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Cellular/Molecular

AKAP150-Anchored Calcineurin Regulates Synaptic
Plasticity by Limiting Synaptic Incorporation of
Ca’"-Permeable AMPA Receptors
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AMPA receptors (AMPARs) are tetrameric ion channels assembled from GluA1-GluA4 subunits that mediate the majority of fast
excitatory synaptic transmission in the brain. In the hippocampus, most synaptic AMPARs are composed of GluA1/2 or GluA2/3 with the
GluA2 subunit preventing Ca*" influx. However, a small number of Ca>*-permeable GluA1 homomeric receptors reside in extrasynaptic
locations where they can be rapidly recruited to synapses during synaptic plasticity. Phosphorylation of GluAl S845 by the cAMP-
dependent protein kinase (PKA) primes extrasynaptic receptors for synaptic insertion in response to NMDA receptor Ca*" signaling
during long-term potentiation (LTP), while phosphatases dephosphorylate $845 and remove synaptic and extrasynaptic GluA1 during
long-term depression (LTD). PKA and the Ca**-activated phosphatase calcineurin (CaN) are targeted to GluAl through binding to
A-kinase anchoring protein 150 (AKAP150) in a complex with PSD-95, but we do not understand how the opposing activities of these
enzymes are balanced to control plasticity. Here, we generated AKAP150APIX knock-in mice to selectively disrupt CaN anchoring in vivo.
We found that AKAP150APIX mice lack LTD but express enhanced LTP at CA1 synapses. Accordingly, basal GluA1 S845 phosphorylation
is elevated in AKAP150APIX hippocampus, and LTD-induced dephosphorylation and removal of GluA1l, AKAP150, and PSD-95 from
synapses are impaired. In addition, basal synaptic activity of GluA2-lacking AMPARSs is increased in AKAP150APIX mice and pharma-
cologic antagonism of these receptors restores normal LTD and inhibits the enhanced LTP. Thus, AKAP150-anchored CaN opposes PKA

phosphorylation of GluAL1 to restrict synaptic incorporation of Ca>"-permeable AMPARs both basally and during LTP and LTD.

Introduction

Long-term potentiation (LTP) and long-term depression (LTD)
at hippocampal CAl synapses are widely studied due to their
involvement in learning and memory processes that are impaired
in disorders including schizophrenia, Down syndrome, and Alz-
heimer’s (Siarey et al., 1999; Miyakawa et al., 2003; Hsieh et al.,
2006; Shankar et al., 2007; Scott-McKean and Costa, 2011). LTP
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and LTD are induced by Ca*" influx through postsynaptic
NMDA receptors (NMDARs) and expressed by long-lasting in-
creases or decreases, respectively, in AMPA receptor (AMPAR)
function. Phosphorylation of AMPAR GluAl (formerly GluR1)
subunits on S845 by the cAMP-dependent protein kinase (PKA)
increases channel open probability and promotes receptor recy-
cling and exocytosis at extrasynaptic sites near the postsynaptic
density (PSD) (Banke et al., 2000; Ehlers, 2000; Esteban et al.,
2003; Oh et al., 2006; Man et al., 2007; Yang et al., 2008; He et al.,
2009). Extrasynaptic AMPARs can move into the PSD in re-
sponse to PKC and CaMK activation during LTP (Oh et al., 2006;
Guire et al., 2008; Makino and Malinow, 2009; Petrini et al., 2009;
Opazo et al., 2010; Yang et al., 2010), while protein phosphatases
PP1, PP2A, and calcineurin (CaN) (also known as PP2B) dephos-
phorylate GluA1 S845 and remove receptors by endocytosis dur-
ing LTD (Mulkey et al., 1993; Kameyama et al., 1998; Lee et al.,
1998, 2000, 2003, 2010; Beattie et al., 2000; Ashby et al., 2004).
Recent studies indicate that S845 phosphorylation stabilizes
Ca’*-permeable GluA1 receptors lacking GluA2 in extrasynaptic
locations where they are dephosphorylated during LTD (He et al.,
2009). Importantly, forms of LTP that are regulated by PKA also
involve GluA2-lacking receptors and $845 phosphorylation (Es-
teban et al., 2003; Lee et al., 2003, 2010; Lu et al., 2007; Yang et al.,
2010; Qian et al., 2012). Thus, a key question is how are PKA and
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phosphatases such as CaN targeted to synapses to regulate GluA1
during LTP and LTD?

Human AKAP79 and its rodent ortholog AKAP150 are post-
synaptic scaffold proteins that anchor PKA and CaN (Sanderson
and Dell’Acqua, 2011). Past studies using in vitro cultures impli-
cated AKAP79/150 in regulation of AMPAR phosphorylation,
activity, and trafficking (Colledge et al., 2000; Gomez et al., 2002;
Tavalin et al., 2002; Hoshi et al., 2005; Smith et al., 2006; Bhat-
tacharyya et al., 2009; Keith et al., 2012). In particular, a recent
study in cultured rat hippocampal slices using RNAi identified a
requirement for AKAP150-CaN anchoring in LTD (Jurado et al.,
2010), while independent work on hippocampal slices from
PKA-anchoring deficient AKAP150D36 knock-in mice found
impacts on both LTD and LTP (Lu et al., 2007, 2008). However,
we do not know whether AKAP150-anchored CaN regulates LTP
or LTD in vivo or understand the underlying mechanisms in suffi-
cient detail. Thus, here we generated AKAP150APIX knock-in mice
with a deletion of the conserved PxIXIT-like CaN anchoring motif
(Dell’Acqua et al., 2002; Oliveria et al., 2007) to eliminate CaN an-
choring in vivo. Importantly, using AKAP150APIX mice we found
that anchored CaN limits GluAl phosphorylation and Ca®"-
permeable AMPAR recruitment to synapses to promote LTD and
constrain LTP.

Materials and Methods

Animal use and care. All animal procedures were conducted in accor-
dance 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.
Generation of AKAP150APIX knock-in mice. The Rocky Mountain
Neurological Disorders Gene Targeting Core constructed the
akap5APIX targeting vector. The APIX mutation, which removes 21 bp
encoding 655-PIAIIIT-661, was introduced into the single coding exon
of an akap5 genomic DNA fragment subcloned from a C57BL/6 BAC
clone. In this targeting vector, the APIX mutation and a C-terminal
myc-epitope tag were introduced by PCR along with a neomycin resis-
tance cassette flanked by loxP sites inserted into 3" genomic DNA. The
targeting construct was electroporated into a hybrid C57BL/6129 embry-
onic stem (ES) cell and G418-resistant clones were screened for homol-
ogous recombinants by PCR-based genotyping. One positive clone was
expanded, injected into blastocysts, and implanted into surrogate moth-
ers. Chimeric F,, founders were born and bred to C57BL/6 to establish
germ-line transmission. F, mice heterozygous for the AKAP150APIX
mutation were identified and then bred to yield F, AKAP150APIX ho-
mozygous offspring. For PCR genotyping, DNA was extracted from tail
snips using REDExtract-N-Amp Tissue PCR kit (Sigma-Aldrich) follow-
ing manufacturer’s recommendations. PCR with forward (5'-AGAAGA
AAGCAAACGAATGGA-3") and reverse (5'-TGCTCGTTTTCCATTG
AAATTA-3") primers amplified nucleotides 1869-1991 of the coding
sequence, giving a 122 bp fragment for the wild-type (WT) allele and a
101 bp fragment for the APIX allele. For most experiments,
AKAP150APIX mice were maintained on a mixed C57BL/6129 back-
ground as heterozygous breeding pairs to provide WT littermate con-
trols; however, for neonatal cultured neuron preparations, WT and APIX
homozygous breeding pairs were used to provide litters of a single geno-
type. AKAP150APIX mice have no obvious alterations in physical, be-
havioral, or breeding phenotype in the home cage environment.
Subcellular fractionation of hippocampal tissue. Fractionation was per-
formed as per Smith et al. (2006), with slight modifications. Whole hip-
pocampi from 2- to 3-week-old mice were homogenized in 500 ml of
homogenization buffer [10 mm Tris base, pH 7.6, 320 mm sucrose, 150
mMm NaCl, 5 mm EDTA, 5 mm EGTA, 1 mm benzamidine, 1 mm 4-(2-
aminoethyl)benzenesulfonyl fluoride, 2 ug/ml leupeptin, 2 wg/ml pep-
statin, and 50 mm NaF] by 30 strokes in a Dounce homogenizer. The
homogenates were centrifuged at 960 X g to remove nuclei and large
debris. Crude synaptosomal membranes (P2) were prepared from super-
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natants by centrifugation at 10,000 X g. The P2 pellet was resuspended in
homogenization buffer, and an aliquot was taken for immunoblotting
analysis. Crude PSD fractions (TxP) were generated by incubating the
remaining P2 sample on ice in homogenization buffer plus 0.5% Triton
X-100 for 20 min followed by centrifugation at 32,000 X g. Final pellets
were sonicated in resuspension buffer (10 mm Tris, pH 8, 1 mm EDTA,
and 1% SDS). Protein concentrations were determined using the BCA
Protein Assay kit (Pierce), according to manufacturer’s directions.

