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SUMMARY

Protein kinase A (PKA) has diverse functions in neurons. At rest, the subcellular localization of 

PKA is controlled by A-kinase anchoring proteins (AKAPs). However, the dynamics of PKA upon 

activation remain poorly understood. Here we report that elevation of cAMP in neuronal dendrites 

causes a significant percentage of the PKA catalytic subunit (PKA-C) molecules to be released 

from the regulatory subunit (PKA-R). Liberated PKA-C becomes associated with the membrane 

via N-terminal myristoylation. This membrane association does not require the interaction 

between PKA-R and AKAPs. It slows the mobility of PKA-C and enriches kinase activity on the 

membrane. Membrane-residing PKA substrates are preferentially phosphorylated compared to 

cytosolic substrates. Finally, the myristoylation of PKA-C is critical for normal synaptic function 

and plasticity. We propose that activation-dependent association of PKA-C renders the membrane 

a unique PKA-signaling compartment. Constrained mobility of PKA-C may synergize with AKAP 

anchoring to determine specific PKA function in neurons.

INTRODUCTION

Cyclic adenosine monophosphate (cAMP)-dependent kinase, or protein kinase A (PKA) 

regulates diverse critical functions in neurons, including neuronal excitability, protein 

trafficking, protein degradation, gene transcription, and synaptic plasticity. PKA is a 

tetrameric protein consisting of two regulatory subunits (PKA-Rs) and two catalytic subunits 

(PKA-Cs) (Francis and Corbin, 1994; Johnson et al., 2001). In the inactive state, each PKA-
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R binds to and inhibits a single PKA-C. Binding of cAMP to PKA-R releases and disinhibits 

PKA-C. Liberated PKA-C then moves to phosphorylate its diverse set of substrates.

When cAMP concentrations are low, most PKA in neurons is anchored. PKA-R, especially 

the type II isoform, binds to scaffold proteins called A-kinase anchoring proteins, or AKAPs 

(Lohmann et al., 1984; Scott and Pawson, 2009; Wong and Scott, 2004). Over 50 AKAPs 

have been identified and many of them are expressed in neurons. They recruit holo-PKA to 

distinct subcellular compartments near relevant signaling proteins and/or substrates. 

Disrupting the binding of AKAP to PKA-R can interfere with PKA phosphorylation of 

substrates (Colledge et al., 2000; Davare et al., 2001; Lu et al., 2007; Lu et al., 2008; Smith 

et al., 2013). AKAP-anchoring of PKA is thought to be a major mechanism by which PKA 

achieves its specificity among its substrates (Scott and Pawson, 2009; Wong and Scott, 

2004).

Less is known about the dynamics of PKA in neurons following PKA activation. Several 

studies have suggested that PKA-C may exhibit kinase activity without leaving PKA-R 

(Johnson et al., 1993; Smith et al., 2013; Yang et al., 1995). However, the vast majority of 

the literature indicates that PKA-C is released from the AKAP/PKA-R complex during 

physiological elevations of cAMP concentration (Beavo et al., 1974a; Buxton and Brunton, 

1983; Francis and Corbin, 1994; Johnson et al., 2001; Turnham and Scott, 2016). Liberated 

PKA-C is generally viewed as a cytosolic protein because of its high solubility (Johnson et 

al., 2001). However, free-moving cytosolic proteins diffuse rapidly with a diffusion 

coefficient of ~50 μm2/s (Bloodgood and Sabatini, 2005; Swaminathan et al., 1997) and can 

travel micrometers or farther within the time course of PKA signaling events (~ seconds to 

minutes) (Brooker, 1973; Dunn et al., 2006; Gorbunova and Spitzer, 2002; Ni et al., 2010; 

Zhou and Adams, 1997). Because many neuronal compartments, such as dendritic spines, 

are small (~ 1 μm), the mobility of a freely diffusing PKA-C would be expected to break 

down the spatial specificity established by AKAPs. Additional mechanisms constraining the 

movement of PKA-C may therefore be required to sustain PKA specificity.

Here, we show that, a significant fraction of PKA-C molecules is freed from the AKAP/

PKA-R complex upon activation in hippocampal pyramidal neurons in slices. Liberated 

PKA-C exhibits mobility considerably slower than freely-diffusing cytosolic proteins of 

comparable size and instead its mobility is similar to membrane-associated proteins. This 

low mobility is independent of AKAP anchoring of PKA-R and is, in part, mediated by an 

N-terminal myristoylation modification on PKA-C. PKA-C, while distributed within the 

cytosol in living neurons at rest, becomes associated with the membrane upon activation in a 

myristoylation-dependent manner. PKA substrates residing on the membrane were 

preferentially phosphorylated over the same substrates in the cytosol. Myristoylation of 

PKA-C appears to be required for normal PKA regulation of synaptic function and plasticity. 

We have thereby established a physiological function of PKA myristoylation and provided 

evidence for a mechanism that may synergize with AKAPs to govern the signaling 

specificity of PKA.

Tillo et al. Page 2

Cell Rep. Author manuscript; available in PMC 2017 June 23.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



RESULTS

PKA-C dissociates from the PKA-R/AKAP complex in neurons upon activation

Two experiments were performed to visualize whether PKA-C can be freed from the PKA-

R/AKAP complex upon activation in situ in neuronal dendrites.

First, we used two-photon fluorescence life time imaging microscopy (2pFLIM) (Yasuda et 

al., 2006) to quantify Förster resonance energy transfer (FRET) between C-terminally EGFP 

tagged PKA-C alpha isoform (PKA-C-EGFP) and C-terminally sREACh-tagged PKA-RIIβ 
(PKA-RIIβ-sREACh) in rat organotypic cultured hippocampal slices (Figure 1A). sREACh 

is a low-irradiating YFP (Murakoshi et al., 2008). 2pFLIM measures the fluorescence 

lifetime, i.e., the average time elapsed between fluorophore excitation and photon emission 

of the donor fluorophore, which is shortened when FRET occurs. Among its advantages in 

quantifying FRET, 2pFLIM allows for the determination of the binding ratio between PKA-

C-EGFP and PKA-R-sREACh. If PKA-C leaves PKA-R upon activation, its binding ratio, as 

quantified using 2pFLIM, would decrease (Figure 1A).

