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SUMMARY

L-type voltage-gated Ca®* channels (LTCC) couple
neuronal excitation to gene transcription. LTCC ac-
tivity is elevated by the cyclic AMP (cAMP)-depen-
dent protein kinase (PKA) and depressed by the
Ca%*-dependent phosphatase calcineurin (CaN),
and both enzymes are localized to the channel by
A-kinase anchoring protein 79/150 (AKAP79/150).
AKAP79/150 anchoring of CaN also promotes LTCC
activation of transcription through dephosphoryla-
tion of the nuclear factor of activated T cells
(NFAT). We report here that the basal activity of
AKAP79/150-anchored PKA maintains neuronal
LTCC coupling to CaN-NFAT signaling by preserving
LTCC phosphorylation in opposition to anchored
CaN. Genetic disruption of AKAP-PKA anchoring
promoted redistribution of the kinase out of postsyn-
aptic dendritic spines, profound decreases in LTCC
phosphorylation and Ca?* influx, and impaired
NFAT movement to the nucleus and activation of
transcription. Thus, LTCC-NFAT transcriptional
signaling in neurons requires precise organization
and balancing of PKA and CaN activities in the chan-
nel nanoenvironment, which is only made possible
by AKAP79/150 scaffolding.

INTRODUCTION

In excitable cells, the Cay1.1-Cay1.4 family of L-type voltage-
gated Ca®* channels is indispensable for an array of cellular
processes including muscle contraction, insulin secretion, neuro-
transmitter release, and transcriptional regulation (Catterall,
2011). Of particular interest here, postsynaptic L-type voltage-
gated Ca?* channels (LTCCs) serve a privileged role in coupling
neuronal excitation to changes in gene expression. This coupling

P

G} CrossMark

occurs by initiating Ca?*-dependent kinase- and phosphatase-
signaling pathways that activate transcription factors, including
the NFATc1-NFATc4 family (Bading et al., 1993; Dolmetsch
et al,, 2001; Graef et al., 1999; Mermelstein et al., 2000; Murphy
etal., 1991; Oliveriaetal.,2007; Ulrich etal., 2012). Itis well estab-
lished that long-lasting forms of synaptic plasticity underlying
learning and memory require gene transcription and protein syn-
thesis (Greer and Greenberg, 2008; Kelleher et al., 2004). More-
over, Cay 1.2 LTCC excitation-transcription coupling is necessary
for important forms of long-term synaptic potentiation and
learning and memory mediated by the hippocampus and other
brain regions (Grover and Teyler, 1990; Langwieser et al., 2010;
Moosmang et al., 2005). In keeping with these important neuronal
functions, polymorphisms in the gene encoding Cay1.2 are linked
to multiple neuropsychiatric disorders (Smoller et al., 2013). Thus,
it is important to understand how neuronal LTCC activity and
downstream signaling to the nucleus are regulated.

Itis now recognized that the rate and spatial precision of phos-
phorylation and dephosphorylation reactions in cells are con-
strained through the anchoring of kinases and phosphatases
near their targets by scaffold proteins (Wong and Scott, 2004).
In particular, subcellular targeting by AKAP79/150 of the kinase
PKA, phosphatase CaN (also known as PP2B and PPP3), and
other enzymes promotes highly localized signaling events at
the postsynaptic membrane of neuronal dendritic spines (note:
AKAP150 is the rodent ortholog of human AKAP79) (Sanderson
and Dell’Acqua, 2011). Importantly, AKAP79/150, PKA, CaN,
and Cay 1.2 exhibit an enrichment and colocalization in dendritic
spines of hippocampal neurons (Di Biase et al., 2008; Gomez
etal., 2002; Hell et al., 1996). Neuronal membrane depolarization
initiates NFAT signaling by triggering Ca®* influx through LTCCs
to activate calmodulin (CaM) molecules tethered to the intra-
cellular C-terminal domain of the channel (Peterson et al.,
1999; Ziihlke et al., 1999). Ca2*-CaM promotes rapid activation
of CaN, which is recruited to the LTCC through AKAP79/150
anchoring (Oliveria et al., 2007, 2012; Zhang and Shapiro,
2012). Organization of the LTCC-AKAP-CaN macromolecular
complex at the plasma membrane arises in part through addi-
tional interaction of modified leucine zipper (LZ) motifs on
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AKAP79/150 and the C-terminal tail of Cay1.2 (Hulme et al.,
2008; Oliveria et al., 2007). Upon dissociation from the AKAP,
Ca®*-CaM-CaN dephosphorylates NFAT to expose nuclear
localization sequences (NLS), facilitating NFAT translocation
from the cytoplasm to the nucleus, where it binds to promoter
DNA elements and controls transcription (Hogan et al., 2003; Li
et al., 2012).

Inaddition to CaN, AKAP79/150 anchors PKA near the LTCC to
promote phosphorylation-mediated enhancement of channel
activity that is opposed by CaN dephosphorylation, likely through
modification of serine residues in the Cay1.2 C terminus (De
Jongh et al., 1996; Fuller et al., 2010; Gao et al., 1997; Hall
et al., 2007; Oliveria et al., 2007, 2012). Thus, AKAP-anchored
CaN paradoxically serves as both a negative feedback regulator
of LTCC activity and a positive downstream transducer of LTCC
Ca?* signaling to NFAT. Modulation of LTCC activity by PKA has
primarily been studied in the context of B-adrenergic enhance-
ment of channel currents in the heart resulting from cyclic AMP
(cAMP) elevations during the fight-or-flight response (Catterall,
2011). However, basal PKA activity could also play important reg-
ulatory roles in the context of AKAP-anchored complexes, where
PKA catalytic subunits have intimate access to substrate pro-
teins, even in the absence of cAMP stimulation, but surprisingly,
the role of AKAP79/150-anchored PKA in controlling basal LTCC
phosphorylation and signaling activity has not been directly
investigated. Here and in a companion paper (Dittmer et al.,
2014), we provide evidence that maintenance of basal LTCC
phosphorylation and function in hippocampal neurons critically
depends on AKAP79/150-anchored PKA opposing anchored
CaN activity. Importantly, we also demonstrate a requirement
for AKAP79/150-PKA anchoring in promoting effective neuronal
LTCC coupling to CaN-NFAT signaling. Thus, LTCC-NFAT
signaling in neurons requires precise organization and a proper
balance of PKA and CaN activities in the L-channel nanoenviron-
ment, which is made possible by AKAP79/150 scaffolding.

RESULTS

Characterization of a PKA-Anchoring Deficient
AKAP150APKA Mouse Model

For the present study, we developed an AKAP150 mouse model
that allows us to discriminate the functions of AKAP150-PKA
anchoring. The AKAP150 knockout mouse model, though useful,
lacks utility for clearly determining the contribution of PKA in the
context of a multivalent scaffold that also interacts with many
other signaling enzymes, including CaN (Tunquist et al., 2008;
Weisenhaus et al., 2010). Moreover, a previously developed
AKAP150D36 knockin mouse, with a 36 amino acid C-terminal
truncation, although unable to anchor PKA (Lu et al., 2007),
also lacks the AKAP-modified LZ domain that interacts with
Cay1.2 (Oliveria et al., 2007). Therefore, we engineered a tar-
geted internal deletion in the Akap5 gene to create an exclusively
PKA-anchoring deficient AKAP150APKA knockin mouse, which
retains the C-terminal LZ domain. Specifically, the Akap5APKA
targeting vector deleted 30 bp encoding residues 709-718 within
the amphipathic «-helical domain that anchors the PKA-RII
regulatory subunit dimer and also inserted a C-terminal myc
epitope tag after the LZ domain (Figures 1A and 1B). Importantly,
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the AKAP150APKA deletion leaves intact all other AKAP struc-
tural domains, including those for CaN anchoring, adenylyl
cyclase (AC) binding, and membrane targeting (Figure 1B)
(Sanderson and Dell’Acqua, 2011).