Immunoprecipitation and immunoblotting. AKAP150 immunopre-
cipitations from the hippocampus of ~2-month-old male and female
mice were performed as per Gomez et al. (2002) with slight modifi-
cations. 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 AEBSF
[4-(2-aminoethyl)benzenesulfonyl fluoride] ), and then incubated on
ice for 20 min in the presence of 1% Triton X-100 and 0.5% deoxy-
cholate. Lysates were spun for 20 min at 20,800 X g. Ten percent of
supernatant was reserved for gel loading. The remaining supernatant
was diluted to 0.5% Triton X-100 and 0.25% deoxycholate and split
evenly into two samples, receiving either 5 ug of rabbit anti-AKAP150
or 5 ug of rabbit anti-IgG antibodies. Samples were incubated for 4 h
at room temperature with end-over-end shaking, followed by 1 h in
protein A-Sepharose beads, before extensive washing.

The entire immunoprecipitates, 15 ug of whole extract (WE/input),
10 pg of P2, 20 ug of S2, 5 ug of TxP, and 15 g of TxS were resolved on
Tris-SDS gels and transferred in 20% methanol to PVDF membranes.
Forty micrograms of WE were loaded on the 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-RIIa (1:1000; Santa Cruz Biotechnology), mouse anti-PKA-C,
mouse-anti-N-cadherin and mouse anti-PKA-RIIS (1:1000; BD Biosciences
Transduction Laboratories), mouse anti-pan-PSD-MAGUK family, mouse
anti-calcineurin A (1:1000; Sigma-Aldrich), mouse anti-PSD-95 (1:1000;
NeuroMab), rabbit anti-GluA2/3 (1:1000; Millipore), rabbit anti-GluA1 (1:
1000; Calbiochem; EMD-Millipore). For pS845 GluAl immunoblotting
analysis in both hippocampal tissue and acute hippocampal slice, 15 ug
of WE extract was loaded on gels and blots were probed first overnight at
4°C with rabbit anti-GluA1-S845 (1:500-1000; Millipore) followed by
stripping and reprobing of the same blots overnight at 4°C with rabbit
anti-GluAl, as above, to detect total receptor levels. Detection was per-
formed with HRP-coupled secondary antibodies (Bio-Rad; 1:1000) fol-
lowed by ECL (West Pico or West Dura Chemiluminescent Substrate;
Pierce). Chemiluminescence was imaged using an Alpha Innotech Fluo-
rchem gel documentation system, and band intensities were analyzed
using Image]J software (NIH). For subcellular fractionation experiments,
band intensities were expressed as a fraction of the intensity obtained for
the WT WE for that given blot.

Immunohistochemistry on acute hippocampal slices. Two- to 3-week-
old male and female mice were decapitated under deep anesthesia with
ketamine (250 mg/kg, i.p.). Acute coronal 300 um brain slices were
prepared in 4°C cutting solution (in mm: 3 KCI, 1.25 NaH,PO,, 12
MgSO,, 26 NaHCO; 0.2 CaCl,, 220 sucrose, 10 glucose) (Shuttleworth
and Connor, 2001) using a Vibratome. Slices were transferred to a mix-
ture of cutting solution and ACSF (in mm: 126 NaCl, 3 KCI, 2 CaCl,, 1.25
NaH,PO,, 1 MgSO,, 26 NaHCO,, 10 glucose; osmolarity, 300 mOsm)
saturated with 95% O, and 5% CO, at room temperature and recovered
for >80 min. Slices were fixed in 4% paraformaldehyde at 4°C for 24 h
and processed for immunostaining as described by Hoskison et al.
(2007). Briefly, slices were incubated in PBS plus 0.1% TX-100 and 2%
BSA with primary antibodies [rabbit anti-AKAP150, 1:500, and mouse
anti-CaN B, 1:500 (Millipore)] for 48 h, with a solution change after 24 h.
Slices were washed in PBS for an extended period of time and incubated
in secondary antibodies overnight at 4°C (goat anti-rabbit Alexa 488,
1:500; and goat anti-mouse Texas Red, 1:500; Invitrogen). Following
another extended wash, the slices were stained with DAPI (1:500; Invit-
rogen) for 10 min, washed, and then mounted onto glass slides using
Vectashield (Vector Laboratories).
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Golgi staining and spine counting. Golgi staining of brains from 2- to
3-week-old male and female mice was performed as per manufacturer’s
instructions using FD Rapid GolgiStain Kit (FD Neurotechnologies).
Briefly, 2- to 3-week-old male and female mice were killed by decapita-
tion while under isoflurane anesthesia, and brains were removed rapidly,
rinsed briefly in water, and placed in impregnation solution (mixture of
Golgi solutions A and B) for 14 d in the dark at room temperature; the
impregnation mixture was replaced once after 12-24 h. The brains were
transferred into Golgi solution C and stored at 4°C in the dark for 2-12 d;
Golgi solution C was replaced after 12-24 h. Brains were mounted with
minimal amounts of OCT and frozen in dry ice. Sections (80 um) were
cut on a cryostat (at —23°C) and slices were mounted on gelatin-coated
slides in a drop of Golgi solution C and allowed to dry in the dark at room
temperature for 24 h. Sections were then stained using Golgi solutions D
and E, dehydrated in ethanol followed by xylene, and mounted in Per-
mount (Thermo Fisher Scientific). Slides were stored at room tempera-
ture in the dark until imaging.

Golgi-stained apical dendrites of CA1 pyramidal neurons were imaged
by transmitted light on a Zeiss Axiovert 200M microscope, using a 63X
Plan-Apo/1.4 NA objective and a Coolsnap CCD camera (Photometrics)
operated by Slidebook 5.0 software (Intelligent Imaging Innovations).
Spines were counted from image stacks using Image] (NIH) for 20-105
um segments of secondary or higher-order dendrites >40 wm from the
cell body. Counts are expressed as spines/micrometer for three mice per
genotype with seven to eight neurons from different sections along the
rostral-caudal axis analyzed per mouse and between one and four den-
dritic segments counted and averaged per neuron.

Extracellular field recordings. Two- to 3-week-old male and female
mice were decapitated, and the brain was quickly removed into 4°C
cutting solution. The hippocampi were removed from the brain, and
400- wm-thick slices were made using a McIIwain tissue chopper. Slices
were recovered at 31°C for >80 min in ACSF (in mm: 126 NaCl, 3 KCl, 2
CaCl,, 1.25 NaH,PO,, 1 MgSO,, 26 NaHCO;, 10 glucose). Following
recovery, a bipolar tungsten stimulating electrode was placed in the
Schaffer collateral (SC) pathway 200-300 wm from CA1 cell bodies to
evoke fEPSPs recorded in the stratum radiatum using a nearby glass
micropipette filled with ACSF (access resistance, 2—5 M()). Input—out-
put curves were measured by evoking fEPSPs at different intensities until
maximal stimulation was determined by plotting fEPSP slope against
stimulus intensity. For studies of LTP and LTD, the test stimulus inten-
sity was set to evoke 40— 60% of the maximum slope and delivered at 0.05
Hz. N,N,H,-trimethyl-5-[(tricyclo[3.3.1.13,7]dec-1-ylmethyl)amino]-
1-pentanaminiumbromide hydrobromide (IEM1460) was purchased
from Tocris. Scope54 software was used for data acquisition and analysis.

