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Abstract
The cAMP/Protein kinase A (PKA) signaling cascade is crucial for synaptic plasticity in a wide
variety of species. PKA regulates Ca2+ permeation through NMDA receptors (NMDARs) and
induction of NMDAR-dependent synaptic plasticity at the Schaffer-collateral to CA1 pyramidal cell
synapse. Whereas the role of PKA in induction of NMDAR-dependent LTP at CA1 synapses is
established, the identity of PKA isoforms involved in this phenomenon are less clear. Here we report
that protein synthesis-independent NMDAR-dependent LTP at the Schaffer collateral-CA1 synapse
in the hippocampus is deficient, but NMDAR-dependent LTD is normal, in young (postnatal day 10
(P10)-P14) mice lacking PKA RIIβ, the PKA regulatory protein that links PKA to NMDARs at
synaptic sites. In contrast, in young adult (P21-P28) mice lacking PKA RIIβ, LTP is normal and LTD
is abolished. These findings indicate that distinct PKA isoforms may subserve distinct forms of
synaptic plasticity and are consistent with a developmental switch in the signaling cascades required
for LTP induction.
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Introduction
N-methyl-D-aspartate (NMDA) receptor (NMDAR)-mediated Ca2+ influx is essential for
synaptogenesis, experience-dependent synaptic remodeling and long-lasting changes in
synaptic efficacy such as NMDAR-dependent long term potentiation and depression
(Dingledine et al., 1999; Carroll and Zukin, 2002; Cull-Candy and Leszkiewicz, 2004; Malenka
and Bear, 2004; Collingridge et al., 2004; Lau and Zukin, 2007). Synaptic NMDARs are
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localized to the postsynaptic density (PSD), where they are physically anchored and spatially
restricted by scaffolding proteins such as the PSD protein of 95 kDa (PSD-95), which link
upstream and downstream signaling molecules to NMDARs (Scannevin and Huganir, 2000;
Lau and Zukin, 2007). Coupling of PKA and protein phosphatase-1 to synaptic NMDARs by
A kinase adaptor proteins (AKAPs) enables bi-directional regulation of NMDAR channel
activity by PKA (Westphal et al., 1999; Wong and Scott, 2004). The NMDAR-mediated rise
in postsynaptic Ca2+ activates a network of kinases and phosphatases that promote persistent
changes in synaptic strength.

The cAMP/PKA signaling cascade is crucial for synaptic plasticity in a wide variety of species.
The role of cAMP/PKA signaling in the induction (Otmakhova et al., 2000; Skeberdis et al.,
2006) and late, protein synthesis-dependent phase (Huang and Kandel, 1994; Qi et al., 1996;
Abel et al., 1997) of NMDAR-dependent LTP at hippocampal Schaffer collateral-CA1 (Sch-
CA1) synapses has attracted considerable attention. Moreover, pharmacological blockade of
PKA (Yasuda et al., 2003) reduces induction of NMDAR-dependent LTP at Sch-CA1
synapses, suggesting a “gating” role for PKA in LTP (Blitzer et al., 1998). NMDARs are
molecular targets of PKA phosphorylation (Leonard and Hell, 1997; Tingley et al., 1997);
however, the effects of PKA on NMDAR function are less clear. Activation of PKA or
inhibition of protein phosphatase I (PPI) potentiates NMDAR-mediated currents (Cerne et al.,
1993; Wang et al., 1994; Raman et al., 1996; Blank et al., 1997; Snyder et al., 1998; Skeberdis
et al., 2006). Moreover, targeted mutation or disruption of AKAP150, which links PKA to
NMDARs and AMPARs, impairs protein synthesis-dependent (Nie et al., 2007) and
independent LTP (Lu et al., 2007) at Sch-CA1 synapses. PKA promotes Ca2+ permeation
through NMDARs, activity-dependent, NMDAR-mediated Ca2+ signaling in dendritic spines
and induction of NMDAR-dependent LTP at Sch-CA1 synapses (Skeberdis et al., 2006). These
findings link PKA-dependent synaptic plasticity to Ca2+ signaling in spines and provide a novel
mechanism whereby PKA regulates induction of LTP and LTD.

An emerging view is that the specificity of PKA actions on multiple downstream proteins is
dictated by the molecular diversity in PKA catalytic and regulatory subunits, which are
differentially expressed in specific neuronal populations and spatially compartmentalized
within differing microdomains of the neuron (Brandon et al., 1997). The PKA holoenzyme has
four different regulatory subunits. The type II regulatory subunit of PKA (RII) localizes to the
postsynaptic density (PSD) (Carr et al., 1992; Colledge and Scott, 1999; Colledge et al.,
2000), where it links via A-kinase anchoring proteins (AKAPs) to NMDARs and AMPARs
(Carr et al., 1992; Colledge et al., 2000; Oliveria et al., 2003) and modulates synaptic AMPAR
phosphorylation and trafficking critical to synaptic plasticity and remodeling (Malinow and
Malenka, 2002; Collingridge et al., 2004). Whereas the role of the PKA type I regulatory
subunit in hippocampal synaptic plasticity is well-established (Brandon et al., 1995; Huang et
al., 1995), the role of the type II regulatory subunit is less clear.