The presence of the targeted Akap5APKA allele in hetero-
zygous and homozygous AKAP150APKA mice was confirmed
by PCR-based genotyping compared to wild-type (WT) (Fig-
ure 1C). Expression of AKAP150APKA protein in homozygous
mice was confirmed by immunoblotting to detect the engineered
C-terminal myc tag (Figure 1D), and anti-AKAP150 immunoblot-
ting showed that AKAP150 APKA and WT proteins were
expressed at equal levels in hippocampal extracts (Figures 1D
and 1E). Importantly, immunoprecipitation revealed loss of
PKA-RII regulatory and PKA-C catalytic subunits from the
AKAP complex for 150APKA extracts, as also seen in controls
using extracts prepared from AKAP150~/~ knockout mice (KO)
(Figures 1D and 1E). As expected, immunoprecipitation of the
CaNA catalytic subunit with AKAP150 was maintained for the
APKA mutation, but not in extracts from AKAP150 KO mice (Fig-
ures 1D and 1E). We also developed an analogous APKA mutant
by removal of amino acids 391-400 of the human ortholog
AKAP79 (Figure 1B). Transfection of fluorescently tagged
AKAP79WT-cyan fluorescent protein (CFP) with PKA-Rlla-
yellow fluorescent protein (YFP) into human embryonic kidney
293 (HEK293) cells resulted in distinct AKAP-RII colocalization
at the plasma membrane (Figure 1F). In contrast, cells express-
ing AKAP79APKA-CFP exhibited normal membrane localization
of AKAP79APKA but a clear loss of PKA-RII-YFP membrane
association (Figure 1F). To confirm that the APKA mutation
does not disrupt the C-terminal LZ interaction with the LTCC,
we cotransfected either AKAP79 WT or APKA-CFP with N- or
C-terminally YFP-tagged Cay1.2 and measured membrane-
associated Forster resonance energy transfer (FRET) in living
tsA201 cells as in our previous work characterizing the AKAP-
Cay1.2 LZ interaction (Oliveria et al., 2007). Importantly,
79APKA exhibited levels of FRET comparable to 79WT with
both the C and N termini of Cay1.2 (Figures 1G-1J).

AKAP79/150 Anchoring Localizes PKA and CaN to
Neuronal Dendritic Spines

We previously demonstrated that AKAP79 regulates PKA locali-
zation in dendritic spines by overexpressing a truncated
AKAP79(1-360) construct similar to the AKAP150D36 mouse
mutation (Lu et al., 2007; Smith et al., 2006). To address whether
the more-precise AKAPAPKA mutation impacts PKA spine
targeting, we cotransfected rat hippocampal neurons with
PKA-Rlla-CFP and CaNAoa-YFP and either AKAP79 WT or
APKA tagged with mCherry (mCh) in conjunction with a previ-
ously characterized short hairpin interfering RNA (shRNAI) to
suppress endogenous AKAP150 expression (Hoshi et al,
2005; Oliveria et al., 2007). As expected, AKAP79WT-mCh dis-
played prominent localization in spines (Figure 2A) with quantifi-
cation of spine/dendrite shaft fluorescence ratios of ~2
indicating prominent spine enrichment (Figure 2B). Both PKA-
RII-CFP (Figure 2C) and CaNA-YFP (Figure 2E) exhibited coloc-
alization in spines with 79WT-mCh (Figure 2G); however,
whereas CaNA showed similar spine/shaft enrichment as
AKAP79 (Figure 2F), PKA-RIl was more evenly distributed
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between spines and the dendrite shaft with somewhat greater
shaft localization (Figure 2F). AKAP79APKA-mCh showed spine
enrichment similar to 79WT (Figures 2A and 2B) but caused a
loss of PKA-RII from spines (Figures 2C and 2D). Importantly,
CaNA spine localization was unaffected by 79APKA (Figures
2E and 2F). In contrast, an AKAP79APIX mutant deleting the
PxIxIT-like CaN-anchoring motif (Li et al., 2012; Oliveria et al.,
2007) reduced CaN spine enrichment with no impact on PKA-
RIl localization (Figures 2E and 2F). Additionally, staining of
endogenous AKAP150 and PKA-RIIB in WT mouse neurons
revealed spine enrichment of AKAP150 (Figures S1A and S1C)
comparable to that observed for AKAP79 (Figures 2A and 2B)
and spine enrichment of endogenous PKA-RIIB (Figures S1A

AKAP150 WT

PKA unanchored

Figure 1. Characterization of PKA-Anchoring

CaN-PP2B Cay1.2 Deficient AKAP150APKA Mice
binding (A) Diagram depicting the mouse Akap5 gene en-

coding the AKAP150 WT allele (top), the targeting
construct containing the APKA mutation (middle),
and the targeted APKA allele (bottom). The single
AKAP150 coding exon is represented by the black
box. The red rectangle indicates the 30 bp encoding
the ten amino acids of the APKA deletion, yellow
rectangle indicates the in-frame insertion of a c-myc
epitope tag at the AKAP150 C terminus, and green
triangles indicate loxP sites flanking the neomycin
resistance cassette in the 3' genomic DNA.

(B) Diagram of AKAP150 protein primary structure
indicating removal of 709-LLIETASSLV-718 to
selectively disrupt PKA-RIl anchoring.

(C) PCR-based genotyping of WT and heterozygous
and homozygous AKAP150APKA littermate mice.
(D) Detection of AKAP150APKA protein in whole-
cell hippocampal extracts from homozygous mice
by anti-myc and anti-AKAP150 immunoblotting (IB).
(E) The AKAP150APKA mutation or AKAP150 KO
(—/-) eliminates anti-AKAP150 coimmunoprecipi-
tation of PKA-RII and C subunits. Ext, whole-cell
hippocampal extract; IgG, immunoprecipitation (IP)
with nonimmune immunoglobulin.

(F) HEK293 cells cotransfected with AKAP79 WT or
APKA-CFP (magenta) and PKA RII-YFP subunits
(green). Colocalization appears white in the merged
panel.

(G and H) tsA-201 cells cotransfected with C- or
N-terminally tagged Cay1.2-YFP (FRET acceptor,
green) and WT or APKA AKAP79-CFP (FRET donor,
blue). Corrected FRET (FRETc) shown in pseudo-
color gated to CFP.

(I and J) Quantification of apparent FRET efficiency
measured between Cay1.2-YFP and WT or APKA
AKAP79-CFP. Data expressed as mean + SEM (not
significantly different by t test; n = 7-17). The scale
bars represent 10 um.

APKA709-718
. (4391-400 in human AKAP79)
C

and S1B) even greater than that of overex-
pressed PKA-RIlla-CFP (Figures 2C and
2D), which is likely in excess of the number
of available AKAP79/150-anchoring sites
in spines as previously shown (Smith
et al., 2006). In contrast, quantification of
PKA-RII staining in AKAP150APKA neu-
rons revealed a nearly complete loss of PKA-RII spine locali-
zation (Figures S1A and S1B). Therefore, we conclude that
AKAP79/150 targets both PKA and CaN to dendritic spines
through their respective defined anchoring sites.

AKAP79/150 Anchoring of Both PKA and CaN Is
Required for NFAT Translocation to the Neuronal
Nucleus

As mentioned above, we previously described the importance
of AKAP-CaN anchoring in mediating activation of NFAT by
Ca?*-CaN signaling initiated in the LTCC nanodomain (Li et al.,
2012; Oliveria et al., 2007). To address the role of AKAP79/
150-anchored PKA in NFAT signaling, we first transfected WT
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mouse hippocampal neurons with NFATc3-GFP and induced
nuclear translocation using a high-K* depolarization protocol
that effectively activates LTCC excitation-transcription coupling
(Graef et al., 1999; Oliveria et al., 2007; Wheeler et al., 2012; Fig-
ure 3A). As expected from previous work on NFAT in rat neurons
(Graef et al., 1999; Oliveria et al., 2007; Ulrich et al., 2012),
NFATc3-GFP accumulated densely in the nucleus 10 min after
brief K* depolarization (Figures 3A and 3B) and then returned
to the cytoplasm by 30 min (Figure 3A). This NFATc3 transloca-
tion was prevented by the dihydropyridine LTCC antagonist
nimodipine, thus confirming the importance of LTCC Ca2* entry
in activation of the CaN-NFAT pathway (Figures 3B and 3C).
Acute shRNAi-mediated knockdown of AKAP150 in rat neurons
(Figures 3D and 3E) or genetic deletion of AKAP150 in mouse
neurons (AKAP150 KO mice; Figures 3F and 3G) also strongly
impaired K*-stimulated NFATc3-GFP movement into the
nucleus. Importantly, the effects of 150RNAi on NFATc3 were
rescued by cotransfection of AKAP79 WT, but not by the APIX
mutant (Figures 3D and 3E). Neurons cultured from CaN-
anchoring deficient AKAP150APIX knockin mice (Sanderson
et al., 2012) also showed attenuated NFATc3 accumulation in
the nucleus (Figures 3F and 3G). This finding using NFATc3-
GFP is consistent with previous work demonstrating a require-
ment for AKAP79/150-CaN anchoring in LTCC activation of
endogenous NFATc4 (Li et al., 2012; Oliveria et al., 2007).
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Spine / Shaft Ratio

Figure 2. AKAP79/150 Anchoring Regulates
CaN and PKA Localization to Dendritic
Spines

(A) AKAP79 WT, APIX, and APKA-mCh localization
in maximum intensity projection images of rat
hippocampal neurons.