Whole-cell electrophysiology. For whole-cell voltage-clamp electro-
physiological recordings, 300 wm hippocampal slices were prepared us-
ing a Vibratome. After >80 min recovery, slices were transferred to a
recording chamber and maintained at 31°C and visualized using infra-
red—differential interference contrast microscopy. Patch-clamp elec-
trodes had a resistance between 3 and 6 M(). Voltage-clamp recordings
were obtained using an Axopatch 200B amplifier (Molecular Devices) at
a holding potential of —65 mV except as noted below for AMPAR/
NMDAR evoked EPSC (eEPSC) ratios and AMPAR rectification mea-
surements. AMPAR sEPSCs were recorded from CA1 pyramidal neurons
using an intracellular solution containing the following (in mwm): 140
CsCl, 10 HEPES, 1 EGTA, 4 MgATP, 0.4 MgGTP, and 1.5 QX-314, pH
7.3, and were isolated using 50 uM picrotoxin (Tocris) with further iso-
lation of mEPSCs in 0.5 um TTX (Tocris). GABA , receptor sIPSCs were
recorded using the same internal solution, but were isolated using 10 um
NBQX (Tocris) with further isolation of mIPSCs in 0.5 um TTX. Evoked
eEPSCs were recorded in whole-cell configuration. Half-maximum stim-
ulation was determined, and then currents were evoked at holding po-
tentials of either —65 mV (inward AMPAR current) or +40 mV
(outward AMPAR plus NMDAR current). Averaging recorded events
(>10/neuron) and overlaying the traces at —65 mV and +40 was used to
measure AMPA/NMDA current ratios as follows: AMPAR currents at
+40 or —65 mV were measured from the peak amplitude of the EPSC
and divided by NMDAR currents at +40 mV measured 70 ms after the
onset of the EPSC, by which time the AMPAR component had largely
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decayed as monitored by recording at —65 mV. Normalized AMPAR
eEPSC I-V curves were obtained from averaged recordings (>10/neu-
ron) in the presence of 10 um MK-801 extracellularly (Tocris) and 10 um
spermine intracellularly. Normalized -V plots were generated from
measurements of AMPAR eEPSC peak amplitudes at different mem-
brane holding potential by dividing by the mean AMPAR eEPSC peak
amplitude determined at —65 mV for each genotype. AMPAR rectifica-
tion values were obtained by dividing the peak amplitudes of AMPAR
eEPSCs recorded at —65 mV by those recorded at +40 mV for each
neuron as in the study by Stubblefield and Benke (2010).

Analysis of GluAl Ser845 phosphorylation. Acute hippocampal slices
were prepared as described above using a Vibratome. Slices were recov-
ered at 31°C for >120 min, and then the CA3 region was removed. Slices
were exposed to 20 um NMDA for 3 min at 31°C, washed in ASCF, and
recovered for different times. Multiple slices were collected for each time
point and sonicated in buffer (1% SDS, 10 mm EDTA, 100 mwm Tris, pH
8). This homogenate was heated to 95°C for 5 min and then frozen at
—70°C until SDS-PAGE and immunoblotting (see above) with anti-
phospho-5845 GluAl followed by stripping and reprobing of the same
blots with anti-GluAl to detect total receptor levels. For basal GluAl
pS845 analysis, band intensities for pS845 were normalized to the total
GluAl intensity for the same band to give a normalized pS845/GluAl
ratio. For time course analysis after NMDA-—chemical LTD (cLTD),
pS845/GluAl ratios were normalized to the average WT value for the t =
0 (untreated) condition.

Immunocytochemistry on mouse primary hippocampal neuron cultures.
Mouse hippocampal neurons were cultured from postnatal day 0—2 male
and female mice as previously described for rat neurons (Gomez et al.,
2002; Smith et al., 2006). Briefly, the hippocampus was dissected from
postnatal day 0—2 AKAP150APIX or AKAP150WT mice and dissociated
in papain. Neurons were plated in Neurobasal plus B27 (Invitrogen) at a
medium density of 150,000—225,000 cells/ml on glass coverslips coated
with poly-p-lysine and laminin (BD Biosciences) and maintained at
37°C, 5% CO, for 12-14 d before NMDA-cLTD experiments. For
NMDAR-induced cLTD, after 12—-14 d in culture, neurons were treated
with 30, 50, or 70 um NMDA for 5 min, washed, and allowed to recover
for 7.5, 15, or 30 min all in culture media at 37°C, 5% CO,. After treat-
ments, neurons were washed with PBS, fixed in 4% paraformaldehyde,
permeabilized in 0.2% Triton X-100 in PBS, and then blocked overnight
in PBS plus 10% BSA. Primary antibodies were incubated for 2 h at room
temperature in PBS plus 10% BSA as follows: rabbit anti-AKAP150,
1:500, or rabbit anti-GluAl, 1:500 (Millipore), and mouse anti-PSD-95,
1:500 (NeuroMab). Cells were then washed in PBS, and incubated in
fluorescent secondary antibody conjugates [goat anti-rabbit Texas Red,
1:250, and goat anti-mouse Alexa 647, 1:500 (Invitrogen)] for 1 h at room
temperature. Coverslips were washed and mounted onto slides with Pro-
Long Gold (Invitrogen).

Fluorescence microscopy and image analysis. Confocal images of im-
munostained brain slices were obtained on an Olympus FV-1000
confocal microscope with a 60X, 1.4 NA objective at 800 X 800 pixel
resolution (0.26 wm/pixel) using laser excitation at 405 nm (DAPI),
488 nm (Alexa 488), and 543 nm (Texas Red). Images of immuno-
stained cultured neurons were obtained on a Zeiss Axiovert 200M
microscope equipped with a 175W xenon lamp (Sutter), 63X Plan-
Apo/1.4 NA objective, Cy3/Texas Red and Cy5/Alexa 647 filter sets
(Chroma), Coolsnap CCD camera, and Slidebook 4.0-5.0 software as
described previously (Gomez et al., 2002; Gorski et al., 2005; Horne
and Dell’Acqua, 2007; Robertson et al., 2009). Briefly, images were
acquired with 2 X 2 binning at a resolution of 696 X 520 pixels (0.21
um/pixel) using exposure times of 150 ms for Texas Red and 500 ms
for Alexa 647. Three-dimensional z-stack images of x, y planes with
0.5 wm steps were collected and deconvolved to the nearest neighbor
to generate confocal x, y sections. Two-dimensional maximum-
intensity projection images were generated from these deconvolved
image stacks for quantitative mask analysis in Slidebook 4.0-5.0 to
measure colocalization using Pearson’s correlation (r): scale of 1,
perfect correlation; 0, no correlation/random overlap; to —1, inverse
correlation. The mean intensity of PSD-95 dendritic puncta was mea-
sured by defining areas of continuous pixel intensity 1.5X above the
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Figure1.

Generationand characterization of CaN anchoring-deficient AKAP150 APIX knock-in mice. 4, Schematics of the mouse akap5 gene encoding the WT AKAP150 allele, the akap5 targeting

construct containing the APIX mutation, and the targeted akap5 APIX allele following homologous recombination. The single AKAP150 coding exon is shown as a thick black line, and the
surrounding genomic sequence as a thin black line. The red rectangle indicates the 21 bp encoding the 7 aa of the APIX deletion, the yellow rectangle indicates the in-frame insertion of a c-myc
epitope tag at the C-terminal end of the AKAP150 coding sequence, and the green triangles indicate loxP sites that flank the neomycin resistance (Figure legend continues.)
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mean intensity of the dendrite as in the study by Horne and
Dell’Acqua (2007). For analysis of AKAP150 and CaNB staining in
single x—y planes from brain slices, masks were manually drawn over
the CA1 cell body/soma layer and dendritic regions to obtain den-
drite/soma mean intensity ratios and Pearson’s correlation (r) values
for the dendritic mask.

Full-size images were exported from Slidebook 4.0-5.0 as 8-bit
TIFF images at 72 dpi resolution and assembled into figures for pub-
lication using Adobe Photoshop CS2. Maximum and minimum levels
for each channel were adjusted the same amount across all images for
a given staining condition. In Figures 2 F, 8, A and B, and 9, A and B,
cropping and resizing of images of dendrites to reach 300 dpi resolu-
tion in the final figures introduced some extra pixel content and
image smoothing.