The present study was undertaken to define the role of the PKA RIIβ subunit in NMDAR-
dependent synaptic plasticity at Sch-CA1 synapses of the hippocampus. Here we show that
NMDAR-dependent LTD is impaired in adult (P21-28) PKA RIIβ−/− null mice; whereas
presynaptic function (assessed by paired-pulse facilitation), excitatory synaptic transmission
(assessed by input/output relations) and protein synthesis-independent, NMDAR-dependent
LTP are normal. In contrast, in hippocampus from young (P10-P14) PKA RIIβ−/− null mice,
protein synthesis-independent LTP is impaired, whereas LTD is normal. These findings
indicate that distinct PKA isoforms may subserve distinct forms of synaptic plasticity and are
consistent with a developmental switch in the signaling cascades required for LTP induction.
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2. Materials and Methods
Animals

All animals (PKA RIIβ null/knockout (−/−) mice and wild-type (WT) littermates and non-
littermates were housed and maintained in a temperature- and light-controlled environment
with a 14/10-h light/dark cycle in a facility at the Institute for Animal Studies at the Albert
Einstein College of Medicine, Bronx, NY. All animal experiments were carried out in
accordance with the principles and guidelines of the National Institutes of Health guide for the
care and use of laboratory animals. Protocols used for this study were approved by the
Institutional Animal Care and Use Committee of the Albert Einstein College of Medicine. The
generation of PKA RIIβ−/− mice was as described (Brandon et al., 1998; Wong et al., 1999);
knockout mice were backcrossed seven or more times onto the C57BL/6 line (Taconic Farms
Inc., Germantown, NY) for use in the study. Mice were a generous gift of Quentin Fischer
(Yale University, New Haven CT). To maintain a colony of knockout and wild-type mice,
PKA RIIβ+/− heterozygous mice were bred in-house. Additional animals were obtained by
crossings of PKA RIIβ+/− heterozygous or PKA RIIβ−/− homozygous mice and genotyped by
PCR before use as described (Fischer et al., 2004). The PKA RIIβ−/− mice were viable and
exhibited no blatant phenotype.

Electrophysiology
Acute hippocampal slices were prepared from postnatal day (P) 10-14 or P21-28 PKA
RIIβ−/− mice and wild-type littermates and non-littermate C57BL/6 mice. Mice were
anesthetized with isoflurane and sacrificed by decapitation. Whole brains were rapidly
removed and placed in an ice-cold cutting solution containing/consisting of (in mM): 234
sucrose, 2.5 KCl, 1.25 NaH2PO4, 10.0 MgSO4, 1 CaCl2, 26 NaHCO3, and 20 glucose, saturated
with 95% O2 and 5% CO2. After 5 min incubation in the ice-cold sucrose solution, hippocampi
were removed and glued on the stage of a DTK-1000 vibrating microslicer; Dosaka-EM,
Kyoto, Japan) with an agar block, and immersed in ice-cold cutting solution (50%) and normal
external (50%) solution. Coronal slices (400 μm thick) were cut with a microslicer and
transferred to normal external solution containing (in mM): 124 NaCl, 2.5 KCl, 2.5 CaCl2, 1.3
MgSO4, 26 NaHCO3, 1 NaH2PO4, and 10 glucose. All solutions were saturated with 95%
O2 and 5% CO2 (pH 7.4). Slices were incubated for at least 1 h in the external recording solution
at 32 ± 1.5°C prior to recording. For some experiments, CA3 was removed immediately after
sectioning, but there was no difference between experimental data from CA3-removed slices
and those from CA3-intact slices.

For field recordings, slices were transferred to a submersion-type recording chamber mounted
on the stage of an upright microscope (BX50WI, Olympus), held fixed by a grid of parallel
nylon threads and perfused with external solution at a rate of 2 ml/min. Slices were maintained
at 32 ± 1.5°C. To record field EPSPs (fEPSPs), a patch electrode (1–2 MΩ) filled with external
solution were positioned in the stratum radiatum of area CA1. fEPSPs were evoked by square
pulses (10–100 μA, 200 μs) in Schaffer collateral afferents by means of a concentric bipolar
tungsten stimulating electrode (MX21XEP, Frederick Haer). Baseline presynaptic stimulation
was delivered once every 30 s using a stimulation intensity yielding 40–60% of the maximal
response (for LTP and LTD experiments). The initial slope of the fEPSP was used to measure
stability of synaptic responses and to quantify the magnitude of LTP and LTD.

For input/output curves, single-pulse monophasic test stimulation was applied with a Grass
S88 stimulator (Grass Instruments, Quincy, MA) at 0.033 Hz, and electrode positions adjusted
to maximize amplitude of the fEPSP. An input-output (I/O) relationship ranging from
subthreshold to maximal response was established for 6 mice of each genotype. Slices in which
the maximal fEPSP amplitude was < 2 mV were rejected.
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Paired-pulse facilitation (PPF) was assessed in 6 mice of each genotype at interstimulus
intervals ranging from 0.02 to 1 s. The PPF ratio was defined as the ratio of the amplitude of
the second to the first fEPSP amplitude elicited by pairs of stimuli. Synaptic responses were
monitored with stimuli consisting of constant current pulses of 0.1 ms duration at 0.067 Hz.

LTP was induced after stable baseline recording for at least 20 min by delivery of 2 trains of
stimuli (2 trains of 100 pulses at 100 Hz separated by 20 s). LTD was induced by low frequency
stimulation (LFS; 900 pulses at 1 Hz) or paired-pulse LFS (PP-LFS; 50-ms interstimulus
interval). Field potentials were acquired using a Multiclamp 700A amplifier (Axon
Instruments, Union City, CA, USA) and a PCI-MIO-16E-4 data acquisition device (National
Instruments, Austin, TX, USA). Stimulation and acquisition were controlled by custom
acquisition software run on Igor Pro 4.09A (Wavemetrics, Inc., Lake Oswego, OR, USA). To
generate frequency-response curves, 900-pulse stimulation was also applied at 1, 3, 5, 10 and
100 Hz. Slices that did not show a stable baseline for at least 20 min prior to stimulation were
discarded.

