05; post-hoc Student-Neumann-Keuls test on each
drug concentration). stHt31 (5 uM) significantly impaired L-LTP (n = 6, p<0.05) as
compared to stHt31P treatment. According to the post-hoc test, 5 and 10 uM stHt31
treatment groups are also different (p<0.05), suggesting that 5 uM stHt31 does not impair
hippocampal L-LTP as severely as with 10 uM stHt31. Baseline fEPSP responses in the
absence of L-LTP induction were not altered by stHt31 treatment (n = 3) (Fig. 2a).

In contrast to the observed impairment of L-LTP, a PKA-independent form of synaptic
plasticity, induced by one 1 s, 100 Hz train of electrical stimuli that elicited a short lasting
form of LTP called E-LTP (Huang and Kandel, 1994), was not impaired by stHt31
inhibition of PKA anchoring (F1, 199 = 0.02, p>0.05) (Fig. 2c).

Inhibition of PKA anchoring does not impair synaptic potentiation that is induced by
global activation of cAMP

Our observations suggest that hippocampal L-LTP requires highly compartmentalized PKA
signaling that is sensitive to inhibition of PKA anchoring. Synaptic potentiation caused by
the global elevation of cAMP may not require restricted microdomains of PKA signals at
synapses and may not need the spatial signaling specificity conferred by PKA anchoring to
AKAPs. Therefore, we examined whether PKA anchoring is essential for a PKA-dependent
form of LTP (Woo et al., 2002) that is induced by the cell-wide activation of cCAMP. We
observed that long lasting potentiation induced by forskolin (50 uM) and IBMX (30 pM)
treatment was not statistically different between the stHt31 treatment group and the stHt31P
control group (n = 6 slices for each, F1 239 = 0.19, p>0.05) (Fig. 3a).

Inhibition of PKA anchoring impairs synaptic tagging

Because tagging synapses for long-term changes involves PKA activity (Barco et al., 2002;
Young et al., 2006) and is specific to subsets of synapses, we next examined whether PKA
anchoring is required for synaptic tagging and capture processes. Two stimulating electrodes
were placed on either side of the recording electrode, to elicit two independent input
pathways (S1 and S2) to the same population of postsynaptic neurons (Fig. 4a). The
independence of these two sets of inputs was confirmed by the absence of paired pulse
facilitation when the two pathways were stimulated in succession at a 50ms interval. A
“strong” stimulation protocol consisting of four 1 s, 100 Hz stimulus trains (4-train) spaced
five minutes apart was used to induce L-LTP in pathway S1 (Fig. 4b, top panel). One hour
after the induction of L-LTP, pathway S2 was tetanized by a “weak,” single-burst
stimulation protocol consisting of a single 1 s, 100 Hz train that normally induces a short-
lasting form of E-LTP (Huang and Kandel, 1994) (also see Fig. 2c). However, when this
weak stimulus was delivered 1 h after L-LTP induction in the other pathway, stable
potentiation was elicited that persisted for several hours, a process referred to as synaptic
tagging and capture (Frey and Morris, 1997). In the presence of the control stHt31P peptide,
pairing weak stimulation in S2 1 h after strong stimulation in S1 induced long-lasting
strengthening in pathway S2 (Fig. 4b, bottom panel). In contrast, stHt31 treatment during
weak stimulation to S2 impaired long-lasting changes in fEPSP in S2 (Fig. 4b, bottom
panel) and is significantly different from stHt31P treatment (F; 179 = 20.21, p<0.01). It is
interesting to note that application of stHt31 1 h after strong stimulation in S1 does not
impair L-LTP in S1 (F1, 179 = 0.61, p>0.05), suggesting that the requirement for anchored
PKA signaling falls during the induction of L-LTP.
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Discussion

The cellular mechanisms facilitating pathway specificity, where only synapses that receive
tetanizing stimuli remain potentiated over time (Nguyen et al., 1994), likely requires spatial
compartmentalization of signal transduction pathways that are involved in L-LTP. We
present evidence for this compartmentalization by demonstrating that pharmacological
inhibition of PKA anchoring impairs a synaptically activated form of synaptic plasticity but
spares another PKA-dependent form of plasticity induced by global elevation of cAMP. The
co-application of forskolin and IBMX will activate adenylyl cyclases and remove barriers to
cAMP diffusion formed by phosphodiesterases, resulting in cell-wide activation of cCAMP.
This global cAMP signal is able to induce a long-lasting form of LTP that is not dependent
on microdomains of anchored PKA. In contrast, L-LTP induced in subsets of synapses by
four trains of high-frequency stimulation is impaired by stHt31, suggesting that PKA
anchoring allows micro-domains of PKA signals to be discretely activated following
synaptic L-LTP stimulation. Further, application of stHt31 1 h after strong stimulation in S1
does not impair L-LTP in S1 (Fig. 4b, top panel), indicating that there is a critical time
window during the induction of L-LTP in which PKA anchoring is essential for the
expression of L-LTP. These results highlight the critical importance of PKA anchoring in
the local activation of PKA required to restrict synaptic changes to specific subsets of
synapses.