At rest, the binding ratio was 27 ± 2 % for PKA-C-EGFP. This low binding ratio may be due 

to abundant endogenous PKA-R (~0.2–0.7 μM in many cell types) (Flockhart and Corbin, 

1982; Francis and Corbin, 1994) and incomplete folding of sREACh (Murakoshi et al., 

2008). Application of 20 μM norepinephrine, which is in the mid-range of what neurons see 

with endogenous releases (Courtney and Ford, 2014), decreased the binding ratio by 12 

± 3% in neuronal dendrites (Figure 1B and 1C, p < 0.01 at peak, c.f. baseline), suggesting 

that a small but significant portion of PKA-C-EGFP dissociated from PKA-RIIβ-sREACh. 

The binding ratio was decreased by ~70% from baseline with stronger stimulation using 

forskolin and IBMX (Figure 1B and 1C). Co-immunoprecipitation (co-IP) experiments in 

HEK 293 cells showed that 55 ± 7% of PKA-C-mCherry remained bound to PKA-RIIβ and 

AKAP5-EGFP upon stimulation with forskolin and IBMX (Figure S1), suggesting that 

activation of PKA in HEK cells is less strong than in neurons. The remaining binding was 

nearly completely abolished (6 ± 3% remained bound) by adding the cAMP analog Sp-8-

pCPT-cAMP (5 μM) to the IP reaction. Thus, forskolin and IBMX did not elevate 

intracellular cAMP levels enough to cause complete dissociation. Overall, these results 

indicate that a portion of PKA-C is liberated from PKA-R upon physiological cAMP 

elevation.

Second, we monitored the subcellular dynamics of PKA-C-EGFP co-expressed with 

untagged PKA-RIIβ, or PKA-RIIβ-EGFP alone in separate experiments with reference to a 

red cytosolic marker (mCherry). The distribution of expressed PKA-C and PKA-RIIβ reflect 

that of the endogenous PKA proteins (Parisiadou et al., 2014; Zhong et al., 2009). PKA-C-

EGFP and PKA-RIIβ-EGFP exhibited similar subcellular distributions under basal 

conditions: higher concentrations of PKA subunits were found in dendritic shafts than in 

adjacent spines (Figure 1D and S2). This distribution was quantified by using the spine 

enrichment index (SEI) (Figure 1E) (Zhong et al., 2009):
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A positive SEI implies protein enrichment in the spine; whereas a negative SEI indicates 

exclusion from the spine. Upon stimulation with norepinephrine, PKA-C-EGFP translocated 

to dendritic spines (SEI = −0.84 ± 0.07 at rest, and −0.31 ± 0.06 at 6 min after stimulation, p 

< 0.001) (Figure 1D, 1E and S2). Forskolin and IBMX induced a further translocation (SEI 

= 0.71 ± 0.03, p < 0.001, c.f. baseline). In contrast, the distribution of PKA-RIIβ-EGFP did 

not change under the same conditions (SEI = −0.92 ± 0.07 at rest, −0.97 ± 0.07 with 

norepinephrine, −1.09 ± 0.07 with forskolin and IBMX; p < 0.001 c.f. PKA-C-EGFP after 

stimulation) (Figure 1D and 1E). The portion of PKA-C translocating to spines must have 

dissociated from the PKA-R/AKAP complex.

PKA-C has significantly lower mobility than cytosolic proteins

We next examined the mobility of liberated PKA-C. CA1 neurons were transfected with 

photoactivatable GFP (paGFP) (Patterson and Lippincott-Schwartz, 2002) tagged PKA-C 

(PKA-C-paGFP), PKA-RIIβ, and mCherry. We used focal two-photon photoactivation to 

irreversibly convert paGFP to the bright state and monitored the resulting fluorescence decay 

over time, as an assay for PKA-C mobility (Figure 2A and 2B) (Bloodgood and Sabatini, 

2005; Gray et al., 2006). To preferentially examine liberated PKA-C, we focused on spines 

to take advantage of their low basal PKA-C concentration (Figure 1D and 1E). The time 

constant of fluorescence decay at the spine (i.e., the spine-residence time) is linearly 

inversely proportional to the diffusion coefficient of a protein (Bloodgood and Sabatini, 

2005). In the presence of norepinephrine, PKA-C-paGFP exhibited a spine-residence time 

about 8-fold longer than that of cytosolic paGFP (τ = 2.11 ± 0.06 s for PKA-C-paGFP and 

0.26 ± 0.01 s for paGFP; p <0.001; Figure 2C), indicating that PKA-C has a mobility much 

lower than that of free-diffusing cytosolic proteins. Further increase in intracellular cAMP 

concentration with forskolin and IBMX did not make PKA-C-paGFP diffuse more rapidly (τ 
= 2.34 ± 0.08 s), suggesting that the low mobility was not due to residual binding with PKA-

R at lower cAMP concentrations.

The low mobility of PKA-C cannot be explained by the larger size of PKA-C-paGFP (67 

kD) compared to paGFP (27kD). Based on size alone (the diffusion coefficient for globular 

proteins increases in proportion to the cubic root of the molecular weight, (Papadopoulos et 

al., 2000)), PKA-C-paGFP would be expected to diffuse ~35% more slowly than paGFP, 

corresponding to a spine-residence time of ~0.4 s, which is far less than what was observed. 

Indeed, when we used fluorescence recovery after photobleaching (FRAP) to measure the 

mobility of DsRed Express, a tetrameric protein with a total molecular weight of 100 kD, the 

spine-residence time was 0.45 ± 0.03 s, still about 5-fold faster than that of PKA-C.

N-terminal myristoylation contributes to the low mobility of PKA-C

The spine-residence time of PKA-C-paGFP is comparable to HRas, KRas and the protein 

kinase C (PKC) substrate MARCKS protein (Figure 2C) (see also (Harvey et al., 2008)), 

which peripherally associates with the membrane via lipid modifications. In most parts of 

the brain, the majority of PKA-C isoforms are co-translationally myristoylated at their N-

termini (Gangal et al., 1999; Guthrie et al., 1997; Johnson et al., 2001; Shoji et al., 1983), 

although this lipid modification is generally thought to fold into a hydrophobic pocket of 
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PKA-C to enhance its stability (Bastidas et al., 2013; Clegg et al., 1989; Yonemoto et al., 

1993; Zheng et al., 1993).

We asked whether myristoylation is responsible for the low mobility of PKA-C. The 

myristoylation site was mutated by changing glycine at position two to alanine (G2A). This 

mutation did not affect the interaction between PKA-C and the PKA-R/AKAP complex 

(Figure S3) or the catalytic efficiency of the enzyme (for the latter, see (Clegg et al., 1989)). 