Drugs
D,L-AP5 (Tocris Cookson, Ballwin, MO) was prepared as a stock solution in DMSO or H2O,
stored at −20°C and on the day of the experiment, diluted to a final concentration of 50 μM in
external recording solution.

Data analysis
Every six responses were averaged, and fEPSP slopes were then normalized to baseline. To
calculate the magnitude of long-term changes in synaptic strength (LTP, LTD), statistical
comparisons were made between mean fEPSP slopes before and 45-60 min after tetanus (LTP)
or 70-80 min after LFS (LTD). Data were digitized (5 kHz) and analyzed online using IgorPro.
Results are reported as mean ± SEM. Statistical analysis was performed using both Student’s
paired t-test and two-way ANOVA at the P < 0.05 significance level in Origin Pro 7.0 software
(Origin-Lab Corporation, Northampton, MA); these tests yielded comparable P values.

3. Results
Basal synaptic transmission and presynaptic short-term plasticity are normal in area CA1 of
juvenile PKA RIIβ−/− mice

To determine whether PKA RIIβ is essential at Sch-CA1 synapses, we examined short- and
long-term synaptic plasticity at CA1 synapses in juvenile (P10 – P14) mice lacking PKA
RIIβ. PKA RIIβ−/− mice are viable and fertile, but have markedly decreased white adipose
tissue (Cummings et al., 1996). Moreover, PKA RIIβ−/− mice exhibit enhanced basal PKA
activity and a compensatory increase in PKA RIα in tissues that normally express RIIβ
(Cummings et al., 1996; Amieux et al., 1997). As at CA1 synapses in mice lacking PKA RIβ
(Brandon et al., 1995), CA1 synapses are functional in PKA RIIβ−/− mice and synaptic
responses could be elicited at wild-type and mutant synapses. We first monitored excitatory
synaptic transmission onto CA1 neurons in hippocampal slices from wild-type and PKA
RIIβ−/− mice using field-potential recording in the presence of a GABAA receptor inhibitor.
The fEPSP and the NMDA component of the fEPSP, isolated by application of CNQX (10
μM) and low Mg2+ (0.1 mM), did not significantly differ at CA1 synapses of wild-type vs.
mutant mice (Fig. 1A,B). The NMDA response was abolished by application of APV (100
μM; Fig. 1A).

To more rigorously examine excitatory synaptic transmission in PKA RIIβ−/− mice, we
undertook two experimental approaches. First, we assessed basal synaptic transmission in PKA
RIIβ−/− mice aged P10-P14 by monitoring field excitatory postsynaptic potential (fEPSP)
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input–output relations in slices from knockout and wild-type mice. To reduce the variation
between slices, we measured input intensity as a function of fiber volley amplitude. The input/
output relation (fEPSP slope vs. fiber volley amplitude) at Sch-CA1 synapses in hippocampal
slices from PKA RII-β knockout mice was indistinguishable to that of wild-type mice (wild-
type: n = 6 mice: knockout: n = 6 mice; P > 0.1; Student’s t-test; Fig. 1C, D). Thus, the loss
of PKA RIIβ (and the compensatory increase of PKA RIβ (Amieux et al., 1997)) does not alter
short-term plasticity or baseline synaptic transmission at Sch-CA1 synapses.

Second, we monitored field excitatory paired-pulse facilitation (PPF) at six interstimulus
intervals (0.02, 0.05, 0.1, 0.2, 0.5 and 1 s) in slices of juvenile (P10 - P14) PKA RIIβ−/− and
wild-type mice. PPF is a form of short-term plasticity that is attributed to enhanced transmitter
release (Wu and Saggau, 1994; Zucker and Regehr, 2002). No differences in PPF were
observed between the PKA RIIβ−/− and wild-type mice at any interstimulus interval tested
(wild-type: n = 15 slices, 15 mice; knockout, n = 9 slices, 9 mice; P > 0.05; Fig. 1C, D) Fig.
1E,F). Thus, the loss of PKA RIIβ (despite the compensatory increase of PKA RIβ (Amieux,
1997)) does not alter short-term plasticity at Sch-CA1 synapses in juvenile mice.

LTP is impaired, whereas LTD is normal in juvenile PKA RIIβ KO mice
PKA is thought to play an important role in the induction (Otmakhova et al., 2000; Skeberdis
et al., 2006) and late, protein synthesis-dependent phase (Huang and Kandel, 1994; Qi et al.,
1996; Abel et al., 1997; Nguyen and Woo, 2003) of LTP at Sch-CA1 synapses. Most
mammalian AKAPs bind PKA through the Type II regulatory subunit/PKA RII (Wong and
Scott, 2004). In neurons, localization of PKA to dendritic structures is achieved via binding of
the RII subunit to AKAPs (Wong and Scott, 2004), an interaction crucial for participation of
PKA in LTP (Huang et al., 2006; Nie et al., 2007; Lu et al., 2007). Consistent with this notion,
mice lacking the PKA RIβ subunit exhibit normal LTP (Brandon et al., 1995). To determine
the role of the PKA RIIβ subunit in induction of NMDAR-LTP at the Sch-CA1 synapse, we
examined synaptically-induced/NMDAR-dependent LTP in juvenile mice lacking PKA
RIIβ, by applying high frequency stimulation (HFS, 2 trains at 100 Hz for 1 s, separated by 20
s) to acute hippocampal slices. Juvenile PKA RIIβ−/− mice exhibited markedly impaired LTP
at Sch-CA1 synapses (wild-type: 134.77 ± 8.67; n = 11 slices, 9 mice; knockout: 106.21 ±
4.75%, n = 5 slices, 5 mice P < 0.01; Fig. 2).