(B) Quantification of AKAP79-mCh WT and mutant
dendritic spine localization as a spine/dendrite shaft
fluorescence intensity ratio.

(C) AKAP79APKA causes a loss of PKA-RIlo—CFP
from spines relative to 79WT and 79APIX.

(D) Quantification of PKA-RIlx-CFP spine/shaft
ratios in neurons expressing WT or mutant AKAPs.
(E) AKAP79APIX reduces spine localization of
CaNA-YFP relative to WT and 79APKA.

(F) Quantification of CaNAa-YFP spine/shaft ratios
in neurons expressing WT or mutant AKAPs.

(G) Merged images of AKAP79-mCh, PKA-
Rlla-CFP, and CaNA«-YFP in WT and mutant AKAP
expressing neurons. Arrowheads indicate repre-
sentative spines. Data expressed as mean + SEM
(*p < 0.05, “*p < 0.01 by ANOVA with Dunnett’s post
hoc test; n=18-23). The scale bars represent 10 um.

AKAP79 Spine
Enrichment

PKARIla Spine
Enrichment

CaNA Spine
Enrichment

The interaction of PKA with multiple
signaling targets makes it difficult to
predict a specific role for AKAP79/150-
anchored PKA in regulation of LTCC-
NFAT signaling: PKA could act as a
positive regulator of the upstream Ca®*
signal through LTCC phosphorylation
and/or as a negative regulator of down-
stream nuclear import through NFAT phos-
phorylation. Previous studies showed that
global inhibition of PKA activity increases NFAT nuclear accumu-
lation in neurons and other cells (Belfield et al., 2006; Oliveria
et al., 2007; Sheridan et al., 2002). However, anchoring of PKA
to AKAP79/150 in the LTCC complex could favor one of these
mechanisms. Indeed, in rat neurons expressing 150RNAi plus
AKAP79APKA (Figures 3D and 3E) and in neurons from
AKAP150APKA knockin mice (Figures 3F and 3G), we found
that K*-stimulated NFATc3-GFP nuclear translocation was
strongly impaired, instead of being enhanced as previously
observed with global PKA inhibition. In addition, we stimulated
NFAT translocation by application of the dihydropyridine agonist
BayK 8644 to promote LTCC activation during spontaneous
neuronal firing: NFATc3-GFP nucleus/cytoplasm fluorescence
increased ~22-fold in AKAP150 WT neurons compared to ~3-
fold in APIX and ~5-fold in APKA knockin neurons (Figures
S2A and S2B). Thus, disruption of either PKA or CaN anchoring
to AKAP150, even in the presence of an LTCC agonist, greatly
reduced NFAT activation. These results indicate that, when
anchored by AKAP79/150, PKA acts only as a positive regulator
of NFAT signaling.

AKAP79/150 Anchoring of PKA and CaN Is Required for
NFAT Translocation out of Dendritic Spines

We next considered the possibility that NFAT may initially be
localized near the LTCC-AKAP complex, within postsynaptic
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Figure 3. AKAP79/150 Anchoring of Both
CaN and PKA Regulates Depolarization-Trig-
gered NFAT Movement to the Nucleus in Hip-
pocampal Neurons

(A) Schematic of the high-K* depolarization protocol
(left) and quantification of NFATc3-GFP localization
in the cytoplasm relative to the nucleus (nucleus/
cytoplasm ratio) at the indicated times in control
mouse hippocampal neurons (right).

(B) Summed intensity projection images of NFATc3-
GFP (green) and nuclei (DAPI, blue) in WT mouse
hippocampal neurons under nonstimulated (NS)
conditions and 10 min after high-K* stimulation in
DMSO (Vehicle) or nimodipine (Nim).

(C) Quantification of NFATc3-GFP translocation
to nucleus 10 min after high-K* stimulation
measured as the fold change in intrinsic GFP fluo-
rescence nucleus/cytoplasm ratio relative to NS
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spines, and then departs spines in response to LTCC activa-
tion. To address this possibility, we measured the basal level
of NFATc3 localization in spines. Not only did we observe
NFATc3-GFP in spines, but we also observed a marked
spine/shaft enrichment of NFATc3-GFP relative to cytoplasmic
mCh, which was equally distributed between spines and
dendrite shafts (Figures 4A-4C). Interestingly, 10 min after K*
stimulation of control neurons, we measured a significant
decrease in the spine/dendrite ratio for NFATc3-GFP, but
mCh distribution was unchanged (Figures 4B and 4D).
AKAP150 shRNAi knockdown prevented NFATc3 movement
from spines, and this translocation defect was restored by co-
expression of AKAP79 WT, but not APIX or APKA (Figure 4E).
Thus, during the time frame that NFAT translocates to the nu-

conditions.

(D) Images of NFATc3-GFP (anti-GFP, green)
and nuclei (DAPI, blue) under NS conditions and
10 min after high-K* stimulation in rat neurons
transfected with pSilencer empty vector (Control)
or AKAP150 RNAi plus mCh alone, AKAP79-mCh
WT, APIX, or APKA as indicated (mCh images not
shown).

(E) Quantification of fold change in NFATc3-GFP
immunostaining nucleus/cytoplasm ratio 10 min
after high-K* stimulation relative to NS conditions.
(F) Hippocampal neurons from WT, AKAP150
KO, APIX, or APKA mice immunostained for
NFATc3-GFP (green) and nuclei (DAPI, blue)
under NS conditions and 10 min after a high-K*
stimulation.

(G) Quantification of NFATc3-GFP nucleus/
cytoplasm ratio for mouse neurons from (F) per-
formed as in (E). Data expressed as mean + SEM
(**p <0.01, **p < 0.001; ANOVA with Dunnett’s post
hoc test or t test; n = 9-21). The scale bars represent
10 um.

cleus (Figure 3A), NFAT also translocates
out of dendritic spines, and both of these
events depend on AKAP-anchored PKA
and CaN. These findings are consistent
with a significant fraction of NFAT that
reaches the nucleus, having originated in
spines where activating signals provided by the AKAP-LTCC
complex are localized.

AKAP79/150 Anchoring of CaN and PKA Is Required for
NFAT-Dependent Transcription

To address whether NFAT-dependent transcription is also
defective in the absence of AKAP-PKA anchoring, we ex-
pressed a previously characterized 3xNFAT/AP1-CFPnls tran-
scriptional reporter (Li et al., 2012) in neurons and measured
the amount of CFP fluorescence sequestered in the nucleus
following K* stimulation (Figures 5A-5C). Control rat neurons
showed significantly higher nuclear CFP fluorescence 16 hr
poststimulation, and AKAP150 shRNAi blocked this increase
(Figures 5C and 5D). As seen for NFAT translocation,
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Figure 4. AKAP79/150 Anchoring of Both CaN and PKA Is Required
for Depolarization-Triggered NFAT Translocation from Dendritic
Spines

(A and B) Summed intensity projection images of control WT hippo-
campal neuron dendrites visualized by immunostaining of mCh (white)
and overlaid by NFATc3-GFP immunostaining in pseudocolor with a
relative scale from blue (low intensity) to red (high intensity). Images
represent (A) nonstimulated conditions and (B) 10 min after high-K* stim-
ulation.