The resulting mutant, nmPKA-C-paGFP, moved significantly faster than wildtype (τ = 0.73 

± 0.03 s for NE stimulation, Figure 2A – 2C; and τ = 0.83 ± 0.03 for forskolin and IBMX 

stimulation, Figure 2D; for both, p < 0.001 c.f. wildtype), albeit still slower than paGFP. A 

testis-specific, naturally-occurring alternative splice isoform of PKA-C, which lacks the 

myristoylation site (named altPKA-C) (Desseyn et al., 2000; San Agustin et al., 1998), also 

moved more rapidly than the myristoylated neuronal isoform (τ = 0.85 ± 0.04 s, p < 0.001) 

(Figure 2D). Furthermore, addition of the PKA-C myristoylation sequence (N-terminal 47 

residues) to paGFP appeared sufficient to slow down the diffusion of paGFP by more than 7-

fold (construct named PKA-Cn-paGFP, τ = 1.96 ± 0.14 s, p < 0.001 c.f. paGFP) in a 

myristoylation-dependent manner (τ = 0.36 ± 0.02 s for nmPKA-Cn-paGFP, p < 0.001 c.f. 

PKA-Cn-paGFP) (Figure 2D). Therefore, the low mobility is intrinsic to PKA-C and is 

unlikely due to the residual interaction of liberated PKA-C with PKA-R. The simplest 

explanation of these results would be that myristoylation associates PKA-C with the 

membrane.

PKA-C becomes associated with the membrane upon activation

To address whether liberated PKA-C indeed associates with the membrane, we imaged 

PKA-C movement before and after activation in CA1 neurons. We expressed PKA-C-EGFP 

and PKA-RIIβ along with a cytosolic marker (DsRed Express or mCherry) and measured 

the intensity profile of PKA-C-EGFP along a line transecting thick (>=1.5 μm) primary 

apical dendrites and compared it to that of the cytosolic marker (Figure 3A). PKA-C-EGFP 

distributed similarly to the cytosolic marker at rest. However, upon stimulation of PKA 

activity, an increase in peripheral PKA-C-EGFP fluorescence and a decrease at the center of 

the dendrite was observed (Figure 3A), suggesting a translocation of PKA-C to the plasma 

membrane. To quantify this phenomenon, we computed a membrane enrichment index 

(MEI):

where F is the fluorescence intensity. The peripheral fluorescence intensities were measured 

at a location approximating the edge of the dendrite (Figure 3A, lower panels), as 

determined by the location where the red fluorescence was 30% of the peak fluorescence 

(Figure S4). A value of MEI greater than 1 indicates membrane enrichment, whereas a value 

less than 1 indicates membrane exclusion. For wildtype PKA-C at rest, the MEI was slightly 

below one (MEI = 0.89 ± 0.02, p<0.01, c.f. 1), similar to that of PKA-RIIβ (MEI = 0.88 

± 0.02, p = 0.67, c.f. PKA-C) (Figure 3B), indicating a cytosolic localization of the protein. 

Stimulation of PKA with norepinephrine resulted in an increase in MEI (0.95 ± 0.03, p=0.01 
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c.f. baseline). MEI further increased to well above 1 with forskolin and IBMX (1.41 ± 0.03, 

p<0.001). The distribution of PKA-RIIβ did not change significantly upon stimulations 

(Figure 3B). Thus, only liberated PKA-C translocated to associate with the membrane.

The MEI value of PKA-C upon stimulation appears to be moderate. This is likely because 

only a fraction of PKA-C was liberated and the remaining PKA-C was still in the cytosol 

(Figure 1C and S1). Liberated PKA-C may also have affinity to intracellular membranes. To 

confirm that liberated PKA-C associates with the membrane, we co-expressed PKA-C-

EGFP, PKA-RIIβ and mCherry labeled MARCKS, which is a known membrane substrate of 

PKC (Sundaram et al., 2004), in CA1 neurons (see Figure S5A for experimental design). 

Membrane association of PKA-C-EGFP would result in an increase in FRET between EGFP 

and mCherry and a corresponding decrease in EGFP lifetime. The fluorescence lifetime of 

EGFP decreased upon stimulation by forskolin and IBMX (Figure 3C and 3D; see also 

Figure S5B and S5C and their legends regarding the cluster noise seen in Figure 3C). Such a 

decrease in lifetime was not observed when EGFP was expressed alone, or when cytosolic 

mCherry was used in place of MARCKS-mCherry. This experiment further suggests that at 

least a portion of PKA-C associates with the membrane upon activation.

Does the association of PKA-C with the membrane require myristoylation? The 

translocation of PKA-C to the plasma membrane was greatly diminished, but not completely 

eliminated, when the myristoylation modification was abolished by the G2A mutation 

(before activation, MEI = 0.96 ± 0.05, p = 0.2, c.f. wildtype; and after forskolin/IBMX 

activation, 1.10 ± 0.02, p < 0.001, c.f. wildtype, and p = 0.02, c.f. 1) or by the naturally-

occurring alternative splicing variant (before activation, MEI = 0.93 ± 0.03, p = 0.39, c.f. 

wildtype; and after activation, 1.10 ± 0.02, p < 0.001, c.f. wildtype, and p < 0.01, c.f. 1) 

(Figure 3B). Together, these results suggest that, under basal conditions, PKA-C is 

distributed in the cytosol of resting dendrites, where it is bound to the PKA-R/AKAP 

complex. Upon elevation of cAMP and release from PKA-R, the freed PKA-C translocates 

to the membrane, in large part requiring its N-terminal myristoylation.

Membrane association of PKA-C does not require AKAP anchoring

We asked whether the anchoring of PKA-R to AKAP affects the affinity of PKA-C with the 

membrane. When PKA-C was co-expressed with PKA-RIIβ-Δ 2–5, which no longer binds 

AKAPs (Figure S3) (Hausken et al., 1994; Zhong et al., 2009), the MEI of activated PKA-C 

reached the same level as when wildtype PKA-RIIβ was used (MEI = 1.38 ± 0.05 for PKA-

RIIβ-Δ2–5 after forskolin/IBMX activation, p = 0.6, c.f. wildtype PKA-RIIβ; Figure 3B), 

indicating that the membrane affinity of PKA-C does not require AKAP binding. A further 

prediction is that, when PKA-C is co-expressed with PKA-RIIβ-Δ2–5, which no longer 

binds to AKAPs, its mobility should be high before activation because the PKA holoenzyme 

is no longer anchored. Upon activation, the mobility of PKA-C would decline as it becomes 

associated with the membrane. This was indeed the case (Figure 4). When PKA-RIIβ-Δ2–5 

was co-expressed, the baseline spine-residence time of PKA-C-paGFP was 1.57 ± 0.07 s, 

which was slower than paGFP possibly due to the ca. 8-fold larger size (~220 kD for the 

holoenzyme with the paGFP tag) and the nonglobular shape of PKA-R (Smith et al., 2013). 