We next examined synaptically-induced LTD in area CA1 of PKA RIIβ−/− mice. NMDAR-
dependent LTD (NMDAR-LTD) is a form of homosynaptic LTD that is mGluR-independent
and is elicited in CA1 neurons by low-frequency stimulation (LFS) of Schaffer-collateral axons
(Mulkey and Malenka, 1992; Oliet et al., 1997; Kemp et al., 2000). The role of PKA in LTD
is relatively unclear. Pharmacological inhibition of cAMP/PKA signaling can either enhance
or block the induction of NMDAR-dependent LTD at Sch-CA1 synapses (Qi et al., 1996;
Kameyama et al., 1998; Santschi et al., 2006). Mice lacking PKA RIβ exhibit impaired LTD
induction at Sch-CA1 synapses (Brandon et al. 1995). LFS LTD at Sch-CA1 synapses is
prominent at an early stage in postnatal development (P10-P14) (Oliet et al., 1997; Kemp et
al., 2000). Thus, we examined whether PKA RIIβ subunit might also participate in LFS LTD
in juvenile rats. Juvenile PKA RIIβ KO mice exhibited robust LTD at Sch-CA1 synapses that
was indistinguishable from that of age-matched wild-type mice (wild-type: 63.66 ± 3.91% of
baseline; n = 8 slices, 6 mice; knockout: 60.47 ± 5.29% of baseline; n = 10 slices, 6 mice; P >
0.05 vs. wild-type; Fig. 3A). LTD induction in young animals was NMDAR-dependent in wild-
type (n = 3 slices, 3 mice) and knockout (n = 3 slices, 3 mice), as indicated by block in the
presence of APV (50 μM; Fig. 3B). Moreover, in a single experiment PP-LFS successfully
induced LTD in both juvenile wild-type and knockout slices (data not illustrated).

The absence of PKA RIIβ might influence the magnitude of the rise in Ca2+ or the way that
Ca2+ is handled after repetitive stimulation. We therefore determined whether altering the
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stimulus frequency, a manipulation that alters Ca2+ influx, could elicit LTP in the PKA RIIβ
knockout mice. We tested different frequencies of stimulation (1, 3, 10, 30 and 100 Hz).
Stimulation at 1Hz and 3Hz induced robust LTD in both wild-type and KO slices (wild-type:
65.3 ± 3.8 of baseline; n = 8 slices, 8 mice; knockout: 64.78 ± 3.8 of baseline; 10 slices, 10
mice; P > 0.05 vs. 1 Hz; wild-type: 75.0 ± 6.0 of baseline; n = 4 slices, 4 mice; knockout: 75.04
± 6.0 of baseline; 4 slices, 4 mice;P > 0.05 vs. wild-type at 3 Hz; Fig. 4A, B, F). At 10 Hz,
slices of both wild-type and RIIβ−/− mice exhibited very mild LTD, (wild-type: 80.0 ± 7.0%
of baseline; n = 5 slices, 5 mice; knockout: 89.9 ± 5.0 of baseline; n = 5 slices, 5 mice; P >
0.05 vs. wild type at10 Hz; Fig. 4C,F). In wild-type mice, LTP could be triggered by repetitive
stimulation at both 30Hz (Fig. 4D,F), and also at 100Hz (Fig. 4E,F). Increasing the stimulus
frequency to 100 Hz (and presumably the tetanus-induced Ca2+ influx) elicited an enhancement
of CA1 synaptic responses as expected (data not illustrated). At both frequencies LTP was
abolished in the PKA RIIβ−/− mice (wild-type: 131.6 ± 8.9 of baseline; n = 5 slices, 5 mice;
knockout: 108.4 ± 6.8 of baseline; 5 slices, 5 mice; P = 0.072 vs. wild type 30 Hz; wild-type:
137.8 ± 7.5 of baseline; n = 13 slices, 13 mice; knockout: 102.6 ± 3.4 of baseline; 7 slices, 7
mice; P < 0.005 vs. wild type at 100 Hz; Fig. 4D,E,F). These findings argue against a role for
reduced NMDAR-mediated Ca2+ influx in the PKA RIIβ−/− mice and suggest that PKA RIIβ
plays a more complex role in NMDAR-dependent LTP.

Basal synaptic transmission is normal in area CA1 of adult (P21 – P28) PKA RIIβ−/− mice
To examine a possible developmental regulation in the impact of RIIβ on synaptic plasticity,
we next assessed basal synaptic transmission in slices of adult PKA RIIβ−/− and wild-type mice
at P21 – P28. No differences in basal synaptic transmission were observed between the PKA
RIIβ−/− and wild-type mice (Fig. 5A, B). Second, we monitored field excitatory PPF at various
interstimulus intervals (0.05, 0.1, 0.2, 0.4 s). No differences in PPF were observed between
the PKA RIIβ−/− and wild-type mice (wild-type: n = 15 slices, 4 mice; knockout: n = 11 slices,
6 mice; P > 0.1, Student’s t-test; Fig. 5C, D). These findings indicate that in young adult rats
the lack of PKA RIIβ−/−, a postsynaptic protein, does not affect presynaptic function.