(C-E) Quantification of mCh and NFATc3-GFP spine/dendrite shaft fluores-
cence ratios under basal conditions (C), following high-K* stimulation (D),
and change from baseline (E) for conditions where AKAP79/150 expression
and anchoring is altered as indicated. Data expressed as mean + SEM (*p <
0.05, **p < 0.01, and **p < 0.001 by paired t test or ANOVA with Dunnett’s
post hoc test compared to control; n = 5-19). The scale bars represent
10 pm.

coexpression of AKAP79 APIX or APKA with AKAP150 shRNAI
failed to rescue the transcriptional deficit, whereas 79WT
restored transcriptional activation to control levels (Figures 5C
and 5D). Additionally, using a luciferase reporter of NFAT
activity, we found transcriptional deficits in AKAP150 APIX
or APKA knockin mouse neurons: at both 2 and 6 hr after
high-K* depolarization, we observed a 4-5-fold increase in
3xNFAT/AP1-luciferase activity in WT neurons that was almost
completely absent in neurons from AKAP150 APIX and APKA
mice (Figures 5E and 5F).
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AKAP79/150-Anchored CaN and PKA Control Basal
Phosphorylation of Cay1.2

Taken together, our findings above show that AKAP79/150
anchoring of PKA and CaN are equally important for NFAT
signaling, suggesting that the main function of anchored PKA
in NFAT signaling may be as a positive regulator in phosphory-
lation-mediated control of LTCC function. Thus, for the
AKAPAPKA mutation, we hypothesized that LTCC hypophos-
phorylation may occur due to absence of anchored PKA in the
channel nanodomain. To test this hypothesis, we immunoblotted
extracts from AKAP150 WT, APKA, APIX, and KO hippocampal
neurons to measure the amount of basal phosphorylation at two
Cay1.2 Ser residues, S1700 and S1928, previously implicated in
PKA regulation of LTCC function (De Jongh et al., 1996; Fuller
et al,, 2010; Gao et al.,, 1997; Oliveria et al., 2007). In
AKAP150APKA neurons, both S1700 and S1928 were signifi-
cantly dephosphorylated compared to WT (Figures 6A-6C).
Conversely, AKAP150APIX mouse neurons showed equal levels
of phosphorylation at S1700 and enhanced phosphorylation at
S1928 (Figures 6A-6C). Interestingly, in AKAP150 KO neurons
S$1700 phosphorylation was reduced but S1928 phosphorylation
was not different from WT (Figures 6A-6C). Overall, these find-
ings suggest that AKAP79/150-anchored PKA maintains phos-
phorylation of S1700 in opposition to other phosphatases in
addition to anchored CaN, whereas phosphorylation of S1928
is more tightly balanced by the opposed activities of AKAP79/
150-anchored PKA and CaN. However, in AKAP150 KO neurons,
where both PKA and CaN anchoring are disrupted, other pools of
PKA or even other kinases, such as protein kinase C (Yang et al.,
2005), may support basal S1928 phosphorylation.

Neuronal LTCC Ca?* Influx Is Inhibited by Loss of
AKAP79/150-PKA Anchoring

Our observations that AKAP79/150-PKA anchoring maintains
basal Cay1.2 phosphorylation led us to investigate whether
disruption of PKA anchoring also attenuates LTCC Ca®* signals
in hippocampal neurons. To measure CaZ* signals, we carried
out imaging in neurons transfected with the genetically encoded
fluorescent Ca?* indicator R-GECO1 (Zhao et al., 2011). We used
the antagonist nimodipine to pharmacologically block the LTCC
component of the Ca®* signal evoked by K* depolarization and
determined whether this component was altered under condi-
tions of disrupted AKAP79/150 anchoring. When measured at
the junction of the apical dendrite with the cell soma, a single
30 s high-K* perfusion elicited an ~4-fold increase in RGECO-1
fluorescence that rapidly returned to baseline in control rat
neurons (Figures 7A-7D). In the presence of 10 uM nimodipine,
this K*-stimulated Ca* increase was reduced ~50% (Figure 7D).
This ~50% LTCC contribution to the depolarization-induced
Ca?* signal is somewhat greater than observed in previous
studies (20%-30%) using antidromic electrical stimulation,
current recording, and Fura-2 calcium imaging (Christie et al.,
1995; Hoogland and Saggau, 2004; Mermelstein et al., 2000;
Regehr and Tank, 1992), consistent with K* depolarization lead-
ing to additional activation of postsynaptic glutamate receptors
and Ca?*-induced store release that can act both upstream
and downstream to shape and amplify the LTCC contribution
to the overall Ca®* signal.
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Importantly, following shRNAi knockdown of endogenous
AKAP150 in rat neurons, the nimodipine-sensitive component
of the Ca®* signal was essentially eliminated (Figure 7E) but could
be rescued by coexpression of human AKAP79WT-YFP (Fig-
ure 7F). The LTCC Ca?* component in WT mouse neurons was
nearly identical to that of control rat neurons with ~50% of the
Ca®* signal attributable to the LTCC (Figure 7H). AKAP150 KO
mouse neurons exhibited no measureable LTCC component
and displayed a reduced overall Ca®* signal (Figure 71) that
was nearly identical to the reduction seen in AKAP150 shRNAi-
expressing rat neurons (Figure 7E). In contrast, the LTCC compo-
nent in AKAP150APIX mouse neurons was maintained at a level
similar to in WT neurons (Figure 7J), suggesting that loss of CaN
anchoring, and the resulting increased basal S1928 phosphory-
lation (Figure 6), afforded no additional enhancement of LTCC
function, at least in response to K* stimulation. However,
AKAP150APKA mouse neurons, like AKAP150 KO neurons,
showed a clear loss of the LTCC component (Figure 7K). To
confirm this large decrease in LTCC Ca2* signaling in APKA
neurons, we performed additional imaging (Figure S3) using
GCaMP6F, a Ca®* indicator with even faster kinetics and higher
sensitivity than RGECO-1(Chen et al., 2013). In agreement with

NFAT Reporter Transcription
16 Hrs Post-KCI Stimulus

3X NFAT-AP1 —r:irelly luciferase

NFAT Luciferase Reporter
ExpressionPost-KCl Stimulus

2 Hrs

Figure 5. AKAP79/150 Anchoring of Both
CaN and PKA Is Necessary for NFAT-Depen-
dent Transcription

(A) Modified high-K* stimulation protocol for stim-
ulation of NFAT-dependent transcription.

(B) Diagram of the 3xNFAT/AP1-CFPnls transcrip-
tional reporter construct used for single-cell imaging
of NFAT-dependent transcription.

(C) Summed intensity projection images of neuronal
cell bodies and proximal dendrites in NS conditions
and 16 hr after high-K* stimulation (KCI). Neurons
were transfected with the 3xNFAT/AP1-CFPnls
reporter along with pSilencer empty vector (Control)
or 150RNAi plus YFP or the indicated AKAP79-YFP
constructs. YFP fluorescence is in white, and nu-
clear-localized CFP fluorescence is in pseudocolor.
(D) Quantification of the fold change in nuclear
fluorescence of the 3xNFAT-AP1-CFP-NLS re-
porter following high-K* stimulation for the indicated
conditions.

(E) Diagram of the pGL3NFAT plasmid that drives
NFAT-dependent transcription of firefly luciferase
and the internal transfection control plasmid
pRLSV40 driving constitutive transcription of Renilla
luciferase.

(F) Quantification of NFAT-dependent transcription
as normalized luciferase activity measured from
lysates of WT and AKAP150 mutant mouse neurons.
Data expressed as mean + SEM (*p < 0.05, ***#p <
0.01, and **p < 0.001 by ANOVA with Dunnett’s
post hoc test; n = 14-49 [rat]; n = 6-14 [mouse]). The
scale bars represent 10 pm.