This construct however still moved faster than activated PKA-C with the co-expression of 
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wildtype PKA-RIIβ (p < 0.001). Upon stimulation by forskolin and IBMX, the spine-

residence time increased to 2.59 ± 0.13 s (p < 0.001, c.f. before activation) (Figure 4). As a 

control, the spine-residence time of PKA-RIIβ-Δ2–5-paGFP did not change before and after 

stimulation (before stimulation, 1.60 ± 0.09 s; and after stimulation, 1.55 ± 0.10 s; p = 0.68; 

Figure 4B). Together with the evidence that the N-terminal 47 residues are sufficient for low 

PKA-C mobility (Figure 2D) and for enrichment on the membrane (Figure 3B), the 

membrane affinity is likely an intrinsic property of PKA-C and does not require AKAP 

anchoring. It should be noted, however, that AKAPs may still play a role in which 

membrane PKA-C become associated with.

Endogenous PKA activity is enriched on the membrane

The above experiments involved overexpression of PKA subunits. Does endogenous PKA-C 

also associate with the membrane? MEIs at the non-overexpression condition were estimated 

via extrapolation from the correlation between MEI values and the corresponding PKA-C-

EGFP expression levels (Figure S6). The resulting values (MEI = 0.92 before activation and 

1.42 after forskolin and IBMX activation) indicate that endogenous PKA-C also undergoes 

stimulation-dependent translocation to the membrane. Furthermore, this model predicts that 

endogenous PKA kinase activity should be higher on the membrane. To test this prediction, 

we used 2pFLIM to image the A-kinase activity reporter (AKAR) (Zhang et al., 2001). We 

optimized a recent version of AKAR (AKAR4) (Depry et al., 2011) for 2pFLIM by 

changing the donor and acceptor fluorophore pair to monomeric EGFP and sREACh. This 

new sensor was named AKAR5. Two additional variants were also generated: 1) a 

membrane-associated version (named m-AKAR5) by tagging AKAR5 with the C-terminal 

15 amino-acid residues of KRas (Hancock et al., 1989), and 2) a cytosol-only version 

(named cyt-AKAR5) by linking AKAR5 to a nucleus-export sequence (NES) (Fukuda et al., 

1996). Independently, similar improvements on AKAR have been recently reported (Chen et 

al., 2014).

We compared the responses of cyt-AKAR5 and m-AKAR5 to PKA stimulations under 

identical conditions in HEK 293 cells. To do so, m-AKAR5 was co-transfected with the 

nuclear marker mCherry-histone2b (red). Such transfected cells were then co-plated with 

other cells transfected with only cyt-AKAR5. As such, within the same field of view, cells 

that had red nuclei expressed m-AKAR5, while the other cells expressed cyt-AKAR5 

(Figure 5A). At rest, m-AKAR5 exhibited an EGFP lifetime significantly lower than did cyt-

AKAR5 (Figure 5A, represented by the warmer color in the 2pFLIM image at rest), 

presumably reflecting a basal cAMP concentration resulting in a low level of PKA activity 

already enriched on the membrane. Importantly, a mild stimulation with 0.1-μM 

norepinephrine strongly activated m-AKAR5 to 88± 6% of the maximal response induced 

by forskolin and IBMX (Figure 5B). Under the same conditions, cyt-AKAR5 was 

moderately activated (41 ± 7%, p<0.001). This difference between cyt-AKAR5 and m-

AKAR5 was not due to higher phosphatase activity in the cytosol because, upon application 

of the broad spectrum phosphatase inhibitor okadaic acid (Bialojan and Takai, 1988; 

Reinhart et al., 1991), only m-AKAR5 but not cyt-AKAR5 responded with a higher level of 

phosphorylation (Figure 5C). Therefore, m-AKAR5 is more readily phosphorylated, 

suggesting that endogenous PKA kinase activity is enriched on the membrane.
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Is endogenous PKA activity also enriched on the membrane in neurons? A variant of 

AKAR5 (named AKAR5′ in which a circularly-permuted version of sREACh was used to 

mimic the circularly-permuted Venus used in AKAR4 (Depry et al., 2011)) and its 

membrane-associated version (m-AKAR5′) were expressed, respectively, in CA1 neurons in 

cultured slices. Mild stimulation of the PKA pathway via norepinephrine (0.3 μM) led to 

nearly saturating responses on m-AKAR5′ but only moderately activated the cytosolic 

AKAR5′ (85 ± 5% of maximal response for m-AKAR5′, and 50 ± 8% for AKAR5′; p < 

0.01) (Figure 5D). This result indicates that endogenous PKA kinase activity is also enriched 

on the membrane in neurons.

PKA preferentially phosphorylates substrates residing on the membrane in a 
myristoylation dependent manner

If PKA activity is enriched on the membrane, a substrate on the membrane would be 

preferentially phosphorylated compared to the same substrate in the cytosol. We tested this 

prediction by using the AMPA receptor subunit GluA1, which can be phosphorylated at its 

C-terminal tail at serine 845 by PKA (Colledge et al., 2000; Lee et al., 2000). EGFP-tagged 

GluA1 or its cytosolic C-tail (GluA1c) was expressed (Figure 6A) and their phosphorylation 

levels were quantified by normalizing the western-blot signal from a phospho-S845 specific 

antibody to that from a general GluA1 C-terminal antibody. In both HEK 293 cells (Figure 

6B and 6C) and in cortical primary neuronal cultures (Figure 6D and 6E), EGFP-GluA1 was 

robustly phosphorylated when cells were stimulated by norepinephrine or forskolin/IBMX. 