NMDAR-dependent LTP at Sch-CA1 synapses is normal in adult PKA RIIβ−/− mice
LTP is thought to play a role not only in learning and memory, but also in activity-dependent
synapse stabilization, retraction and maturation, and neural circuit formation and refinement
(Katz and Shatz, 1996; Constantine-Paton and Cline, 1998). The signaling cascades required
for LTP switch with development from PKA-dependent at young ages (< P9) to Ca2+/
calmodulin-dependent protein kinase II (CaMKII)-dependent at more mature ages (> P17)
(Yasuda et al., 2003). We next examined synaptically-induced/NMDAR-dependent LTP in
young adult mice lacking PKA RIIβ. Whereas the magnitude of HFS-induced LTP in juvenile
PKA RIIβ−/− mice exhibited markedly impaired LTP at Sch-CA1 synapses, LTP in young
adult PKA RIIβ−/− mice was not significantly different from that in wild-type mice (wild-type:
158.3 ± 6.5, n = 15 slices, 6 mice; knockout: 144.9 ± 9.3, n = 9 slices, 5 mice; P = 0.23; Student’s
t-test, Fig. 6A). These results point to a developmental switch in the role of RIIβ in synaptic
plasticity.

NMDAR-dependent LTD is deficient in adult PKA RIIβ−/− mice
We next examined synaptically-induced LTD in area CA1 of adult (P21-P28) PKA RIIβ−/−

mice. Whereas juvenile PKA RIIβ−/− mice exhibited robust LTD at Sch-CA1 synapses that
was indistinguishable from that of age-matched wild-type mice, LTD in adult mice was
significantly impaired. In control slices, LFS (900 stimuli at 1 Hz) elicited a robust depression
in the field potential (FP) slope values to 82.2 ± 3.7 of baseline, measured 35 to 40 min after
LFS (wild-type: n = 8 slices, 6 mice; Fig. 6B). By contrast, the same induction protocol did
not elicit detectable LTD in slices from PKA RIIβ knockout mice (104.0 ± 6.2 of baseline
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response, 35 to 40 min post-LFS; n = 7 slices, 6 mice, P < 0.01 vs. wild-type: Student’s t-test,
Fig. 6B).

As with the juvenile rats, we examined whether altering the stimulus frequency, a manipulation
that alters Ca2+ influx, could elicit LTD in the PKA RIIβ knockout mice in young adult rats.
We tested different frequencies of stimulation (1, 3, 5, 10 and 100 Hz). In wild-type mice, LTD
could be triggered by repetitive stimulation not only at 1 Hz (Fig. 7A,F), but also at 3 Hz (Fig.
7B,F). In the PKA RIIβ−/− mice, increasing the stimulus frequency to 3 Hz (and presumably
the tetanus-induced Ca2+ influx) elicited an enhancement of CA1 synaptic responses as
expected (data not illustrated); however, LTD was still abolished in the PKA RIIβ−/− mice
(wild-type: 89.4 ± 3.7 of baseline; n = 8 slices, 6 mice; knockout: 98.5 ± 4.2 of baseline; 8
slices, 8 mice; P = 0.56 vs. 1 Hz; P < 0.05 vs. wild-type at 3 Hz; Fig. 7B,F). 5Hz stimulation
did not induce plasticity in either wild-type or KO slices (wild-type: 102.0 ± 6.6 of baseline;
n = 7 slices, 6 mice; knockout: 96.6 ± 4.8 of baseline; 9 slices, 9 mice; P > 0.05 vs. 1 Hz; P >
0.05 vs. wild-type at 5 Hz; Fig. 7C,F). At 10 Hz, slices of wild-type mice exhibited robust LTP,
but slices of RIIβ−/− mice exhibited a significantly reduced LTP relative to that of wild-type
(wild-type: 119.6 ± 3.8% of baseline; n = 7 slices, 6 mice; knockout: 101.2 ± 5.4 of baseline;
n = 10 slices, 10 mice; P < 0.01 vs. 1 Hz; P < 0.05 vs. wild-type at 5 Hz; Fig. 7D,F)). At 100
Hz stimulation, LTP induction was essentially normal in knockout vs. wild-type slices (Fig.
7E,F; see also Fig. 6A). These findings argue against a role for reduced NMDAR-mediated
Ca2+ influx in the PKA RIIβ−/− mice and suggest that PKA RIIβ plays a more complex role in
NMDAR-dependent LTD). Collectively, these findings indicate that the RIIβ subunit has a
greater impact on long-term, postsynatpic vs. short-term, presynaptic plasticity and that the
deficits in LTP and LTD observed in PKA RIIβ−/− mice are developmentally regulated.

4. Discussion
The cAMP/PKA signaling cascade is crucial for synaptic plasticity in a wide variety of species.
The role of cAMP/PKA signaling in the induction of NMDAR-dependent LTP at Sch-CA1
synapses is established (Otmakhova et al., 2000; Skeberdis et al., 2006), but the identity of the
PKA isoform involved in LTP is, as yet unclear. We have shown here that in young
hippocampus, PKA RIIβ, a regulatory subunit of PKA implicated in localization of PKA to
the postsynaptic density in close proximity and direct physical association with NMDARs and
AMPARs, is essential for inducing NMDAR-dependent LTP at Schaffer collateral to CA1
synapses. RIIβ is not required for normal NMDAR-mediated responses, excitatory synaptic
transmission, presynaptic short-term plasticity or NMDAR-dependent LTD. This phenotype
is unlikely to be caused by structural abnormalities, because light and electron microscopy both
showed that the brain has an overall normal structure and organization in PKA RIIβ knockout
mice (Cummings et al., 1996). In contrast, in young adult hippocampus, PKA RIIβ is critical
to NMDAR-dependent LTD, but not LTP. These findings indicate that distinct PKA isoforms
may subserve distinct forms of synaptic plasticity and are consistent with a developmental
switch in the signaling cascades required for LTP induction.