6 Hrs

findings above, in AKAP150 shRNAi rat
neurons rescued with AKAP79WT-mCh,
nimodipine  strongly decreased the
K*-stimulated GCaMP6F Ca>* signal (Fig-
ures S3A-S3D), but in neurons rescued
with AKAP79APKA-mCh, the total Ca?* signal was already
strongly reduced and nimodipine sensitivity was absent (Figures
S3C and S3D). Using electrophysiological whole-cell recording,
our companion paper (Dittmer et al., 2014) provides complemen-
tary evidence that LTCC current density in hippocampal neurons
decreases when AKAP79/150-PKA signaling is disrupted. Thus,
overall, our results indicate that loss of AKAP79/150-PKA
anchoring leads to reduced basal LTCC phosphorylation and
reduced depolarization-evoked Ca?* influx that is insufficient to
initiate effective CaN-NFAT signaling.

DISCUSSION

Our analysis of the AKAP79/150 APKA mutant reveals that
disruption of PKA anchoring uncouples downstream LTCC-
CaN signaling to NFAT in hippocampal neurons as effectively
as genetic disruption of CaN anchoring. Past and present work
clearly shows that the phosphatase CaN must be targeted
near the LTCC to provide efficient and specific activation of
NFAT signaling via channel Ca?* influx (Li et al., 2012; Oliveria
et al.,, 2007; Zhang and Shapiro, 2012). Yet sequestering
CaN within the LTCC nanodomain also promotes a robust
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Figure 6. Anchoring of Both CaN and PKA to AKAP79/150 Regulates
Basal Phosphorylation of Cay1.2

(A) Representative immunoblots of pS1700, pS1928, and total Cay,1.2 from
the indicated cultured mouse hippocampal neuron extracts.

(B) Quantification of Cay1.2 pS1928 over total Cay1.2 band intensity and
normalized to WT.

(C) Quantification of Cay1.2 pS1700 over total Cay1.2 band intensity and
normalized to WT. Data represented as mean + SEM (*p < 0.05 by ANOVA with
Dunnett’s post hoc test; n = 4-5).

phosphatase-mediated negative feedback on PKA-enhanced
channel activity, both through suppression of peak current
amplitude and promotion of Ca®*-dependent inactivation (CDI)
of neuronal LTCCs (Dittmer et al., 2014; Oliveria et al., 2007,
2012). Indeed, whereas previous studies in hippocampal neu-
rons demonstrated that LTCC current and Ca®* influx can be
enhanced by activation of cAMP-PKA signaling (Hoogland and
Saggau, 2004; Kavalali et al., 1997), the degree of PKA enhance-
ment of LTCC current is constrained by AKAP79/150-anchored
CaN activity (Oliveria et al., 2007). Here, and in our companion
paper (Dittmer et al., 2014), we discovered that, without coan-
choring of PKA to balance CaN action in the LTCC nanodomain,
even under basal conditions, phosphatase-mediated channel
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dephosphorylation becomes dominant, leading to disruption of
CDI, depression of Ca2* influx, and in turn a downstream Ca?*
CaN signal insufficient to activate NFAT. Thus, overall, the
opposing activity of PKA ends up working in conjunction with
CaN to support NFAT signaling to the nucleus.

Interestingly, for AKAP79/150APKA neurons, measurements
of pharmacologically isolated LTCC currents in Dittmer et al.
(2014) detected an ~40% reduction in current density, whereas
imaging experiments here revealed an essentially complete loss
of LTCC contributions to K*-evoked Ca®* transients. Due to
necessary, inherent differences in experimental conditions, it is
difficult to make absolute, quantitative comparisons between
LTCC current measurements and LTCC contributions to global
Ca?* signals detected by imaging. For instance, to obtain accu-
rate measurements of cell capacitance (proportional to cell
size), LTCC current density measurements in Dittmer et al.
(2014) were limited to immature 5-day-old cultured neurons that
have not yet developed extensive dendritic arbors or spines.
Thus, it is entirely possible that LTCC channel activity is
decreased even more than 40% in the larger, more-mature, and
spiny 12-15-day-old neurons we examined by Ca®* imaging.
Regardless of such developmental differences, it would also not
be surprising if loss of AKAP-PKA anchoring had a much greater
impact on the total K*-evoked Ca®* signal than on isolated LTCC
currents due to even moderate reductions in channel Ca2* influx
being sufficient to disrupt effective coupling to other downstream
Ca?* sources, such as intracellular Ca®* stores. In any case, mul-
tiple lines of evidence show that disruption of AKAP79/150-PKA
anchoring leads to decreased LTCC Ca?* signaling to CaN-NFAT.

Importantly, this key discovery that anchored PKA is essential
for maintaining LTCC-NFAT signaling in neurons was only made
possible by using genetic approaches that specifically disrupt
AKAP79/150-PKA anchoring, as earlier studies using less-
specific, acute pharmacologic treatments that globally inhibit
PKA activity or anchoring to all AKAPs failed to observe negative
impacts on NFAT activation (Belfield et al., 2006; Oliveria et al.,
2007). As mentioned above, global PKA inhibition has the exact
opposite effect on NFAT nuclear translocation compared to
specific AKAP79/150-PKA-anchoring disruption, perhaps due
to more-dominant impacts of inhibiting other pools of PKA that
directly phosphorylate NFAT. In addition, it is possible that,
whereas acute disruption of PKA anchoring with stearated pep-
tides in previous work prevented further enhancement of LTCC
function with cAMP stimulation (Oliveria et al., 2007), this manip-
ulation did not disrupt PKA signaling in the AKAP79/150 complex
completely enough or for a sufficient period of time to cause sig-
nificant decreases in basal LTCC phosphorylation and function.

The substantial decreases in LTCC function in AKAP150-
deficient and APKA neurons seen here and in Dittmer et al.
(2014) also indicate that other AKAPs known to associate
with Cay1.2, such as AKAP15/18 (Akap7 gene; Hulme et al.,
2003) and MAP2 (Davare et al., 1999), were incapable of
compensating for loss of AKAP150. AKAP150 KO and RNAi
likely inhibit LTCC-NFAT signaling due to the combined effects
of disruption of PKA and CaN scaffolding to the channel, thereby
decreasing both the upstream Ca®* signal and the efficiency of
downstream CaN activation. Decreased LTCC function and
S1700 phosphorylation in AKAP150 RNAi and KO neurons
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Figure 7. LTCC Ca?* Signals Are Reduced in the Absence of
AKAP79/150-PKA Anchoring

(A) Diagram of the high-K* depolarization protocol to trigger LTCC Ca* influx.
(B) Time course of RGECO-1 Ca2*-indicator fluorescence change, shown in
pseudocolor, in response to K* depolarization in control rat neurons.

(C) Representative live-cell images of rat hippocampal neurons expressing
RGECO-1 (red) overlaid with YFP or AKAP79WT-YFP (green) prior to Ca**
imaging.

(D-F) Time course (left panel) and quantification of area under the curve (right
panel) for mean RGECO-1 fluorescence change over time in response to K*
depolarization in rat neurons for the indicated conditions (Control = pSilencer
empty vector).

(G) Representative live-cell images of WT and AKAP150 mutant mouse hip-
pocampal neurons expressing RGECO-1 (red) overlaid with YFP (green) prior
to Ca®* imaging.

(H-K) Time courses (left panel) and quantification of integrated area under the
response curve (right panel) for mean RGECO-1 fluorescence change over
time in response to K* stimulation for WT and AKAP150 mutant mouse
neurons. Data expressed as mean + SEM (**p < 0.01, **p < 0.001 by Student’s
t test; n = 11-18 [rat]; n = 9-16 [mouse]). The scale bars represent 10 um.

cannot be due to anchored CaN activity unbalanced by
anchored PKA activity (as in APKA neurons) because CaN
anchoring is also absent. Thus, the decreases in LTCC phos-
phorylation and function seen with AKAP150 RNAi and KO
may instead be attributed to the known direct associations of
CaN and PP2A with the Cay1.2 C terminus (Xu et al., 2010). How-
ever, in the context of either AKAP150 deficiency or the APIX
mutation, these direct PP2A and CaN interactions with Cay1.2
were unable on their own to suppress S1928 phosphorylation
or to support CaN-NFAT signaling.