Statistical analysis. Group comparisons to control were performed in
Prism (GraphPad) using one-way ANOVA with Dunnett’s post hoc anal-
ysis. GluA1l S845 phosphorylation time course data were analyzed in
Prism by two-way ANOVA with Bonferroni’s post hoc analysis. For
ANOVA, only p > 0.05 (not significant), *p < 0.05, **p < 0.01, and
*p < 0.001 are provided by the software. Pairwise comparisons were
performed in Prism or Excel (Microsoft) using Student’s ¢ test, and the
actual p values are provided. In all cases, significance is reported as p <
0.05, and data are expressed as mean = SEM (error bars). Binned cumu-
lative distributions for m/sI/EPSC recording data were generated and
plotted in Prism.

Results

Generation and characterization of CaN-anchoring deficient
AKAP150APIX knock-in mice

Complete knock-out of AKAP150 removes multiple and oppos-
ing signaling functions in the scaffold, including both PKA and
CaN anchoring, thus making mechanistic interpretations of any
impacts on synaptic plasticity difficult. In general, AKAP150
knock-out mice show more limited changes in synaptic plasticity
and behavior than AKAP150D36 mice, which contain a knock-in
C-terminal truncation that disrupts PKA anchoring (Lu et al.,
2007, 2008; Tunquist et al., 2008; Weisenhaus et al., 2010). In
particular, hippocampal slices from AKAP150 knock-out mice
exhibit normal LTD and LTP under the same conditions in which
AKAP150D36 mice show strong deficits in both LTP and LTD,
suggesting that simultaneous removal of both PKA and CaN an-
choring allows compensation (Weisenhaus et al., 2010). Thus, to
specifically address the role of CaN anchoring in vivo, we created
a knock-in mouse that selectively deletes the CaN anchoring do-
main on AKAP150. We previously identified and structurally
characterized a conserved motif, PIAIIIT, in AKAP79/150 that is
a variant of the consensus PxIXIT motif found in a number of
other CaN A catalytic subunit binding proteins and substrates
(Dell’Acqua et al., 2002; Oliveria et al., 2007; Li et al., 2011, 2012).
This motif is required for cellular anchoring of CaN, and its de-
letion eliminates functional regulation of L-type voltage-gated

<«

(Figure legend continued.) cassette in the 3" flanking genomic DNA. B, PCR-based genotyping
AKAP150WT and heterozygous and homozygous AKAP150APIX littermate mice to detect the
21 bp APIX deletion. €, Diagram of AKAP150 protein primary structure indicating removal of
the PxIxIT-like 655-PIAIIT-661 binding motif to selectively disrupt CaN-PP2B anchoring. D,
Detection of AKAP150APIX protein in whole-cell hippocampal extracts from homozygous mice
by anti-mycand anti-AKAP150immunoblotting (IB). £, The AKAP150 APIX mutation selectively
eliminates anti-AKAP150 coimmunoprecipitation (IP) of CaNA subunits but not PKA-C or RII
subunits. Input, Whole-cell hippocampal extract. F, Hippocampal subcellular fractions were
prepared by differential centrifugation and immunoblotted to detect multiple components of
the AKAP79/150 signaling as indicated. Quantification of relative densities (see Table 1) re-
vealed that all proteins in the complex showed essentially normal expression levels and subcel-
|ular distributions except N-cad, which was decreased 45 = 6% in the P2 fraction for APIX
compared with WT (p = 0.019).
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Ca** channel currents and signaling to the nucleus by CaN in
cultured neurons (Oliveria et al., 2007). We generated CaN
anchoring-deficient AKAP150APIX mice by homologous re-
combination in ES cells using a targeting vector that deletes the 21
bp coding sequence for residues 655PIAIIIT661 from the
mouse akap5 gene and inserts a C-terminal myc epitope tag
(Fig. 1A). The resulting ES cells with the targeted akap5 APIX
allele were introduced into mouse embryos to create chimeric
founder mice and then bred to C57BL/6 mice to obtain
AKAP150APIX heterozygous and homozygous offspring as
detected by PCR-based genotyping compared with WT (Fig.
1B). Importantly, APIX deletion of 655PIAIIIT661 from
AKAP150 selectively eliminates CaN anchoring while leaving
intact all the other AKAP structural domains and functions
including PKA and PKC anchoring, membrane targeting, ion
channel binding, and linkage to AMPAR and NMDAR by
PSD-95 family membrane-associated guanylate kinase
(MAGUK) scaffold proteins (Fig. 1C).

Expression of AKAP150APIX protein in homozygous mice
was confirmed by immunoblotting to detect the engineered
C-terminal myc tag (Fig. 1 D). Importantly, anti-AKAP150 im-
munoblotting showed that AKAP150APIX and AKAP150WT
proteins were expressed at equal levels in hippocampal extracts
(Fig. 1D-F, Table 1), but AKAP150 immunoprecipitation re-
vealed selective loss of CaNA, but not PKA-RII regulatory and
PKA-C catalytic subunits, from the AKAP complex for APIX
(Fig. 1E). AKAP150 and a number of its known direct (PKA-RII,
CaNA, N-cad, PSD-95, MAGUK) and indirect binding partners
(GluA1l, GluA2/3) also exhibited essentially normal expression
and distribution across subcellular fractions (WE, whole tissue
extracts; P2, crude synaptic membranes; S2, cytosolic fraction;
TxP, crude Triton X-100-insoluble PSD fraction; TxS, Triton
X-100-soluble synaptic/extrasynaptic membrane) isolated from
hippocampal tissue of 2- to 3-week-old APIX and WT mice (Fig.
1F, Table 1).

Importantly, AKAP150APIX mice had no gross abnormalities
in overall brain structure and anatomy. Acute hippocampal slices
stained with DAPI to visualize nuclei/cell bodies revealed normal
cellular organization and anatomy in the dentate gyrus and CAl
subfields (Fig. 2A). Additional immunostaining of slices from
AKAP150APIX versus WT mice (Fig. 2 B) showed no differences
in the ratios of AKAP150 or CaN distribution in dendritic regions
versus the CAl pyramidal cell body/soma layer (Fig. 2C:
AKAP150 dendrite/soma: WT, 0.62 = 0.07, n = 8; APIX, 0.69 *
0.07,n =10, p = 0.25) (Fig. 2 D: CaN dendrite/soma: WT, 0.85 =
0.07, n = 8; APIX, 0.84 = 0.04, n = 10, p = 0.46) or relative
colocalization of AKAP150 and CaN staining intensity in den-
dritic regions [Fig. 2 E; AKAP/CaN correlation (r): WT, 0.66 *
0.03, n = 8; APIX, 0.69 = 0.03, n = 10, p = 0.25]. These results
showing that CaN fractionation and localization are unchanged
in AKAP150APIX mouse hippocampus are not surprising given
that CaN is a very abundant proteins in neurons, has other bind-
ing partners both presynaptic and postsynaptic, and engages in a
dynamic, modest-affinity interaction with AKAP79/150 (Lietal.,
2012). Finally, we used Golgi staining to visualize dendritic
spines in the hippocampus of WT and APIX mice (Fig. 2F) and
observed no differences in spine morphology or number as quan-
tified by spine density counts (spines/10 um: WT, 18.2 = 0.8,n =
12; APIX, 17.8 £ 0.6, n = 14; p = 0.69). Thus, the APIX knock-in
mutation has no detectable impact on overall neuronal organization
or CaN expression but, as designed, selectively dissociates CaN from
AKAP150 in vivo (Fig. 1D).
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Table 1. Subcellular fractionation of AKAP150 signaling complex components in WT
and AKAP150APIX mouse hippocampus