Activity-dependent LTP is critical to formation, refinement and stabilization of new synapses
in the young brain (Katz and Shatz, 1996; Constantine-Paton and Cline, 1998). Recent studies
indicate that the signaling cascades involved in the induction phase of LTP at CA1 synapses
are developmentally regulated. Whereas LTP is dependent upon CaMKII after postnatal day
20 (P20), it is dependent on PKA at P7-P8 (Yasuda et al., 2003). Our finding in the present
study that PKA RIIβ is critical to LTP at young ages (P10-P14), but not at more mature ages
(P21-P28) is consistent with this notion. Our finding extends the work of Malenka and
colleagues in that it identifies for the first time a critical role for the PKA RIIβ subunit in LTP
signalling in young, but not mature, rodent hippocampus. The PKA RIIβ subunit binds directly
AKAP150 (Colledge et al., 2000; Oliveria et al.), which in turn binds via PSD-95 and/or SAP97
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and tethers the PKA holoenzyme to the NMDAR NR2B subunit. At the time of birth, NMDARs
in the hippocampus contain primarily NR1 and NR2B subunits. Over the course of postnatal
development, there is a progressive inclusion of the NR2A subunit (Carroll and Zukin, 2002;
Cull-Candy and Leszkiewicz, 2004; Lau and Zukin, 2007). A possible scenario is that at young
ages, synaptic NMDARs are NR2B-containing and are more sensitive to regulation by PKA.
At later ages, at a time when the number of spines has increased and synaptic connections have
formed, NMDARs are primarily NR2A- or NR2A/NR2B-containing (Lau and Zukin) and
become relatively less sensitive to regulation by PKA (Skeberdis et al., 2006).

Our finding of a critical role for the PKA RIIβ subunit in LTP signaling in young, but not
mature, rodent hippocampus is also consistent with findings of others that early in development,
PKA phosphorylation of GluR4-long is a primary mediator of activity-dependent synaptic
incorporation of AMPARs, a mechanism thought to underlie enhanced synaptic strength (Zhu
et al., 2000; Esteban et al., 2003). GluR4 delivery requires PKA-dependent phosphorylation
at serine residue 842 in its carboxy-terminal tail (Zhu et al., 2000; Esteban et al., 2003). Thus,
a deficit in RIIβ, which is required for correct targeting of PKA to AMPARs could account for
impaired LTP in the CA1 of RIIβ knockout mice. Our finding that LTP is not completely
abolished even at young ages could be explained by a role for CaMKII-dependent, PKA-
independent delivery of GluR2-long. In contrast, in adult hippocampus, activity drives PKA-
independent insertion of GluR2-long, as well as PKA-dependent delivery of GluR1 (Man et
al., 2007). These findings predict a slight impairment of LTP at CA1 synapses of adult
RIIβ−/− mice. Thus, PKA phosphorylation of AMPARs mediates plasticity through synaptic
incorporation of AMPARs early in development; in mature hippocampus, PKA is thought to
play a “gating” role through phosphorylation and delivery of GluR1 (Esteban et al., 2003). Our
finding that LTD is impaired in PKA RIIβ−/− mice in young adulthood, but not early in
development is novel. Further experiments are warranted to clarify the role of PKA in LTD.

In visual cortex, regulatory subunits type I and type II of PKA differentially regulate synaptic
plasticity. Whereas the PKA RI subunit is required for LTP and LTD at synapses onto layer
II/III visual cortex cells, but not ocular dominance plasticity (Hensch et al. 1998), the PKA
RIIβ subunit is required for ocular dominance plasticity and LTD, but not LTP (Fischer et al.,
2004). Pharmacological blockade by PKA abolishes all three forms of plasticity (Beaver et al.,
2001; Liu et al., 2003). Targeted deletion of RIβ severely reduces LTP at mossy fiber-CA3
synapses (Brandon et al., 1995) and homosynaptic LTD and depotentiation (but not LTP) at
Sch-CA1 synapses of adult mice at 4-6 weeks of age (Huang et al., 1995). Our findings are
consistent with and extend these studies in that we identify a role not only for RIβ, but also for
RIIβ in LTD at CA1 synapses of adult mice. These studies establish PKA subunit-specific roles
in different forms of plasticity within a given region.