Whereas phosphorylation of S1700 and S1928 in the Cay1.2
C-terminal domain is implicated in PKA enhancement of LTCC
currents, the functional roles of these two sites remain unclear.
Nonetheless, for our purposes, S1700 and S1928 both served
as valuable reporters of PKA and CaN activity in the AKAP-
LTCC complex. We found that phosphorylation of these sites
is correlated with effective signaling from the LTCC to the
nucleus in neurons and that PKA anchoring to AKAP79/150 is
required to maintain both phosphorylation and excitation-tran-
scription coupling. Importantly, we also observed enhanced
basal S1928 phosphorylation in AKAP150APIX mouse neurons,
and previous biochemical studies found impaired B-adrenergic
stimulation of S1928 phosphorylation in brains of AKAP150 KO
mice (Hall et al., 2007), thereby providing additional evidence
that AKAP79/150-anchored PKA and CaN mediate bidirectional
regulation of Cay1.2 phosphorylation in neurons. However, the
specific functional roles of S1700 and S1928 in neuronal channel
regulation await future investigation.

Our findings that genetic disruption of AKAP150-PKA
anchoring strongly suppresses LTCC currents (Dittmer et al.,
2014) and Ca?* responses to K* stimulation are initially surprising
but fit well with models first proposed over 25 years ago wherein
L-channels must be phosphorylated by PKA to respond normally
to membrane depolarization (Armstrong and Eckert, 1987). This
required maintenance of basal channel phosphorylation could
involve a combination of both cAMP-dependent and -indepen-
dent signaling in the AKAP-LTCC complex. For example,
AKAP79/150 also binds to several AC isoforms; hence, there
may be local cAMP signaling tone that promotes basal PKA
activity near the LTCC (Bauman et al., 2006; Willoughby et al.,
2010). But basal phosphorylation of AKAP-linked substrates
can also in part be mediated by cAMP-independent PKA activity
(Smith et al., 2013). In any case, our present findings highlight
that, in addition to orchestrating compartmentalized activation
of PKA in response to cAMP elevations, maintenance of basal
phosphorylation in subcellular nanodomains is another key
function of AKAP scaffold proteins, especially when an opposing
protein phosphatase is also anchored in the complex. Notably for
neuronal function, this underappreciated aspect of AKAP regula-
tion of basal PKA signaling is essential in priming LTCCs for effec-
tive excitation-transcription coupling through a phosphatase-
signaling pathway coordinated by the same AKAP complex.

EXPERIMENTAL PROCEDURES
Generation of AKAP150APKA Knockin Mice

The APKA mutation, which removes 30 bp encoding 709-LLIETASSLV-718,
was introduced into the single coding exon of an Akap5 genomic DNA
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fragment subcloned from a C57BL/6 bacterial artificial clone. In this targeting
vector, the APKA mutation and a C-terminal myc-epitope tag were introduced
with a neomycin resistance cassette flanked by loxP sites inserted into 3’
genomic DNA. The targeting construct was electroporated into a hybrid
C57BL/6-129 embryonic stem cell, and G418-resistant clones were screened
for homologous recombinants by PCR-based genotyping. One positive clone
was expanded, injected into blastocysts, and implanted into surrogate
mothers. Chimeric FO founders were born and bred to C57BL/6 to establish
germ-line transmission. F1 mice heterozygous for the 150APKA mutation
were identified and then bred to yield F2 150APKA homozygotes.

Primary Culture of Rodent Hippocampal Neurons

Mouse and rat hippocampal neurons were prepared as described previously
(Gomez et al., 2002). Briefly, hippocampi were dissected from postnatal
days 0-2 Sprague Dawley rats or AKAP150 WT, KO, APIX, and APKA mice.
Neurons were plated at medium density (125,000 or 200,000 cells/ml) on
poly-D-lysine alone (rat neurons) or also with laminin (mouse neurons) coated
glass coverslips. Neurons were cultured in Neurobasal-A medium plus B-27
with mitotic inhibitors (Life Technologies) added at days in vitro (DIV) 4 or 5;
thereafter, neurons were fed every 4 or 5 days.

Fluorescence Microscopy and Quantitative Image Analysis of Fixed
Cells

Fluorescence images were captured using an Axiovert 200M microscope (Carl
Zeiss) with a 63X plan-apo/1.4 numerical aperture (NA) objective, 300W xenon
illumination (Sutter Instruments), Coolsnap-HQ2 charge-coupled device
(CCD) camera (Roper Scientific), and Slidebook 4.2-5.5 software (Intelligent
Imaging Innovations). AKAP79-mCh, CaNA-YFP, PKA-RII-CFP, NFAT-GFP,
anti-AKAP150, and anti-PKA-RIIB fluorescence was imaged by acquiring
2 um z stacks of xy planes at 0.2 um intervals. Planes were deblurred using
nearest neighbors deconvolution and sum or maximum intensity projected
into 2D images. Spine/dendrite shaft fluorescence ratios, NFAT translocation,
and CFPnls transcriptional reporter activity were quantified as described pre-
viously (Li et al., 2012; Smith et al., 2006). Statistical comparisons of nucleus/
cytoplasm ratios, spine/dendrite shaft ratios, and mean CFP fluorescence in
the nucleus across groups were carried out using GraphPad Prism 4.0-5.0.

Live-Cell FRET Microscopy in tsA-201 Cells

tsA-201 cells were plated on glass coverslips in Dulbecco’s modified Eagle’s
medium + 10% fetal bovine serum media, grown for 48 hr, and then trans-
fected using Turbofect (Thermo Scientific) with cDNA plasmids encoding
AKAP79 WT or APKA-CFP and Cay1.2 Nterm-YFP or Cay1.2 Cterm-YFP as
previously described (Oliveria et al., 2007). Living cells were imaged at room
temperature 24-48 hr posttransfection using a Axiovert 200M microscope
with a 63x plan-apo/1.4 NA objective, Lambda XL illumination (Sutter Instru-
ments), Coolsnap-HQ CCD camera (Roper Scientific), and Slidebook 4.2-5.5
software. Three-filter FRET images were captured with 2 X 2 binning, pro-
cessed, and apparent FRET efficiency measured as described previously (Oli-
veria et al., 2003, 2007).

Calcium Imaging in Hippocampal Neurons

Fast confocal imaging was performed using an EC Plan-Neofluar 40x/1.30 NA
oil objective on an Axio-Observer Z1 microscope (Carl Zeiss) coupled to a
CSU-X1 spinning disk (Yokogawa), an Evolve 16-bit electron-multiplying
CCD camera (Photometrics), and Slidebook 5.0-5.5 software. DIV 12-15
neurons were grown on glass coverslips and transfected 24-48 hr prior to im-
aging. Neurons were transfected with pSilencer (empty vector control) or
AKAP150 shRNAi; YFP, AKAP79 WT or APKA-YFP/mCh, and RGECO-1
(Addgene 32444) or GCaMP6F (Addgene 40755) as indicated using Lipofect-
amine 2000 (Invitrogen). Following pretreatment with vehicle or nimodipine,
coverslips were mounted in an imaging chamber (Warner Instruments; RC-
21BDW) and perfused in normal Tyrode’s saline containing TTX and vehicle
or nimodipine for the duration of the experiment. Neurons were maintained
at 34°C whereas single xy plane was acquired at 0.5 Hz for 1 or 2 min encom-
passing a 15 or 30 s 90 mM K* perfusion. Changes in RGECO-1/GCaMP6F
fluorescence were measured for regions of interest at the base of a primary
dendrite.
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Supplemental Figure Legends