WT APIX

ttest
Protein Fraction ~ Mean = SEM n  Mean =SEM n  pvalue
AKAP150 WE 1+0 3 11001 3 042
P2 1301 3 1401 3074
S2 1007 3 112009 3 039
TxP 1.3+0.1 3 112009 3 019
xS 14+03 3 13+£0.1 3097
PKA-RIlx WE 1+0 6 1101 4 036
P2 1+0.1 6 0.84 = 0.1 4 024
S2 13+02 6 091 £0.2 4 032
TxP 0.63 + 0.1 6 0.48 + 0.1 4 046
™S 1.2%£0.2 6 11203 4 0.55
PKA-RIIB WE 1+£0 5 13+ 06 4 066
P2 0.75 0.2 5 067 =006 4 080
S2 0.69 = 0.2 5 11+04 4 030
TxP 037 £0.1 5 0.94 = 0.6 4 0.26
xS 1704 5 19+1 4 081
(aNA WE 1+0 6 092+006 4 030
P2 0.78 = 0.1 6 0.67£006 4 052
S2 1.5%0.2 6 11203 4 034
TxP 0.19 = 0.05 6 0087005 4 079
™S 091 £ 0.1 6 0.84 = 0.5 4 085
GluA1 WE 1+0 8 13+£0.1 6  0.062
P2 1+0.08 8 0.75 = 0.1 6  0.054
S2 0.31 +0.08 8 018003 6 020
TxP 0.78 £ 0.05 8 0.74 = 0.1 6 075
xS 0.83 = 0.05 8 0.66 + 0.2 6 029
GluA2/3 WE 1+0 5 086 =006 3 013
P2 0.82 0.2 5 0.55+03 304
S2 0.23 = 0.06 5 0.17 = 0.1 3069
TxP 075+ 0.1 5 0.97 £ 0.1 3029
xS 0.88 =+ 0.04 5 0.84 = 0.1 3070
N-cad WE 1+0 7 0.82 £ 0.1 4 022
P2 1.1£0.1 7 059005 4 0.019
S2 0.19 = 0.05 7 012007 4 041
TxP 1202 7 086004 4 021
™S 092 £0.2 7 077 =009 4 050
PSD-95 WE 1+0 6 0772006 3 0.063
P2 0.88 = 0.1 6 056 +003 3 012
S2 04101 6 0093001 3 051
TxP 14 %05 6 12009 3 059
xS 03501 6 018004 3 037
Pan-MAGUK ~ WE 1+0 3 21+05 3014
P2 12 £0.2 3 22+03 3007
S2 0.94 £ 0.1 3 1101 3042
TxP 3.6 €1 3 74%2 3013
™S 0.5+0.1 3 0.6 =0.2 3073

Basal synaptic transmission is normal in AKAP150APIX
knock-in mice

Changes in basal synaptic transmission can impact plasticity, and
a previous study found that 150RNAi combined with expression
of a CaN anchoring mutant increased basal AMPAR transmis-
sion in cultured slices (Jurado et al., 2010). Thus, we evaluated
whether disrupting AKAP150-CaN anchoring altered basal syn-
aptic activity in acute hippocampal slices from APIX mice. First,
we recorded extracellular field EPSPs (fEPSPs) in CA1 stratum
radiatum of acute slices from 2- to 3-week-old mice in response
to stimulation of the SC inputs from CA3 (Fig. 3A). We generated
input—output (I-O) curves by plotting the initial fEPSP slope in
response to a range of stimulus intensities and found only small
differences in I-O relationships between AKAP150APIX and WT
(Fig. 3B; 2 V: WT, 400 = 90 mV/ms, n = 7; APIX, 250 *= 60
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mV/ms, n =9, p = 0.18;4 V: WT, 1860 * 290 mV/ms, n = 6;
APIX, 1160 = 142 mV/ms, n = 9, *p = 0.032; 6 V: WT, 1770 +
40, n = 3; APIX, 1680 * 240, n = 6, p = 0.80). Next, we evaluated
presynaptic function and short-term plasticity by measuring
paired-pulse facilitation ratios (PPRs), and found no significant dif-
ferences in PPR at SC-CA1 synapses between APIX and WT over a
range of interpulse intervals (Fig. 3C; 50 ms: WT, 214 *+ 11%,n = 9;
APIX, 198 * 8%, n = 9, p = 0.24; 100 ms: WT, 183 * 6%, n =
9; APIX, 172 * 6%, n =9, p = 0.20; 150 ms: WT, 165 = 6%, n = 9;
APIX, 159 * 4%, n =9, p = 0.39; 200 ms: WT, 152 = 4%, n = 9;
APIX, 149 * 5%, n =9, p = 0.61).

Previous work by others found that juvenile AKAP150 knock-
out and D36 knock-in mice exhibit normal fEPSP I-O curves and
PPR in CAl extracellular recordings (Lu et al., 2007, 2008;
Weisenhaus et al., 2010). However, a subsequent whole-cell re-
cording study found increases in both basal excitatory and inhib-
itory input to CAl neurons in these mice as measured by
increased frequency of AMPAR-mediated mEPSCs and in-
creased frequency and amplitudes of GABA , receptor-mediated
mIPSCs (Lu et al., 2011). Thus, we next used whole-cell record-
ings from CA1 neurons in slices to further evaluate basal excit-
atory and inhibitory transmission in APIX mice. Importantly, we
found no significant differences in action potential-dependent
AMPAR-mediated spontaneous activity (sEPSCs) or action
potential-independent mEPSCs for either mean peak amplitude
or mean frequency (Fig. 3D-G; sEPSC amplitude: WT, 12.1 = 0.9
PA, n = 14; APIX, 12.6 = 0.4 pA, n = 10, p = 0.71; sEPSC
frequency: WT, 2.2 = 0.2 Hz, n = 14; APIX, 2.3 £ 0.6 Hz, n = 10,
p = 0.90; mEPSC amplitude: WT, 13.0 £ 0.8 pA, n = 14; APIX,
12.1 £ 0.6 pA, n =10, p = 0.42; mEPSC frequency: WT, 1.2 = 0.2
Hz, n = 14; APIX, 1.4 = 0.3 Hz, n = 10, p = 0.68). Finally, we
studied GABA-mediated sIPSC and mIPSC (Fig. 4A) events and
found no significant differences in mean peak amplitudes or
mean frequency (Fig. 4 B-E; sIPSC amplitude: WT, 61 £ 5 pA,
n=17;APIX, 50 = 5pA,n =17, p = 0.15; sIPSC frequency: WT,
7.5 = 0.8 Hz, n = 17; APIX, 8.9 = 1.1 Hz, n = 17, p = 0.29;
mIPSC amplitude: WT, 40 = 4 pA, n = 9; APIX, 43 £ 4 pA,n =
10, p = 0.16; mIPSC frequency: WT, 3.7 = 0.5 Hz, n = 9; APIX,
5.0 £ 0.8 Hz, n = 10, p = 0.68). Overall, our extracellular and
whole-cell recording results suggest that AKAP150APIX mice
have essentially normal levels of basal excitatory and inhibitory
synaptic input to CA1 neurons.

AKAP150-anchored CaN is required for LTD

Previous studies found LTD impairments at CAl synapses in
forebrain-restricted, conditional CaN knock-out mice and inhi-
bition of LTD by CaN phosphatase inhibitors using a standard
low-frequency stimulation (LFS) LTD induction protocol (900
pulses at 1 Hz) (Dudek and Bear, 1992; Mulkey and Malenka,
1992; Mulkey et al., 1994; Zeng et al., 2001). To determine the role
of AKAP150-anchored CaN in LTD, we evaluated the ability of
several different stimulus protocols to induce LTD at SC-CA1
synapses in APIX mice. Using standard 1 Hz LFS, we found that
LTD was readily detectable in WT but absent in APIX mice [Fig.
5A, B; percentage baseline fEPSP slope: WT, 77 = 1%, n = 5;
APIX, 112 * 9%, n = 10 slices, **p = 0.01 at = 86 min (56 min
after LTD induction)]. LTD was blocked in WT mice in the pres-
ence of the antagonist MK-801 confirming that LFS-LTD induc-
tion is NMDAR dependent (percentage baseline fEPSP slope 50
min after LTD induction: WT, 76 = 3%, n = 5; WT plus MK-801,
97 = 7%, n = 9). Using a stronger LTD induction protocol that
delivers a 1 Hz paired pulse with a 50 ms interpulse interval,
which was also shown to be NMDAR dependent in mice (Lee et
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Figure 2.