The process of tagging specific synapses to capture products of plasticity-related genes has
been shown to require PKA activity (Barco et al., 2002; Young et al., 2006). We extend this
finding and demonstrate that inhibition of PKA anchoring impairs the process of synaptic
tagging and capture. The idea of synaptic tagging and capture reconciles two fundamental
properties of L-LTP: that it requires the products of transcription and translation, and that it
exhibits pathway specificity. Only tagged synapses have the ability to capture plasticity-
related molecules that are generated by transcription and translation. Thus the spatial
specificity of these signaling events is critical to the expression of long-term synaptic
changes. We demonstrate that pharmacological inhibition of PKA anchoring prevents
synaptic tagging and capture. Therefore, the impairment in L-LTP caused by stHt31 (Fig.
2b) can be attributed, at least in part, to this failure in synaptic tagging and capture when
PKA anchoring is disrupted. By varying the order of strong and weak stimulation in S1 and
S2 and applying the stHt31 peptide during different time windows, future experiments will
delineate whether PKA anchoring is selectively required for the synaptic tagging or the
synaptic capture process.

We have demonstrated that anchoring of PKA to AKAPs is a critical component of the
signal transduction pathways underlying hippocampal L-LTP. AKAPs such as AKAP79/150
and Yotiao have been implicated in anchoring PKA, along with other kinases and
phosphatases, to synaptic proteins such as NMDA-and AMPA-receptors that play crucial
roles in synaptic plasticity (Colledge et al., 2000; Westphal et al., 1999). However, in order
to identify the specific AKAPs involved in providing compartmentalized PKA signaling
during hippocampal L-LTP, one must selectively disrupt the interaction of PKA with each
specific AKAP by introducing site-specific mutations in the PKA-binding domains of that
particular AKAP. The challenge is to accomplish this disruption for each potential AKAP in
a cell-type and region specific manner. Regulation of channel currents, receptor trafficking,
gene transcription, protein synthesis, and neuronal morphology are just some of the potential
mechanisms and sites of action for PKA during synaptic plasticity (for reviews see Nguyen
and Woo, 2003; Bauman et al., 2004). These diverse pathways involve PKA targets that are
located in different subcellular compartments and in pre- and post-synaptic neurons,
highlighting the importance of PKA anchoring in mediating synaptic plasticity. Thus, future
experiments will take advantage of proteomic, biochemical and electrophysiological
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techniques to identify the cellular and molecular components by which PKA anchoring
regulates synaptic tagging and capture.
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Measures of basal synaptic transmission are normal in slices treated with stHt31. (a) Input—
output curves illustrating each presynaptic fiber volley amplitude with its corresponding
initial fEPSP at various stimulus intensities are not different between hippocampal slices
from C56BL/6J mice treated with stHt31 (10 pM) and stHt31P (10 uM). (b) Paired-pulse
facilitation, the short-term enhancement of synaptic efficacy following delivery of two
closely spaced stimuli, is not significantly different in slices treated with stHt31 and

StHt31P.
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Fig. 2.

Pharmacological inhibition of PKA anchoring impairs 4-train L-LTP in a dose-dependent
fashion. (a) Treatment with 10 uM stHt31 (duration indicated by black bar) impairs L-LTP
induced by four 1 s, 100 Hz trains of electrical stimuli, while 10 uM stHt31P does not alter
L-LTP. stHt31 (10 uM) in the absence of LTP induction does not alter baseline responses
recorded for 2.5 h. fEPSP responses in the absence of L-LTP induction were not altered by
stHt31 treatment. (b) Comparison of the average fEPSPs from the experiments in (a) at 100—
120 min posttetanus. L-LTP impairment is dose dependent: compared to the stHt31P group,
1 uM stHt31 does not significantly impair L-LTP, 5 uM stHt31 significantly impaired L-
LTP as compared to stHt31P treatment, but not to the same extent as compared to the 10 uM
StHt31 group. (c) Treatment with stHt31 does not impair a PKA-independent form of E-LTP
induced by one 1 s, 100 Hz train of electrical stimulus.
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Fig. 3.

Pharmacological inhibition of PKA anchoring does not impair potentiation induced by
forskolin/IBMX treatment. Acute application of 50 pM forskolin and 30 uM IBMX for 15
min (indicated by green bar) elicited potentiation that is unaffected by stHt31 treatment as
compared to stHt31P treatment (indicated by black bar).
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Pharmacological inhibition of PKA anchoring impairs synaptic tagging and capture. (a) For

the synaptic tagging and capture experiments, two stimulating electrodes were positioned
along the Schaffer collateral fiber pathways in such a way as to activate two separate sets of
stimulus inputs (S1 and S2) onto the same postsynaptic population of neurons in CAL. (b) In

S1, L-LTP induced by four 1 s, 100 Hz trains of electrical stimuli is normal in stHt31-treated

slices (duration indicated by black bar), when the peptide is applied at a later time point (30

min) after L-LTP induction. In S2, weak stimulation (one 1 s, 100 Hz train) in the presence

of the stHt31P control peptide resulted in long-lasting potentiation. Stearated Ht31 treatment
during weak stimulation in S2 impairs this long-lasting potentiation.
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