Figure S1 related to Figure 2: AKAP150 anchoring regulates PKA localization to
dendritic spines. (A) Projection images of dendrite segments stained for AKAP150
(green) and PKA-RIIB (red) for neurons from AKAP150 WT or APKA knock-in mice
showing reduced PKA-RIIB localization in spines for AKAP150APKA. (B) Quantification
of PKA-RIIB spine localization as a spine/dendrite shaft fluorescence intensity ratio for
AKAP150 WT or APKA knock-in mouse neurons. (C) Quantification of AKAP150 spine
localization in AKAP150 WT or APKA knock-in mouse neurons. Data expressed as

mean £ SEM (***p<0.001by Student’s t-test; n = 4-7). Scale bar = 10um

Figure S2 related to Figure 3: AKAP79/150 anchoring of both CaN and PKA
regulates NFAT movement to the nucleus in response to L-type Ca®>* channel
opening driven by spontaneous neuronal activity. (A) Summed intensity projection
images of NFATc3-GFP (green) and nuclei (DAPI, blue) in AKAP150 WT,
AKAP150APIX, and AKAP150APKA mouse hippocampal neurons 10 min after TTX
washout in the presence of BayK 8644 (BayK) to promote or nimodipine (Nim) to block
LTCC activity. (B) Quantification of NFATc3-GFP translocation to nucleus 10 min after
TTX washout measured as the fold-change in GFP fluorescence nucleus/cytoplasm
ratio relative to non-stimulated conditions with no TTX washout (images not shown).
Data expressed as mean £ SEM (*p<0.05, **p<0.01 compared to the corresponding
Nim condition for that genotype by Student’s t-test; *p<0.05, #p<0.01 compared to
AKAP150 WT BayK stimulation by ANOVA with Bonferonni’s Multiple Comparison Test;

n = 5-12). Scale bar = 10um



Figure S3 related to Figure 7: LTCC Ca* signals imaged with GCaMP6F are reduced in
the absence of AKAP79/150-PKA anchoring. (A) Diagram of the high K* depolarization
protocol to trigger LTCC Ca?* influx. (B) Time-course of GCaMP6F Ca**-indicator fluorescence
change, shown in pseudocolor, in response to K* depolarization in rat hippocampal neurons co-
expressing AKAP150 shRNAi and AKAP79WT-mCh. (C) Representative live-cell images of
GCaMPG6F (green) overlaid on AKAP79WT-mCh or AKAP79APKA-mCh (red) fluorescence prior
to Ca?* imaging in rat neurons also expressing AKAP150 shRNAI. (D) Time-course (left panel)
and quantification of area under the curve (right panel) for mean GCaMP6F fluorescence
change over time in response to K* depolarization in rat neurons for the indicated conditions

Data expressed as mean + SEM. (***p<0.001 by Student’s t-test; n = 5-6). Scale bars = 10um



Supplemental Experimental Procedures

Animal Care and Use
All animal procedures were conducted in accordance with National Institutes of Health
(NIH)-United States Public Health Service guidelines and with the approval of the University of

Colorado Denver Institutional Animal Care and Use Committee.

Mutant Mouse Genotyping and Husbandry

AKAP150 KO and AKAP150APIX mice were genotyped and cared for as described
previously (Sanderson et al.,, 2012; Tunquist et al., 2008). For PCR genotyping of
AKAP150APKA mice, DNA was extracted from tail tissue using REDExtract-N-Amp Tissue PCR
kit (Sigma) following manufacturer's recommendations. PCR with forward (5-
ACCGAGATCAGAAGAAAGCAAACG-3’) and reverse (5-CCTCGGAAACCATTTCATTAACCA-
3’) primers amplified nucleotides 2282-2559 of the coding sequence, giving a 277 bp fragment
for the WT allele and a 247 bp fragment for the APKA allele. For most experiments,
AKAP150APKA mice were maintained on a mixed C57BI6/129 background as heterozygous
breeding pairs to provide WT littermate controls; however, for neonatal cultured neuron
preparations, WT and APKA homozygous breeding pairs were used to provide litters of a single
genotype. AKAP150APKA mice have no obvious alterations in physical, behavioral, or breeding

phenotype in the home-cage environment.

Immunoprecipitation and Immunoblotting

AKAP150 immunoprecipitations (IP) from the hippocampus of ~2 month-old male and
female mice were performed as per Gomez et al (Gomez et al., 2002) with slight modifications.
Hippocampi were homogenized in lysis buffer (50 mM Tris pH 7.5, 0.15 M NaCl, 5 mM EDTA, 5

mM EGTA, 5 mM NaF, 2 mg/ml leupeptin, 2 mg/ml pepstatin, 1 mM Benzamidine and 1 mM
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AEBSF), then incubated on ice for 20 min in the presence of 1% Triton X-100. Lysates were
spun for 20 min at 20,800g. 10% of supernatant was reserved for gel loading. The remaining
supernatant was diluted to 0.5% Triton X-100 and split evenly into two samples, receiving either
5 ug rabbit anti-AKAP150 or 5 ug rabbit anti-IgG antibodies. Samples were incubated for 4
hours at room temperature with end-over-end shaking, followed by one hour in protein A
Sepharose beads, prior to extensive washing.

The entire immunoprecipitates or 15 pg whole extract (WE/input) were resolved on Tris-
SDS gels and transferred in 20% methanol to PVDF membranes. 40 yg of WE was loaded gel
for parallel blotting with anti-myc and anti- AKAP150. Primary antibodies were incubated with
the membranes for a minimum of 90 min as follows: rabbit anti-AKAP150 (1:2000); (Brandao et
al., 2012), mouse anti-myc and anti-PKA-RIlla (1:1000; Santa Cruz Biotechnology), mouse anti-
PKA-C (1:1000; BD-Transduction Labs), and mouse anti-CaNA (1:1000; Sigma-Aldrich).
Detection was performed with horseradish peroxidase (HRP)-coupled secondary antibodies
(Bio-Rad; 1:1000) followed by enhanced chemiluminescence (ECL) (WestPico or West Dura
Chemiluminescent Substrate; Pierce). Chemiluminescence was imaged using an Alpha

Innotech Fluorchem gel documentation system.

Quantification of Live-cell FRET Microscopy in tsA-201 Cells

YFP, CFP and CYFRET fluorescence were detected in single xy planes in living cells to
capture three images: 1) YFPexcitation/YFPemission, 2) CFP excitation/CFPemission, and 3)
CFPexcitation/YFPemission (raw FRET). After background subtraction, fractional image

subtraction corrected for CFP bleed-through and YFP cross-excitation,

FRETc = rawFRET — (0.54 x CFP) — (0,02 x YFP)

to yield an image of corrected FRET (FRETc), which was then gated to the CFP donor channel

to create a FRETc/CFP pseudocolor image of relative FRET intensity in the cell. Mean CFP,
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YFP, and raw FRET fluorescence intensities were measured by mask analysis of membrane
regions (or the cytoplasm for linked CFP-YFP) in Slidebook 4.0-5.5 as described previously
(Oliveria et al., 2003, Oliveria et al., 2007; Li et al., 2012). Apparent FRET efficiency (FRETeff)

values were calculated from these mean intensities using the equation,

FRETeff = FRETc / ((0.02 x YFP) x 10.6)

for a 1:1 complex, where FRETc is the emission from YFP due to FRET, 0.02 * YFP is the
emission from YFP directly excited with the FRET filter cube, 10.6 is a factor relating CFP
excited to YFP excited with the FRET filter cube, and (0.02 * YFP ) * 10.6 is therefore the
maximum sensitized YFP emission possible if every excited CFP transferred its excitation to the
associated YFP (Erickson et al., 2001; Erickson et al., 2003; Li et al., 2012; Oliveria et al.,

2007).