Our finding that LTP is impaired at developing Schaffer collateral-CA1 synapses of PKA
RIIβ−/− mice is consistent with findings of others that LTP is impaired at developing
thalamocortical synapses in the barrel cortex (Inan et al., 2006). Thus, the role of RIIß in
NMDAR-dependent LTP at developing synapses is not limited to CA1 synapses. Our finding
that LTP is normal at CA1 synapses of PKA RIIβ−/− mice at 3-4 weeks of age is consistent
with findings that mice deficient in AKAP150-PKA coupling exhibit normal LTP at 4 weeks,
but impaired LTP at 7-12 weeks (Lu et al., 2007). Our finding that LTD is impaired at mature
CA1 synapses is consistent with findings LTD is impaired at synapses of mature visual cortex
of PKA RIIβ−/− mice (Fischer et al., 2004). Our findings extend previous findings in that we
show that PKA RIIβ subserves distinct forms of plasticity at CA1 synapses at different
developmental stages. Interestingly, mice deficient in PKA anchoring exhibit impaired protein-
synthesis dependent LTP at CA1 synapses at 8-12-weeks of age (Nie et al., 2007), suggesting
a possible second “developmental switch” in LTP signaling.
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The cAMP/PKA signaling cascade is crucial for synaptic plasticity in a wide variety of species.
Our earlier finding that PKA activity increases Ca2+ permeability links Ca2+ signaling to
NMDAR-dependent synaptic plasticity. Findings in the present study identify a role for PKA
RIIβ in NMDAR-dependent synaptic plasticity at Sch-CA1 synapses. Our findings that 3 – 4
week old mice lacking PKA RIIβ exhibit normal LTP at Sch-CA1, but deficient LTD, indicate
that distinct PKA isoforms may subserve distinct forms of synaptic plasticity. Our findings
that young mice lacking PKA RIIβ exhibit deficient LTP and normal LTD are consistent with
a developmental switch in the signaling cascades required for LTP induction. Given the
widespread distribution of NMDARs and PKA throughout the CNS, the developmentally-
dependent, subunit-specific regulation of NMDAR-dependent synaptic plasticity by PKA
potentially represents a powerful mechanism to modulate synaptic efficacy.
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Fig. 1. Young PKA RIIβ KO mice exhibit normal synaptic transmission and short term plasticity
(A,B) Excitatory synaptic transmission at Schaffer collateral to CA1 synapses was monitored
by extracellular field recordings in area CA1 of acute hippocampal slices from WT and PKA
RIIβ KO mice aged P10 – P14. (A) Sample fEPSPs from WT and KO mice in the absence
(black trace) and presence (red trace) of CNQX (10 μM) and low Mg2+ (0.1 mM) to isolate
NMDA-receptor-mediated responses. Application of APV (100 μM) abolished the NMDA
response (blue trace). (B) Summary data for the amplitude of the NMDA component of the
fEPSP normalized to the total fEPSP for WT (left) and KO (right). The NMDA response did
not differ significantly in slices of WT vs. KO mice. (C,D) The fEPSP input/output (I/O)
relation was measured in area CA1 of acute hippocampal slices from WT and PKA RIIβ KO
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mice aged P10 – P14. Maximum slope was plotted as a function of the presynaptic volley size
for different stimulus intensities. Representative superimposed responses and summary data
for WT (C) and KO (D). The fiber volley is indicated by an arrow; initial deflections are
stimulus artifact. Slopes of 3 consecutively obtained fEPSPs were averaged for each data point.
The I/O function calculated from the slopes of the linear regression lines did not differ
significantly between WT and PKA RIIβ KO mice (wild-type: 5 slices, 5 mice; knockout: 5
slices, 5 mice; 2-way ANOVA, P < 0.05). (E,F) Field excitatory postsynaptic potentials
(fEPSPs) evoked by paired pulse stimulation of Schaffer collaterals at interstimulus intervals
ranging from 0.02 to 1 s were recorded from stratum radiatum in area CA1 of acute hippocampal
slices from juvenile wild-type and PKA RIIβ KO mice. (E) Sample records show equal
facilitation for WT (upper) and KO (lower). (F) Summary data of paired pulse ratio as a function
of interstimulus interval. The ratios did not differ significantly for WT vs. KO mice at any
inter-stimulus interval, indicative of normal presynaptic function (wild-type: 6 slices, 6 mice;
knockout: 6 slices, 6 mice; student’s t-test, P > 0.1). Data are reported as the mean ± sem.
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Fig. 2. The PKA RIIβ subunit is required for LTP in young mice at P10-P14
(A) Sample records of fEPSPs in area CA1 for WT (left) and PKA RIIß KO (right) mice aged
P10 – P14 before (black trace) and at 60 min after (red trace) induction of LTP (two 100 Hz
tetani, 1 s in duration separated by 20 s). (B) Summary data for LTP of fEPSPs from area CA1
of young WT and PKA RIIß KO mice. Open symbols represent wild-type slices; closed
symbols are KO slices. KO slices were interleaved with WT slices; no differences were
observed between them. For this and subsequent panels, arrow indicates LTP induction. In
WT, LTP was robust (to 137.83 ± 7.48% of baseline, measured 50-60 min after HFS; n = 13
slices, 10 mice). In young KO mice, potentiation decays to near baseline by 60 min after tetanus
(102.61 ± 3.38% of baseline, measured 50-60 min after HFS; n = 7 slices, 7 mice, P < 0.01
vs. WT, student’s t-test).
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Fig. 3. The PKA RIIβ subunit is not required for LTD in young mice
(A) Upper, sample records and lower, summary data show LTD of fEPSPs in area CA1 in
hippocampal slices from WT mice (left) and PKA RIIß KO mice (right) before (black) and 60
min after (red) LFS (900 stimuli at 1 Hz). LTD was robust in WT (65.32 ± 3.75% of baseline;
n = 8 slices, 6 mice) and KO mice (64.78 ± 3.76% of baseline; n = 10 slices, 6 mice). (B) LTD
induction in young animals is NMDAR-dependent in WT (n = 3 slices, 3 mice) and KO (n =
3 slices, 3 mice), as indicated by block in the presence of APV (50 μM, application indicated
by bar). As for LTP, KO slices were interleaved with WT. For this and subsequent figures an
empty region in the fEPSP recordings and horizontal bar indicate time of low frequency
stimulation (LFS).
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Fig. 4. The frequency response curve for induction of LTP and LTD is altered in young KO mice
(A-E) Summary data for trains of stimuli given to young WT and KO mice at indicated
frequencies. (Panel A is the same as panel A in Fig. 3; Panel E is the same as panel B in Fig.
2). (F) Frequency response plot showing magnitude of LTD or LTP at 50–60 min after
stimulation for wild-type (white circles) and KO mice (black circles). PKA RIIβ KO mice
exhibited normal LTD in response to 1, 3, and 10 Hz stimulation and deficient LTP in response
to 30 Hz and 100 Hz stimulation (1 Hz: wild-type: 8 slices, 6 mice; KO: 10 slices, 6 mice; P
= 0.92 vs. wild-type; 3 Hz: wild-type: 4 slices, 4 mice; KO: 4 slices, 4 mice; P = 0.29 vs. wild-
type; 10 Hz: wild-type: 5 slices, 5 mice; KO: 5 slices, 5 mice; P = 0.28 vs. wild-type; 30 Hz:
wild-type: 5 slices, 5 mice; KO: 5 slices, 5 mice; P < 0.05 vs. wild-type; 100 Hz: wild-type:
13 slices, 6 mice; KO: 7 slices, 6 mice; P < 0.005 vs. wild-type). Data reported as the mean ±
sem normalized to baseline.
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Fig. 5. Adult PKA RIIβ KO mice exhibit normal basal neural transmission and short term plasticity
(A,B) Input/output relations of fEPSPs were determined as in Fig. 1. Representative
superimposed responses and summary data for wild-type (A) and knockout (B) mice. The fiber
volley is indicated by an arrow; initial deflections are stimulus artifact. Each data point
represents the average slope of 3 consecutively obtained fEPSPs. The I/O function calculated
from the slopes of the linear regression lines did not differ significantly between wild-type and
PKA RIIβ knockout mice (wild-type: 6 slices, 6 mice; knockout: 6 slices, 6 mice; 2-way
ANOVA, P < 0.05). (C,D) PPF was monitored in the stratum radiatum of area CA1 in acute
hippocampal slices from wild-type and PKA RIIβ knockout mice aged P21 – P 28 as in Fig.
1. (C) Sample records for a 0.05 s interstimulus interval show equal facilitation for wild-type
(left) and knockout (right). (D) Summary data showing PPF at interstimulus intervals ranging
from 0.05 to 0.4 s in wild-type and PKA RIIβ knockout mice. PPF in the PKA RIIβ knockout
mice did not differ significantly from that of wild-type mice, indicative of normal presynaptic
function (wild-type: 15 slices, 4 mice; knockout: 11 slices, 6 mice; student’s t-test, P > 0.1).
Data are reported as the mean ± sem.
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Fig. 6. LTP is normal but LTD is deficient in slices from PKA RIIβ KO animals at P21 – P28
(A) Upper, samples records of fEPSPs for WT mice (left) and PKA RIIß KO mice (right) at
times indicates before (black trace) and after (red) induction of LTP (two 100 Hz tetani, 1 s in
duration separated by 20 s). Lower, summary data for LTP of fEPSPs from CA1 of WT (n =
15 slices, 6 mice) and KO (n = 8 slices, 6 mice). (B) Upper, sample records of fEPSPs for WT
mice (left) and PKA RIIß KO mice (right) at indicated times before (black trace) and after (red
trace) LTD-inducing stimulation was applied (900 stimuli at 1Hz). Lower, summary data for
LTD of fEPSPs in WT and PKA RIIβ KO mice (n = 8 slices, 6 animals). In WT, LTD was
robust (to 74.3 ± 3.7% of baseline, measured 50 to 60 min after LFS; n = 8 slices, 6 mice; P <
0.01 vs. baseline; Student’s t-test). In KO mice, LTD was absent (99.0± 6.2% of baseline,