This phosphorylation was blocked by the PKA antagonist H89. However, under the same 

conditions, the phosphorylation of EGFP-GluA1c was nearly undetectable. The 

phosphorylation of EGFP-GluA1c was rescued by tethering it to the membrane via fusion to 

an irrelevant, single-transmembrane protein CD4 (construct named CD4-EGFP-GluA1c, 

Figure 6A, 6B and 6C). Thus, this substrate is more effectively phosphorylated by 

endogenous PKA when it is on the membrane.

The preferential phosphorylation of membrane substrates also appeared to be intrinsic to 

PKA-C and independent of AKAPs. We co-expressed EGFP-GluA1 and EGFP-GluA1c in 

HEK 293 cells and treated the cells with norepinephrine or forskolin/IBMX in the presence 

of a membrane-permeant peptide St-Ht31 (20 μM), which disrupts AKAP binding to PKA 

(Carr et al., 1992). This treatment did not decrease the PKA phosphorylation of EGFP-

GluA1 nor increase the phosphorylation of EGFP-GluA1c (Figure 6F and 6G). The St-Ht31 

treatment appeared to be effective as it significantly reduced the binding of PKA-C and 

PKA-RIIβ to EGFP-AKAP5 in a co-IP assay (Figure 6H and 6I).

Does the preferential phosphorylation of membrane substrates by PKA involve 

myristoylation? To test this possibility, we expressed PKA-C-EGFP or nmPKA-C-EGFP, 

respectively, along with PKA-RIIβ, EGFP-GluA1, and EGFP-GluA1c in the same cells, and 

compare the phosphorylation levels on the membrane and in the cytosol by using a 

membrane-phosphorylation preference index:

Tillo et al. Page 8

Cell Rep. Author manuscript; available in PMC 2017 June 23.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Higher MPPIs reflect a higher preference to phosphorylate a membrane substrate over the 

same substrate in the cytosol. High MPPIs were measured if wildtype PKA-C-EGFP was 

expressed (MPPINE, PKA-C = 9.9 ± 1.7, and MPPIF/I, PKA-C = 7.1 ± 1.3; Figure 6J, 6K and 

6L). However, MPPIs were significantly reduced when nmPKA-C-EGFP was expressed 

instead, although EGFP-GluA1 was still preferentially phosphorylated (MPPINE, nmPKA-C = 

2.9 ± 1.0, and MPPIF/I, nmPKA-C = 3.0 ± 0.4; for both, p < 0.001, c.f. wildtype; Figure 6L). 

Endogenous myristoylated PKA activity and a residual membrane affinity of nmPKA-C 

(Figure 3B) may account for this remaining preference. Together, these results indicate a 

critical role of the myristoylation in PKA-C’s ability to preferentially phosphorylate 

membrane substrates.

PKA-C myristoylation is important for PKA regulation of synaptic function and plasticity

Is PKA-C myristoylation important for neuronal function? We addressed this question by 

performing two independent experiments. First, PKA is known to play important roles in the 

regulation of synaptic plasticity (Ehrlich and Malinow, 2004; Thomas et al., 1996; 

Tzounopoulos et al., 1998; Weisskopf et al., 1994; Yasuda et al., 2003). We overexpressed 

wildtype or non-myristoylated PKA-C-EGFP with PKA-RIIβ in CA1 neurons of cultured 

hippocampal slices, and triggered single-spine structural long-term potentiation (LTP) using 

two-photon glutamate uncaging at individual spines of oblique apical dendrites (Matsuzaki 

et al., 2004). When wildtype PKA-C was expressed, glutamate uncaging triggered a long-

lasting potentiation of the volume of activated dendritic spines but not adjacent control 

spines (potentiation = 73 ± 18% for stimulated spines, and −7 ± 8% for control spines, n = 9, 

p < 0.001) (Figure 7A, 7B and 7C). The amplitude of potentiation was indistinguishable 

from control, GFP-transfected neurons (potentiation = 82 ± 28%, n = 5, p = 0.8, c.f. 

wildtype PKA-C) (Figure 7C). However, this potentiation was nearly abolished if nmPKA-

C-EGFP was expressed (potentiation = 14 ± 9% for activated spines, n = 10, p < 0.01 c.f. 

wildtype PKA-C). This dominant effect of nmPKA-C may be due to undesired higher PKA 

activity in the cytosol, although other explanations are also possible. Regardless of the 

mechanism, the fact that neurons can tolerate the expression of wildtype but not non-

myristoylated PKA-C indicates the functional importance of the myristoylation.

Second, to examine the role of myristoylation of endogenous PKA in regulating synaptic 

transmission, we developed a shRNA construct (sh-PKA-C) to selectively knock down 

PKA-C alpha subunit (Figure S7A). PKA facilitates the synaptic insertion of AMPA 

receptors (Ehrlich and Malinow, 2004). Consistently, neurons expressing sh-PKA-C 

exhibited significantly lower AMPA receptor currents compared to paired, adjacent 

untransfected neurons (Figure 7D1, S7B, S7C and S7D). A small decrease in the amplitude, 

but not the frequency, of miniature excitatory postsynaptic currents (mEPSC) was also 

observed (Figure S7E, S7F and S7G). Although PKA is also known to regulate NMDA 

receptors (Murphy et al., 2014; Scott et al., 2003; Tingley et al., 1997), the effect of PKA 

knockdown on NMDA receptor currents was small and not statistically significant (Figure 

7E1, p = 0.16, n = 15). As a result, the AMPA/NMDA current ratio was reduced (Figure 

S7D). The paired pulse ratio (PPR), a presynaptic function indicator, was unaltered (Figure 

S7H and S7I). The reduced AMPA current and AMAP/NMDA current ratio were rescued by 

co-expressing an shRNA-resistant PKA-C-EGFP construct (r.PKA-C) (Figure S7A, 7D2 and 
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S7D), but not if the myristoylation was abolished in the rescuing construct (r.nmPKA-C) 

(Figure 7D3 and S7D). This result indicates that the myristoylation is essential for normal 

PKA regulation of synaptic function. Together, PKA myristoylation appears to be important 

for normal PKA regulation of synaptic function and structural plasticity.

DISCUSSION

The activation-dependent translocation of PKA-C to the membrane revises the prevalent 

model of PKA action in which liberated PKA-C is thought to remain in the cytosol. 