Transfection of Rodent Primary Hippocampal Neurons

DIV 9-13 neurons were transfected using Lipofectamine 2000 (Life Technologies). Each
transfection reaction contained 4-8 ug total plasmid encoding cDNA/shRNAI. For each 18 or 25
mm coverslip, either 4 or 8 ul of Lipofectamine was added, respectively. Briefly, NB and
Lipofectamine or NB and plasmid DNA were combined incubated for 5 min in separate tubes at
room temperature. After 5min, the Lipofectamine and DNA tubes were combined at room
temperature and incubated for 20 min to create Lipofectamine/DNA complexes. During the 20-
min incubaton time, half of the medium was removed from the cultured cells and mixed with
fresh NB (+B27, +Glutamax) and saved. Following the 20-min incubation, the
Lipofectamine/DNA mixture was added dropwise to the cultured neurons and allowed to
incubate for 1.5-2.0 h at 37°C, 5% CO.. After incubation, Lipofectamine-containing media was
replaced with conditioned culture media. Neurons were then returned to the incubator at 37°C,
5% CO,, and imaged within 2 days at DIV 10-14.
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Quantification of AKAP79/150, CaNA, and PKA-RII Spine Enrichment

DIV12-14 cultured rat hippocampal neurons (24-48 hours post-transfection) were
fixed for 10 min at room temperature with cold 3.7% paraformaldehyde in PBS and
permeabilized for 10 min at room temperature in 0.1% TritonX-100 in PBS. Transfected rat
neurons expressing AKAP-mCh, CaNAa-YFP, or PKA-RIla-CFP were washed three times in
PBS and mounted on glass slides with Pro-long Gold (Life Technologies). After fixation and
permeabilization, cultured AKAP150 WT and APKA knock-in mouse neurons were blocked in
3% BSA/PBS overnight at 4°C. Primary antibodies (rabbit-anti-AKAP150 ((Brandao et al.,
2012)) and mouse anti-PKA-RIIf (R&D Systems)) were diluted 1:500 in 3% BSA/PBS, applied
directly to coverslips, and incubated for 2 hrs at room temperature. After incubation with primary
antibody, cells were washed 3x in PBS. Secondary antibodies (goat anti-rabbit Alexa Fluor 488
& goat anti-mouse Alexa Fluor 568, (Life Technologies)) were diluted 1:500 in 3% BSA/PBS,
applied directly to coverslips, and incubated for 1 h at room temperature. Coverslips were then
washed three times in PBS before mounting on glass slides with Pro-long gold. Measurements
of spine fluorescence intensity were made by drawing masks using Slidebook 4.0-5.5 on all
spines within the dendritic arbor in the field of view using a 63x, 1.4 NA Plan-apo objective and
averaged for each neuron. Similarly, dendrite fluorescence intensity was measured by drawing
masks over the dendrite shafts within the field of view and averaged into one number for each

cell.

NFATc3-EGFP Translocation in Hippocampal Neurons

For rat neurons, DIV11-13 cultured hippocampal neurons (24-48 hours post-transfection)
were placed in a Tyrode's salt solution including 1 yM TTX (Tocris) to dampen spontaneous
activity and reduce basal levels of nuclear NFAT. Cells were incubated in Tyrode's + TTX at
37°C, 5% CO,, for 0.5 — 1.0 h. To block LTCCs, 10 uM nimodipine (Sigma-Aldrich) was applied

10 min prior to and throughout the TTX preincubation because of the use-dependence of
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dihydropyridines. Subsequently, cells were depolarized for 3 min in isotonic 50 mM KCI
Tyrode's solution to open LTCCs. Next, the cells were allowed to recover for 10 min in control
Tyrode's solution containing 1 pM TTX at 37°C, 5% CO,. Cells then underwent
immunocytochemistry to stain transfected NFATc3-GFP. After treatments, cultured hippocampal
neurons were fixed, permeabilized, and stained as described above. Primary antibodies (mouse
anti-GFP & rabbit anti-RFP, AbcaM) were diluted 1:500 in 3% BSA/PBS, applied directly to
coverslips, and incubated for 2 hrs at room temperature. Cells were washed three times in PBS
and secondary antibodies (goat anti-mouse Alexa Fluor 488 & goat anti-rabbit Alexa Fluor 568,
Life Technologies) were diluted 1:500 in 3% BSA/PBS, applied directly to coverslips, and
incubated for 1 h at room temperature. Coverslips were then washed three times in PBS before
mounting on glass slides with Pro-long gold containing DAPI (Life Technologies).

Experiments in which spontaneous neuronal activity drives NFAT translocation were
carried out as follows. After TTX pretreatment, neurons were washed two times over 5 min to
remove residual TTX. Spontaneous activity in the neuron cultures then persisted for 10 min at
37°C in Tyrode’s containing Vehicle (0.1% DMSO), BayK 8644 (10 uM), or nimodipine (10 uM).

After treatments, cells were fixed, permeabilized, and stained as described above.

Measurement of NFAT Transcriptional Reporter Expression

NFAT transcriptional reporter assays were carried out essentially as described
previously (Graef et al., 1999; Li et al.,, 2012). 12 DIV mouse hippocampal neurons were
transfected with GL3NFAT firefly (Hedin et al., 1997) & RLSV40 Renilla luciferase plasmids.
Alternatively, 12 DIV rat neurons were transfected with the 3xNFAT-AP1-CFP-NLS fluorescent
reporter plasmid, pSilencer or AKAP150 shRNAI, and either YFP, AKAP79YFP WT or mutant
plasmids as described above. 4h or 26 h after transfection (for 16 h or 6 h post-KCI conditions,
respectively, to ensure in both cases that cDNA and RNAI constructs would be expressed for a
total of ~2 days post-transfection before fixation) 1 uM TTX was added in conditioned NB
culture medium for 24 h at 37°C, 5% CO,, to dampen spontaneous activity and decrease basal
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CFP expression. After this TTX pretreatment, neurons were subjected to a 5 min wash in control
Tyrode’s followed by a 3 min depolarization with isotonic 50mM (mouse) or 90 mM (rat) KCI as
above. Residual high K* was removed with an additional 5 min control Tyrode’s wash and cells
were returned to conditioned NB media containing 1 uM TTX for 6 or 16 h at 37°C, 5% CO.. Rat
neurons expressing the 3xNFAT-AP1-CFP-NLS reporter were fixed in 3.7% formaldehyde in
PBS, permeabilized with 0.05% Triton X-100 in PBS, stained with a 1 pM solution of propidium
iodide (P1) to visualize the nucleus, and mounted onto glass slides as above. Mouse luciferase
expression was measured in mouse cultures using the Dual Luciferase Reporter Assay System
(Promega) and a GloMax Multi Microplate Reader (Promega). NFAT-dependent firefly luciferase
signal was normalized to Renilla luciferase to correct for transfection and expression differences

among cultures.

Phospho-Ca,1.2 Western Blots

Primary hippocampal neurons from AKAP150 WT, APIX, and APKA mouse strains were
cultured to DIV 12-16 in 6-well culture dishes and scraped into RIPA buffer (10.0 mM Tris pH
7.4, 100.0 mM NaCl, 5.0 mM EDTA, 5.0 mM EGTA, 1.0% Deoxycholate, 0.1% SDS, 1.0%
Triton X-100) containing the protease inhibitors 1 uM AEBSF, 1 uM benzamidine, 1 uM calpain
inhibitors | & 1l, 2 ug/ml leupeptin, 2 ug/ml pepstatin, and the phosphatase inhibitors
cyclosporine A, 1 uM microcystin, 5 mM NaF, and 2 mM Nas;VO,. Each batch of cultured
neurons were then lysed using a Dounce homogenizer. Extracts were cleared by centrifugation
(20,800g) at 4°C for 20 min and stored at -80°C until immunoblotting. Prior to gel loading,
samples were heated to 65°C for 20 min in sample buffer (62.5 mM Tris-HCI pH 6.8, 10.0 %
glycerol, 5.0 % p-mercaptoethanol, 2.0% SDS, 0.025 % Bromophenol blue). 20ug of total
extract protein was electrophoresed through Tris-SDS gels and transferred to PVDF
membranes in 7.5% methanol. Blots were blocked for 1 hr at room temperature. Primary Cay1.2
antibodies were diluted 1:500 in 3% BSA/TBS-T (rabbit anti-Cay1.2 pS1700 (Fuller et al., 2010),

rabbit anti-Cay1.2 pS1928 (De Jongh et al., 1996), and mouse anti-Cay1.2 (Neuromabs, clone
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L57/46). Following 3x5min TBS-T washes, blots were incubated with goat a-mouse or goat a-
rabbit horseradish peroxidase (HRP) conjugated secondary antibodies (Bio-Rad; 1:5000 in
TBS-T) for 1 hr. After 4x5min TBS-T washes, detection was performed with chemiluminescence
(WestPico Chemiluminescent Substrate; Pierce). Blots were imaged using an Alpha Innotech
Fluorchem gel documentation system, and band intensities were analyzed using Imaged

software (NIH).
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