AKAP150APIX mice exhibit normal hippocampal anatomy and localization of AKAP150 and CaN in area CA1. A, Coronal sections from 300-.m-thick acute brain slices prepared from

AKAP150WT and AKAP150APIX mice stained with DAPI to visualize nuclei in the cell body layers of the hippocampal CA1 and dentate gyrus (DG) regions. B, Inmunostaining of AKAP150 (green),
the CaNB regulatory subunit (red), and nuclei (DAPI, blue) in the hippocampal CA1 region of acute brain slices. Colocalization of AKAP150 and CaNB appears yellow in the merge panels. C, D,
Quantification of AKAP150 (C) and CaNB (D) localization in CAT dendritic versus somatic/cell body areas from B calculated as dendrite/soma mean fluorescence intensity ratios. E, Relative
colocalization of AKAP150 and CaNB in CA1 dendritic areas from B measured by a fluorescence intensity correlation coefficient (r). F, Representative images of Golgi stained dendrites in the CA1

region from WT and APIX mice. Error bars indicate SEM.

al., 2003), LTD was still strongly impaired in APIX compared
with WT slices [Fig. 5C; percentage baseline fEPSP slope: WT,
64 * 7%, n = 7; APIX, 90 * 8%, n = 5slices, *p = 0.036, at t =
88 min (58 min after LTD induction)].

In conditional CaN knock-out mice, an intermediate stimu-
lation frequency of 10 Hz (900 pulses) induced a slight potentia-
tion that was not seen in WT mice (Zeng et al., 2001). By contrast,
for both APIX and WT we found no significant LTP or LTD
relative to baseline following 10 Hz stimulation (Fig. 5D). How-
ever, WT slices showed an initial decrease in fEPSP slope that was
not seen for APIX slices using either 10 Hz [Fig. 5D; percentage
baseline fEPSP slope: WT, 65 * 6%, n = 4; APIX, 91 * 5.2%,n =
6,**p =0.01, at t = 22 min (1 min after LTD induction)] or 1 Hz
LES above (Fig. 5A; percentage baseline fEPSP slope: WT, 74 =
11%, n = 5; APIX, 104 £ 10%, n = 10, *p = 0.04, at 36 min, 1 min
after LTD induction). With the stronger 1 Hz PP-LFS,
AKAP150APIX mice did exhibit an initial decrease in fEPSP
slope, but this decrease was still significantly less than that seen
for WT [Fig. 5C; percentage baseline fEPSP slope: WT, 42 * 7%,
n=7;APIX, 67 £ 9%, n =5,*p = 0.04, at t = 36 min (1 min after
LTD induction)]. These findings indicate that AKAP150-
anchored CaN is acting as a key postsynaptic sensor of NMDAR
Ca** influx to initiate signaling pathways that are required for
the induction and expression of LTD.

AKAP150-anchored CaN limits LTP but is not strictly
required for synaptic depotentiation
Pharmacologic or genetic inhibition of CaN activity can enhance
LTP induced by various forms of high-frequency stimulation
(HES) (Wang and Kelly, 1996, 1997; Winder et al., 1998; Malleret
etal., 2001). However, LTP is normal in conditional CaN knock-
out animals when induced by standard 1 X 100 Hz, 1 s HES but is
slightly enhanced when using weaker 40 Hz stimulation (Zeng et
al., 2001). To test the involvement of AKAP150-anchored CaN in
LTP regulation, we next studied LTP in APIX mice using differ-
ent stimulus frequencies for induction. Using 1 X 100 Hz, 1 s
HES, we found that AKAP150APIX slices expressed significantly
enhanced LTP compared with WT [Fig. 6 A; percentage baseline
fEPSP slope: WT, 134 = 17%, n = 6; APIX, 192 * 16%, n = 8,
*p = 0.018, at + = 58 min (38 min after LTP induction)]. In
contrast, there was no difference between APIX and WT using 50
Hz, 2 s to induce LTP (Fig. 6 B). These data for 50 Hz versus 100
Hz indicate that AKAP150-anchored CaN limits the magnitude
of LTP following strong but not weaker induction stimuli.
NMDAR-dependent depotentiation of prior LTP, like ho-
mosynaptic LTD, is also induced by 1 Hz LFS and involves de-
phosphorylation of GluA1 Ser831, but not S845 (Lee et al., 2000).
To examine whether AKAP150 anchored CaN is also involved in
depotentiation, we induced LTP with 100 Hz HFS, recorded for



Sanderson et al. « AKAP150-CaN Controls AMPAR Subunit Composition

A B

J. Neurosci., October 24, 2012 - 32(43):15036 15052 * 15043

(@)

‘0 2500+ 250~
= o ARAFTEOWT * o 0 AKAP150WT
AKAP150WT S 20001 bS] A AKAP150APIX
e A AKAP150APIX =
= @ 2009
Py 15004 [%2)
fEPSP-P, 05 my = g
— S 10004 s > )
20 ms > '('3 150+ I
fEPSP-P,
AKAP150APIX 8-') 500- G:J
o 2 e
osmv )] ol T T 1 100 T T T 1
e 0 2 4 6 0 50 100 150 200
Stimulus intensity (V) Inter-pulse interval (ms)
fEPSP-P, E c
o 1.25+ C 1.25+
2 o
3 =
D 9 1.004 a0 02 2ARR 2 1.00-
= 6 2
1) s
mEPSC AKAP150 WT O 0759 ﬁ 5® z 0.754 =
3 | —= a Z
e Zro 1) g
< = 0.50- 3 > 0.504 £
sl = 2. S 2
B ooms AKAP150APIX e ] i a4 o] 2 0
g 0.25+ c S 0.25- s
S S " AKAPTSOWT AKAP1504PIX £ 2 O AP TEOWT AKAPTS0APIX
O 0.008—a— r r T T 1 3 000 T T 1
0 10 20 30 40 50 60 0 1000 2000 3000
sEPSC Amplitude (pA) SEPSC Inter-event interval (ms)
1.25+ -
G .5 H .S 1.25
3 1.00- ﬁgnn-nnn 2 1.004
A 0757 3 Zis 2 0751 i
~ s et o
() 2 <
= 0.50- §‘° 2 0.50- £2
kS 3 2 © | =
= u n=ts = Il
g 0.254 € 2 0.25- | [ o
=3 s AKAP150WT AKAP150APIX = §
O 0.00 & . . 2- ” . . O 0‘00. . = AKAP1I50WT AKAP150AF’I)(l
0 10 20 30 40 50 60 0 1000 2000 3000
mEPSC Amplitude (pA) mEPSC Inter-event interval (ms)
Figure3. AKAP150APIX mice exhibit normal basal excitatory synaptic transmission in CA1 hippocampal pyramidal neurons. 4, Representative fEPSP recordings at SC—CA1 synapses recorded in

stratum radiatum of acute hippocampal slices prepared from 2- to 3-week-old AKAP150APIX and WT mice. The fEPSP responses shown are from paired-pulse facilitation ratio (PPR) measurements
in Cusing an interstimulus interval of 50 ms. B, Input— output curves of fEPSP slope (in millivolts/millisecond) plotted versus stimulus intensity (in volts) for CA1 synapses in AKAP150APIX (filled
triangles) and WT (open circles) mice. €, PPR measurements of percentage fEPSP,/fEPSP, amplitude for recordings as in A for APIX and WT mice across a range of different interstimulus intervals.
D, Representative whole-cell mEPSC recordings from CA1 pyramidal neurons in acute slices from APIX and WT mice. E-H, Cumulative distribution plots and inset bar graphs (means) of sEPSC
amplitudes (in picoamperes) (E), sSEPSC frequency (interevent interval, means in hertz) (F), mEPSCamplitudes (in picoamperes) (G), and mEPSC frequency (interevent interval, means in hertz) (H)

for APIX and WT mice. Error bars indicate SEM. *p << 0.05.

30 min, and then induced depotentiation with 1 Hz LES (Fig. 6C).
Both WT and APIX slices exhibited depotentiation; however,
while the fEPSP responses for WT slices returned to near the
pre-LTP baseline after LFS, the responses in APIX slices remained
increased above baseline (Fig. 6C). To better compare the relative
magnitude of the depotentiation observed in WT and APIX, we
renormalized the last 10 min of the LTP responses back to base-
line and found that the relative amount of depotentiation was
similar for AKAP150APIX and WT (Fig. 6 D; percentage baseline
fEPSP slope: WT, 73 ® 3%, n = 5; APIX, 79 £ 4%, n = 4,p =
0.228). Thus, while some of the expression of LTP in APIX mice
is refractory to depotentiation by LFS, AKAP150-anchored CaN
is not strictly required for depotentiation.