Although co-IP was recently used to suggest that most PKA-C remains bound to PKA-R in 

HEK cells following stimulation of β-adrenergic receptors (Smith et al., 2013), this 

experiment cannot rule out that a fraction of PKA-C molecules is liberated. In the brain, the 

synaptic release of neuromodulators may result in high local concentrations (>= 100 μM) of 

norepinephrine and dopamine (Courtney and Ford, 2014; Ford et al., 2009). Compared to 

HEK cells, neurons may also express higher levels of components of the PKA activating 

pathway, such as adrenergic receptors, G proteins and adenylyl cyclases, to promote PKA 

activation and liberation (c.f. Figure 1C and Figure S1). The present results indicate that at 

least a fraction (> 10%) of PKA-C leaves the PKA-R/AKAP complex in hippocampal CA1 

neurons with norepinephrine stimulation at a concentration well below the maximum 

concentration a neuron might experience (Figure 1). Once PKA-C leaves PKA-R, its activity 

increases by over 50-fold (Beavo et al., 1974a; Miyamoto et al., 1969; Reimann et al., 1971). 

A 10% release of PKA-C may therefore result in an over 5-fold increase in kinase activity.

This revised model explains why activated PKA-C becomes enriched in dendritic spines 

(Figure 1E) (Zhong et al., 2009): spines have a much higher membrane to cytosol ratio 

compared to dendritic shafts. This model also works in concert with current understanding 

of how PKA achieves its specificity. AKAPs establish the initial spatial localization and 

specificity of PKA. However, it has been less clear how such specificity can be sustained 

after PKA-C is liberated. Membrane association of liberated PKA-C may enhance PKA 

specificity in multiple ways. First, the membrane becomes a distinct compartment for PKA 

signaling. Several studies have suggested that PKA kinase activity is higher at the plasma 

membrane (Castro et al., 2010; Terrin et al., 2006). Although these results have been 

attributed to a higher local cAMP concentration near the membrane, our finding suggests 

that the intrinsic membrane affinity of liberated PKA-C may also contribute. Second, 

membrane-associated PKA-C moves more slowly than a typical cytosolic protein (Figure 2). 

This is presumably due to the high viscosity of the membrane when PKA-C diffuses along 

the membrane, although it cannot be ruled out that PKA-C diffuses within the cytosol, and 

membrane association limits the availability of PKA-C for diffusion. Regardless of the 

precise mechanism, a low mobility would promote signaling compartmentalization. Third, 

although PKA-C’s membrane affinity does not require AKAPs, AKAP anchoring of holo-

PKA may influence where liberated PKA-C is inserted. Once PKA-C is inserted into the 

membrane, the likelihood of PKA-C moving from one membrane structure to the cytosol or 

to a discontinuous membrane structure is reduced, thereby sustaining AKAP-mediated PKA 

specificity. Finally, while the membrane association of PKA-C may not be the only 

mechanism for maintaining PKA specificity, it exemplifies the existence of mechanisms for 
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phosphorylation specificity downstream of AKAPs and their potentially important roles in 

cellular function.

The membrane association of liberated PKA-C is mediated largely by the N-terminal 

myristoylation. In the crystal structure, this myristoyl group was found to fold into a 

hydrophobic pocket within PKA-C (Zheng et al., 1993). Additional studies suggested that a 

function of the myristoylation was to enhance protein stability (Herberg et al., 1997; 

Yonemoto et al., 1993). These findings, together with the fact that PKA-C appears to be 

highly soluble (Johnson et al., 2001), have led to the prevalent view that PKA-C is a 

cytosolic protein. Nevertheless, it has also been suggested that the myristoyl group can be 

exposed when PKA-C binds to the type II PKA-R or when it is phosphorylated at the serine 

residue at position 11 (S11) (Gaffarogullari et al., 2011; Gangal et al., 1999; Zhang et al., 

2015), and that, when exposed, the myristoyl group can be inserted into reconstituted lipid 

bilayers (Gaffarogullari et al., 2011; Struppe et al., 1998; Zhang et al., 2015). However, it 

remained obscure whether and under what circumstances this modification associates PKA 

with the membrane in vivo. For example, it was suggested that the type II PKA holoenzyme 

can associate with reconstituted lipid bilayers (Zhang et al., 2015). Our study instead 

indicates that liberated PKA-C, but not holo-PKA, associates with the membrane in living 

neurons. An implication is that the myristoyl group of PKA-C can be exposed in the absence 

of PKA-R. In addition, S11 appears to play a relatively minor role in the membrane 

targeting: abolishing this phosphorylation site (S11A) decreased the spine residence time 

only moderately (30% faster, Figure 2D), and the phosphorylation-mimicking mutant S11D 

moved even slightly faster than the S11A mutant (Figure 2D).

The membrane affinity of PKA-C is likely at a mid-range for reversible association. The N-

terminal 14 residues of PKA-C, when swapped into the Src protein, provide only a low level 

of membrane association (Silverman and Resh, 1992). This is consistent with the prevalent 

view that myristoylation usually requires a second lipid affinity motif for membrane 

targeting. Such a motif, if it exists, may also account for the residual membrane affinity in 

nmPKA-C (Figure 3B). The N-terminal 47 residues of PKA-C are sufficient to slow protein 

diffusion (Figure 2D) and to associate with the membrane (Figure 3B), suggesting that the 

second lipid affinity motif is likely present within this PKA-C fragment. Whether or not the 

second motif exists, neuronal dendrites are rich in membranes, which may compensate for a 

finite membrane affinity. A finite affinity to the membrane may also be important in the 

termination of PKA signaling as liberated PKA-C must eventually return to PKA-R within 

the cytosol.

Our results suggest that the majority of liberated PKA-C is located on the membrane in 

dendrites as the spine-residence time decay curve was well fit by a single exponential 

(Figure 1B), suggesting that there is not a significant fraction of fast diffusing PKA-C. At 

the same time, it cannot be ruled out that a small fraction of liberated PKA-C remains in the 

cytosol. Our data also suggests that the plasma membrane is one of the primary locations for 

activated PKA-C (e.g., Figure 3A and 3B). However, PKA-C likely also has affinity for 

intracellular membranes, such as the ER. On the other hand, although direct membrane 

association is the simplest explanation of our data, we cannot rule out the possibility that 
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PKA-C in fact binds to an abundant, membrane-distributed protein in a myristoylation 

dependent manner, albeit such a protein has not been previously documented.

How does PKA-C regulate substrates in the cytosol? There may be several mechanisms. 

First, as discussed above, the myristoyl group of PKA-C is likely to have a finite affinity to 

the membrane, and PKA-C may cycle on and off between the membrane and the cytosol. 