Yang et al. Page 18

Neuropharmacology. Author manuscript; available in PMC 2010 January 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



measured 50-60 min post-LFS; n = 7 slices, 6 mice, P < 0.01 vs. WT; Student’s t-test). As for
LTP, KO slices were interleaved with WT.
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Fig. 7. The frequency-response curve for induction of LTP and LTD is altered in adult KO mice
(A - E) Summary data for trains of stimuli given to WT and KO mice at indicated frequencies.
(Panel E is the same as the graph in panel A in Fig. 6). (F) Frequency response plot showing
magnitude of LTD or LTP at 45–60 min after stimulation for wild-type (white circles) and KO
mice (black circles). PKA RIIβ KO mice exhibited no LTD in response to 1, 3, and 5 Hz
stimulation, no significant effect in response to 10 Hz stimulation and normal LTP in response
to 100 Hz stimulation (1 Hz: wild-type: 8 slices, 6 mice; KO: 7 slices, 6 mice; P = 0.01 vs.
wild-type; 3 Hz: wild-type: 8 slices, 6 mice; KO: 8 slices, 6 mice; P = 0.056 vs. wild-type; 5
Hz: wild-type: 7 slices, 6 mice; KO: 9 slices, 9 mice; P = 0.38 vs. wild-type; 10 Hz: wild-type:
7 slices, 6 mice; KO: 10 slices, 10 mice; P = 0.01 vs. wild-type; 100 Hz: wild-type: 15 slices,
6 mice; KO: 8 slices, 5 mice; P = 0.23 vs. wild-type). Data reported as the mean ± sem
normalized to baseline.
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