AKAP150-anchored CaN regulates NMDA-cLTD GluA1l
dephosphorylation and removal from synapses

Brief bath application of NMDA produces a form of cLTD that is
similar to homosynaptic LTD induced by LFS, and importantly,
both of these stimulation methods induce selective dephosphor-
ylation of GluA1 S845, but not S831, through activation of CaN

and other phosphatases (Kameyama et al., 1998; Lee et al., 1998).
Additionally, GluA1 S845/831A and S845A knock-in mice are
deficient in LTD, but S831A mice express normal LTD, further
indicating that LTD requires regulation of only S845 phosphor-
ylation (Lee et al., 2003, 2010). Basal levels of GluA1 S845 phos-
phorylation detected by a phosphospecific antibody were
significantly higher (~30-50%) in whole-cell lysates of hip-
pocampal tissue (Fig. 74; GluA1 pS845/GluAl: WT, 0.8 = 0.2,
n=8;APIX, 1.4 = 0.2,n = 6,*p = 0.027) and acute hippocampal
slices from AKAP150APIX mice compared with WT (Fig. 7B;
GluAl pS845/GluAl: WT, 1.2 = 0.1,n = 6; APIX, 1.6 = 0.2, n =
6, *p = 0.027). Immediately following cLTD (20 um NMDA; 3
min) treatment of slices, GluA1 S845 phosphorylation (GluAl
pS845/GluAl normalized to WT ¢ = 0) decreased ~45-50% (Fig.
7C; WT, 0.50 = 0.08, n = 6; APIX, 0.73 = 0.09, n = 6) for both
AKAPI150APIX and WT relative to their respective initial levels
(WT, 1.00 £ 0.04, n = 6; APIX, 1.33 = 0.13, n = 6, *p < 0.05);
however, by 60 min after cLTD, S845 phosphorylation recovered
completely back to the higher initial level for APIX while remain-
ing ~20% decreased for WT (WT, 0.80 * 0.06, n = 6; APIX,
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1.40 = 0.07, n = 6; ***p < 0.001). Impor-
tantly, AKAP150APIX pS845/GluAl lev-
els trended above WT levels even at early
time points after NMDA treatment and by
30 min were significantly higher than WT,
which had recovered very little (WT,
0.59 = 0.1, n = 6; APIX, 1.02 = 0.06, n =
6, **p < 0.01). Thus, AKAP150-anchored
CaN limits basal GluA1 S845 phosphory-
lation and is required for efficient and
persistent dephosphorylation of this site
after NMDA-cLTD.

In cultured rat hippocampal neu-
rons, Ca’*, CaN activity, and the
AKAP79/150 CaN anchoring domain
are required for the downregulation of
AMPAR currents and internalization of
AMPAR in response to either acute
NMDA receptor activation or inhibi-
tion of PKA anchoring and activity (Be-
attie et al., 2000; Tavalin et al., 2002;
Hoshi et al., 2005; Snyder et al., 2005;
Bhattacharyya et al., 2009). Thus, we
next treated cultured hippocampal neu-
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rons from AKAP150APIX and WT mice
with NMDA-cLTD (50 uM, 5 min) and
assayed for changes in GluAl synaptic
colocalization with PSD-95 by immuno-
staining (Fig. 8A,B). As expected, cLTD
led to removal of GluA1 from synapses in
WT mouse neurons seen by decreased co-
localization with PSD-95 within ~8 min of NMDA treatment
that persisted for at least 30 min as shown by decreased correla-
tion values [Fig. 8 A, C; GluA1/PSD-95 correlation (r): WT con-
trol, 0.4 £ 0.03, n = 10; NMDA, 0.18 = 0.09, n = 10, **p = 0.01].
In contrast, in AKAP150APIX neurons GluA1 postsynaptic colo-
calization with PSD-95 was unchanged following cLTD treat-
ment even after 30 min [Fig. 8 B,C; GluA1/PSD-95 correlation
(r): APIX control, 0.33 = 0.03, n = 10; NMDA, 0.34 * 0.03,n =
10, p = 0.39]. These results indicate that AKAP150-CaN anchor-
ing is required for AMPAR synaptic removal in NMDA-cLTD.

Figure 4.

AKAP150-anchored CaN regulates removal of PSD-95 and
AKAP150 from synapses following NMDA-LTD

AMPAR removal from synapses during LTD also involves regula-
tion of receptor tethering to PSD-95 through the AMPAR-
associated protein Stargazin. In response to LTD, PSD-95 binding to
Stargazin and targeting to the PSD are decreased by activation of
protein phosphatases, including CaN (Colledge et al., 2003; Tomita
et al,, 2005; Kim et al., 2007; Opazo et al., 2010). Accordingly in WT
neurons, cLTD led to a rapid ~50% decrease in the intensity of
PSD-95 puncta (Fig. 8A) that was still evident after 30 min (Fig.
8A,D; PSD-95 mean intensity: WT control, 380 = 20, n = 20;
NMDA, 190 = 11, n = 17; ***p < 0.001). However, in APIX neu-
rons, PSD-95 clustering remained unaltered after cLTD (Fig. 8 B, D;
PSD-95 mean intensity: APIX control, 340 = 20, n = 17; NMDA,
310 = 25,n =19, p = 0.13). These results indicate that anchoring of
CaN to AKAP150 is required for decreased PSD-95 postsynaptic
localization after NMDA-cLTD.

AKAP79/150 is targeted to dendritic spines and the PSD by
an N-terminal basic region that is palmitoylated on two Cys
residues and binds directly to the membrane lipid phosphati-
dylinositol-4,5-bisphosphate (PIP,), the actin cytoskeleton, and

AKAP150APIX mice exhibit normal basal inhibitory synaptic transmission in CA1 hippocampal pyramidal neurons. A,
Representative whole-cell mIPSC recordings from CA1 pyramidal neurons in acute slices from AKAP150APIX and WT mice. B-E,
Cumulative distribution plots and inset bar graphs (means) for sIPSCamplitudes (in picoamperes) (B), sIPSCfrequency (interevent
interval, meansin hertz) (€), mIPSCamplitudes (in picoamperes) (D), and mIPSC frequency (intereventinterval, meansin hertz) ()
for APIX and WT mice. Error bars indicate SEM.