Second, cytosolic proteins may travel to the membrane transiently, get phosphorylated and 

then move back to the cytosol. Third, not all PKA-C leaves PKA-R even when strongly 

stimulated, but the pool of unreleased PKA-C may exhibit a certain level of activity (Smith 

et al., 2013). It should also be noted that in certain part of the brain and at a low level 

throughout the brain, alternative splicing variants of the PKA-C beta subunit lacking the 

myrstoylation site are expressed in addition to myristoylated PKA-C (Guthrie et al., 1997). 

Although the precise abundance and function of these non-myristoylated PKA-C variants are 

not known, they may contribute to the phosphorylation of cytosolic substrates. In any case, 

cytosolic AKAR5 can still be phosphorylated by PKA, albeit with less sensitivity than 

membrane-residing AKAR5. On the other hand, why does PKA phosphorylate cytosolic 

AKAR5 with little phosphorylation of GluA1c (c.f. Figure 5B and 6B)? Different substrates 

may have different sensitivities to PKA phosphorylation (e.g., see (Beavo et al., 1974b)). In 

AKAR5, a phospho-residue binding domain may protect the site from phosphatase 

activities, so that moderate PKA activity may integrate over time to result in significant 

phosphorylation of the sensor.

What is the distribution of PKA-C before it is liberated? In its inactivated state, PKA-C 

binds to PKA-R, which in turn binds to AKAPs. In neuronal dendrites, the most abundant 

AKAP is the microtubule-binding protein MAP2 (Zhong et al., 2009). Therefore, the 

majority of PKA likely resides in the cytosol and is anchored to microtubules (Figure 2A). 

This is consistent with that fact that the MEI for wildtype PKA at rest is smaller than unity 

in neuronal dendrites (Figure 3). Overall, our results suggest a modified view of how the 

PKA catalytic subunit functions in neurons.

EXPERIMENTAL PROCEDURES

Plasmid constructs

Constructs were made using standard mutagenesis and subcloning methods. See 

SUPPLEMENTAL EXPERIMENTAL PROCEDURES for detailed descriptions of each 

construct. All previously unpublished constructs and their sequences will be deposited to 

Addgene upon acceptance of the manuscript.

Organotypic hippocampal slice cultures and transfections

Rat hippocampal slice cultures were prepared from P6 – P7 pups as previously described 

(Stoppini et al., 1991; Zhong et al., 2009). Animal handling and experimental protocols were 

performed in accordance with the recommendations in the Guide for the Care and Use of 

Laboratory Animals of the National Institutes of Health, and were approved by the 

Institutional Animal Care and Use Committee (IACUC) of the Oregon Health & Science 

University (#IS00002792). cDNA constructs were transfected after 2 – 3 weeks in vitro via 
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biolistic gene transfer using the Helios gene gun and 1.6 μm gold beads, or with single cell 

electroporation (electroporation was used for Figure 7D – 7G and Figure S7) (Otmakhov 

and Lisman, 2012).

Cell cultures, transfection, and biochemistry

HEK 293 cells and primary cultures of cortical neurons (Xu et al., 2010) were prepared 

following standard protocols and transfected using Lipofectamine 2000 (Invitrogen) and 

electroporation, respectively. Co-IP experiments were performed following standard 

procedures using the appropriate antibody with magnetic protein G beads (Life Technologies 

Novex 10007D). Western blots were carried out using either 7% fixed or 7 – 10% gradient 

polyacrylamide gels and detected with a LI-COR Odyssey scanner (Figure 6B, 6C, 6J, 6K, 

and 6L) or with chemiluminescence. See SUPPLEMENTAL EXPERIMENTAL 

PROCEDURES for details.

Imaging, uncaging and electrophysiology

Imaging including 2pFLIM were carried out as previously described (Harvey et al., 2008; 

Yasuda et al., 2006; Zhong et al., 2009) using a custom built setup controlled by the 

ScanImage software (Pologruto et al., 2003).

Whole-cell voltage-clamp recordings were performed using a MultiClamp 700B amplifier 

(Molecular Devices) controlled with custom software written in MATLAB. 

Electrophysiological signals were filtered at 2 kHz and digitized at 20 kHz. Slices were 

perfused with artificial cerebrospinal fluid (ACSF) containing 4 mM Ca and 4 mM Mg. The 

internal solution contained (in mM) 132 Cs-gluconate, 10 HEPES, 10 Na-phosphocreatine, 4 

MgCl2, 4 Na2-ATP, 0.4 Na-GTP, 3 Na-ascorbate, 3 QX314, 0.2 EGTA with an osmolarity of 

295 mOsmol/kg. To reduce recurrent activities, cultured hippocampal slices were cut on 

both sides of CA1 and 4μM 2-chloroadenosine (Sigma) was present in all recording 

experiments. 10 μM GABAzine (SR 95531, Tocris) was also included to suppress GABA 

currents.

Further details can be found at SUPPLEMENTAL EXPERIMENTAL PROCEDURES.

Data analysis, presentation, and statistics

Image analysis was done using custom software written in MATLAB. See 

SUPPLEMENTAL EXPERIMENTAL PROCEDURES for details. Averaged data are 

presented as mean ± SEM unless noted otherwise. n indicates the number of experiments. p 

values were obtained from ANOVA tests, unless noted otherwise. In all figures, *: p <= 0.01, 

and **: p <= 0.001.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. A fraction of PKA-C dissociated from PKA-R upon activation
(A) Schematic of the FRET/FLIM based measurement of PKA dissociation. R: PKA-RIIβ, 

C: PKA-C, G: GFP and sR: sREACh. (B, C) Representative 2pFLIM images and 

quantification of PKA dissociation in the presence of norepinephrine (NE) or forskolin and 

IBMX (F + I). n = 8 cells. (D, E) Representative images and quantifications of PKA-C-

EGFP and PKA-RIIβ-EGFP localizations in the dendrites of CA1 neurons in cultured 

hippocampal slices. The red cytosolic marker mCherry was co-expressed to reveal the 

neuronal morphology. n = 69/11 (spines/cells) for PKA-C, and 25/6 for PKA-RIIβ. See also 

Figure S1 and S2.
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Figure 2. Activated PKA-C moved more slowly than a cytosolic protein via its N-terminal 
myristoylation
(A) Representative image series of two-photon mediated photoactivation experiments of 

wildtype and non-myristoylated (nm) PKA-C fused to paGFP, as shown in green, in 

dendritic spines of CA1 neurons. Untagged PKA-RIIβ and mCherry were co-expressed. 20 

μM norepinephrine was bath applied to activate PKA. paGFP was photoactivated at time 

zero nearly instantaneously at the spine head (white dash box). (B) Representative 

fluorescence decay curves for spines expressing the indicated constructs in the presence of 

norepinephrine. (C) Collective data of the spine residence times for the indicated constructs. 

Where indicated, norepinephrine or forskolin and IBMX was added. The colors correspond 

to those in panel B. n = 193/10 (spines/cells) for paGFP; 148/9 for PKA-C with 

norepinephrine; 157/8 for PKA-C with forskolin and IBMX; 208/11 for HRas; 99/5 for 

KRas; 126/7 for MARCKS; 96/11 for nmPKA-C with norepinephrine. (D) Analysis of 

determinants of PKA-C diffusion. Forskolin and IBMX were added where stimulation of 

PKA is needed. n = 111/5 (spines/cells) for nmPKA-C; 100/7 for altPKA-C; 161/8 for PKA-

C-S11A (S11A); 136/7 for PKA-C-S11D (S11D); 40/4 for PKA-Cn; and 50/5 for nmPKA-

Cn. See also Figure S3.
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Figure 3. N-terminal myristoylation targeted PKA-C to the plasma membrane in neurons
(A) Top, representative single z-plane images of wildtype PKA-C distributions at rest and 

after stimulation by forskolin and IBMX in the primary apical dendrite of a CA1 neuron. 

Bottom, fluorescence line profiles along the white dashed lines in the top images for PKA-C 

(green) and the cytosol marker (red). The black dashed lines mark 30% of the maximum red 

fluorescence. The gray bars indicate the positions of measurements. (B) Averaged MEIs for 

the indicated constructs before and after stimulation. n = 8 cells for PKA-Cn, 11 for PKA-C, 

6 for PKA-RIIβ, 6 for nmPKA-C, 6 for altPKA-C, 5 for PKA-C co-expressed with PKA-

RIIβ-Δ2–5. Statistical significance was tested using the Wilcoxon signed rank test as the 

data were linked within each group. (C, D) Representative 2pFLIM images (C) and baseline-

subtracted EGFP lifetimes (D) of hippocampal pyramidal neurons expressing the indicated 

FRET donor-acceptor combination at the baseline and stimulated conditions. See also Figure 

S4, S5 and S6.
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Figure 4. The low mobility of PKA-C did not require AKAP binding
(A, B) Averaged fluorescence decay curves (A) and spine-residence times (B) for the 

indicated construct combinations before and after forskolin/IBMX stimulation. The data for 

PKA-C-paGFP/RIIβ after stimulation is same as that in Figure 1. n = (spines/cells) 57/8 for 

PKA-C-paGFP/RIIβ-Δ2–5; and 51/9 for RIIβ-Δ2–5-paGFP.
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Figure 5. Membrane associated AKAR5 exhibited higher sensitivity than cytosol AKAR5 to 
stimulations of endogenous PKA activity
(A) Representative two-photon fluorescence intensity image (left) and 2pFLIM image series 

(right) of HEK 293 cells expressing either cyt-AKAR5 alone or co-expressing mAKAR5 

with mCherry-histone2b. (B) Collective lifetime changes of m-AKAR5 and cyt-AKAR5 in 

response to 0.1 μM norepinephrine followed by forskolin and IBMX. n = 13 for m-AKAR5 

and 9 for cyt-AKAR5. (C) Lifetime responses of cyt-AKAR5 and m-AKAR5 to treatment 

with 100 nM okadaic acid (OA) followed by forskolin and IBMX. n = 20 each. (D) Lifetime 

changes of AKAR5′ and m-AKAR5′ in neurons in response to 0.3 μM norepinephrine 

normalized to maximal responses induced by forskolin and IBMX. n = 5 for both constructs.

Tillo et al. Page 23

Cell Rep. Author manuscript; available in PMC 2017 June 23.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 6. PKA preferentially phosphorylated a membrane bound substrate in an AKAP-
independent and myristoylation-dependent manner
(A) Schematic illustrations of the substrate constructs. (B, C) Representative western blots 

(B) and quantifications (C) of S845 phosphorylation of the indicated constructs in HEK 

cells, which underwent the indicated stimulations. n = 5 independent experiments for EGFP-

GluA1, 4 for EGFP-GluA1c, and 5 for CD4-EGFP-GluA1c. (D, E) Representative western 

blots and collective results for S845 phosphorylation of GluA1 and GluA1c carried out in 

primary rat cortical neuronal cultures. (F, G) Representative western blots and collective 

results of S845 phosphorylation of the indicated constructs in HEK cells, which underwent 

the indicated stimulations, with or without pre-incubation with St-Ht31. n = 5 for 

norepinephrine, and 4 for F + I. (H, I) Representative western blots and collective results of 

co-IP experiments with or without St-Ht31 treatment. PKA-C and AKAP5 were co-

expressed with wildtype or mutant PKA-RIIβ as indicated. n = 4. (J) Representative western 

blots from HEK293 cells expressing PKA-RIIβ, EGFP-GluA1 and EGFP-GluA1c together 

with wildtype PKA-C or nmPKA-C treated with 1 μM NE or forskolin/IBMX as indicated. 
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(K) Collective results of the relative phosphorylation levels for GluA1 (top) and GluA1c 

(bottom). n = 6. (L) MPPIs for wildtype PKA-C and nmPKA-C across different treatment 

conditions.
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Figure 7. The N-terminal myristoylation of PKA-C is required for supporting normal synaptic 
plasticity
(A) Representative images, (B) collective time courses, and (C) the degree of lasting 

potentiation, as measured at the shaded time points in panel B. The gray circles in panel A 

indicates the uncaging position. Neurons were transfected with EGFP, PKA-C-EGFP/RIIβ/

mCherry or nmPKA-C-EGFP/RIIβ/mCherry as indicated. (D, E) Representative traces (red) 

normalized to the control (blue) and scatter plots of paired AMPA (D) and NMDA (E) 

currents from neighboring untransfected CA1 neurons paired with those transfected with sh-

PKA-C (labeled as shRNA) and the indicated shRNA-resistant rescuing constructs. 

Statistical significance was tested using a paired t-test. See also Figure S7.
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