cadherin adhesion molecules (Dell’Acqua et al., 1998; Gomez et al.,
2002; Gorski et al., 2005; Horne and Dell’Acqua, 2007; Keith et al.,
2012). LTD leads to loss of AKAP79/150 binding to PSD-95 and
cadherins and removal of the AKAP and PKA from synapses
(Gomez et al., 2002; Gorski et al., 2005; Smith et al., 2006). LTD-
associated loss of AKAP-PKA complexes from spines and the
PSD is coincident with, but slightly delayed in time from
GluAl S845 dephosphorylation and endocytosis, and may
prevent rephosphorylation of GluA1 (Smith et al., 2006). This
AKAP removal from synapses is caused by inhibition of
N-terminal targeting interactions through depalmitoylation,
phospholipase C cleavage of PIP,, and CaN-dependent actin
depolymerization (Gomez et al., 2002; Horne and Dell’Acqua,
2007; Keith etal., 2012). Thus, we examined whether anchored
CaN was required for loss of AKAP150 colocalization with
PSD-95 following cLTD. We found that, in contrast to
AKAP150WT (Fig. 9A), AKAP150APIX protein resisted removal
from synapses 30 min after cLTD treatment with increasing
doses of NMDA (Fig. 9B). Quantification of correlation values
for AKAP150 colocalization with PSD-95 revealed that
AKAPI150APIX required a 70 um NMDA-cLTD treatment to re-
move it from synapses, whereas AKAP150WT was efficiently re-
moved by 30 or 50 um NMDA, as in previous studies in rat
neurons (Smith et al., 2006; Horne and Dell’ Acqua, 2007; Keith et
al., 2012) [Fig. 9C; AKAP/PSD-95 correlation (r): WT control,
0.35 = 0.03; 30 um NMDA, 0.08 £ 0.05 (**p < 0.01); 50 um
NMDA, —0.12 = 0.03 (**p < 0.01); 70 um NMDA, —0.02 = 0.04
(**p < 0.01), n = 14-20; APIX control, 0.25 * 0.02; 30 um
NMDA, 0.27 £ 0.02; 50 um NMDA, 0.33 = 0.02; 70 um NMDA,
0.10 = 0.06 (*p < 0.05); n = 16—19]. Thus, AKAP150-anchored
CaN is also promoting signaling pathways that contribute to
AKAP movement from the PSD during NMDA-cLTD. At 70 um
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dephosphorylation and endocytosis of this
pool of GluA1 is required for LTD, explain-
ing why S845A knock-in mice that lack this
receptor pool are deficientin LTD (He etal.,
2009; Lee et al., 2010). Thus, the enhanced
basal S845 phosphorylation and impaired
dephosphorylation and removal of GluA1l
we observe for APIX mice could indicate
that there is increased synaptic contribution
of Ca**-permeable AMPAR that interferes
with LTD expression. To investigate this
Toms possibility, we first measured evoked
AMPA/NMDA ratios in CA1 neurons using
whole-cell recordings (Fig. 10 A) by dividing
the fast AMPAR eEPSC measured either ata
membrane holding potential of +40 or —65
mV divided by the slow NMDAR
eEPSC measured 70 ms later at +40 mV.
While we found no significant difference
between APIX and WT animals for the +40
mV AMPA/NMDA ratio (Fig. 104, B; +40
AMPA/NMDA ratio: WT, 1.5 £ 0.2, n = 6;
APIX, 1.9 = 0.3, n = 9; p = 0.35), the —65
mV AMPA/NMDA ratio was significantly
increased by approximately twofold for
APIX (Fig. 10A,C; —65 AMPA/NMDA
+40 ratio: WT, 3.2 = 0.7, n = 6; APIX,
6.4 %+ 1.9,n = 9 *p = 0.031). Since GluA2-
lacking AMPARs exhibit pronounced in-
ward rectification, these AMPA/NMDA
ratio results suggest that APIX mice may
have more Ca*"-permeable AMPARSs that
increase synaptic inward currents at —65
mV with little impact on outward currents
at +40 mV, which are carried predomi-
nantly by GluA2-containing receptors. Fur-
thermore, an unchanged +40 mV AMPA/
NMDA also suggests that APIX mice have
normal NMDAR activity because decreased
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Figure 5.

but not APIX mice. Error bars indicate SEM. *p << 0.05, **p < 0.01.

NMDA, sufficient Ca** influx may be generated to efficiently
activate unanchored CaN. Consistent with this idea, a previ-
ous overexpression study in cultured rat neurons found that an
AKAP150 mutant with a larger deletion surrounding the CaN
anchoring site moved from spines with 100 um NMDA treatment
(Bhattacharyya et al., 2009).

AKAP150-anchored CaN limits synaptic activity of GluA2-
lacking Ca’*-permeable AMPA receptors to promote LTD
and constrain LTP

Characterization of GluA1 S845A knock-in mice found that S845 phos-
phorylation stabilizes a population of homomeric GluA2-lacking recep-
tors in the extrasynaptic plasma membrane where they can exchange in
and out of the synapse (He et al., 2009). In addition, it was found that

NMDAR-dependent LTD is impaired at CA1 synapses of AKAP150APIX mice. A, One hertz LFS (900 pulses) LTD
induction in the SC—CA1 pathway of acute hippocampal slice prepared from 2- to 3-week-old WT (open circles) but not
AKAP150APIX mice (filled triangles). fEPSP slope is plotted over time as percentage of the baseline before LFS. B, Representative
fEPSP recordings from A for before and after LFS in WT and APIX mice. €, One hertz PP-LFS (900 paired pulses, 50 ms interpulse
interval) induction of LTD in WT but not APIX mice. D, Ten hertz stimulation induction of a transient fEPSP slope depression in WT

NMDAR function would increase the +40
and —65 mV ratios equivalently and in-
creased NMDAR activity would change
both ratios in the opposite direction as ob-
served. Decreased NMDAR function in
APIX mice is also not consistent with our
findings of enhanced LTP.

The inward rectification of GluA2-
lacking receptors is due to voltage-
dependent block of the channel pore at
depolarized membrane potentials by intracellular polyamines
(Rozov et al., 1998). Since endogenous polyamines can be dia-
lyzed out of the cell over time during whole-cell recording, our
AMPA/NMDA ratio measurements (performed without supple-
mentation of intracellular polyamines) may somewhat underes-
timate changes in AMPAR subunit composition at APIX
synapses if polyamine levels decreased enough to allow some
outward current through CP-AMPARs. Thus, we next recorded
pharmacologically isolated AMPAR eEPSCs with the polyamine
spermine present in the intracellular solution to better maintain
rectification. While WT CAL1 neurons typically displayed robust
outward +40 mV and inward —65 mV AMPAR EPSCs, APIX
CA1 neurons in general showed reduced outward compared with
inward AMPAR currents, with some neurons showing particu-
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larly large differences (Fig. 10D). Mea-
surements of AMPAR EPSCs across a
range of different membrane potentials to
obtain a normalized current—voltage re-
lationship (I-V curve; Fig. 10E) re-
vealed an expected linear I-V curve for
WT neurons, consistent with the presence
of GluA2 in most synaptic receptors, while
APIX neurons exhibited clear inward recti-
fication in the I-V curve, with significantly
decreased outward current measured at
+40 mV compared with inward current
at —65 mV (Fig. 10E; normalized
Lapasaomy: WT, 0.6 = 0.1, 1 = 6; APIX,
0.19 £ 0.03, n = 10, **p = 0.004). This
approximately threefold increase of in-
ward rectification in APIX compared with
WT neurons can also be expressed as a
significantly increased AMPA —65/+40
mV EPSC rectification index calculated
for each neuron that is consistent with in-
creased levels of GluA2-lacking AMPARs
at APIX CALI synapses (Fig. 10F; AMPA
EPSC rectification index: WT, 1.5 = 0.2,
n = 6; APIX, 5.3 = 0.8, n = 11; **p =
0.003) (Stubblefield and Benke, 2010).
Since outward AMPAR currents are still
clearly measurable for APIX, we can con-
clude that GluA2-containing receptors
are still contributing appreciably to syn-
aptic transmission at APIX synapses;
however, based on the increased average
rectification index, they may have either
been partially replaced by GluA2-lacking
receptors at most synapses or perhaps
more completely replaced at a subset of
synapses.

These whole-cell recording results all
point to increased activity of GluA1l ho-
momers in APIX CA1 neurons that could
be contributing to LTP enhancement and
LTD impairment if these receptors were
recruited to synapses and not removed af-
ter HES and LFS, respectively. To explore
whether GluA2-lacking receptors are im-
pacting synaptic plasticity in APIX mice,
we applied IEM1460, an extracellular
polyamine blocker of Ca®"-permeable
AMPARs, immediately after LFS induc-
tion of LTD or HFS induction of LTP. In
WT slices, IEM1460 had no effect on the
level of expression of LTD [Fig. 10G; per-
centage baseline fEPSP slope: WT, 77 *=
1%, n = 5slices; IEM WT, 77 = 9%, n =7
slices, p = 0.48 at t = 86 min (56 min after
LTD induction)] or LTP [Fig. 10 H; per-
centage baseline fEPSP slope: IEM WT,
134 * 4%, n = 5 slices; WT, 140 = 14%,

n =6, p = 0.49, at t = 58 min (38 min after LTP induction)]. In
contrast, [EM1460 treatment of APIX slices allowed for expres-
sion of significant LTD that was now similar to WT [Fig. 10G;
percentage baseline fEPSP slope: IEM APIX, 83 * 4%, n = 7
slices; APIX, 112 = 9%, n = 10slices, *p = 0.014 at t = 86 min (56

Sanderson et al. « AKAP150-CaN Controls AMPAR Subunit Composition

= _ —

c 30 100 Hz HFS o

§ 300+ 3

8 250~ ks

32 200- RS

(0] -

g 150 089_

5 100M o

n »

[ o AKAPISOWT . 507 0 AKAP150WT
(£ - A AKAP150APIX 83 N A AKAP150APIX
H o 10 20 30 40 50 60 H 0 10 20 30 40 50 60

0
0

Time (min) Time (min)
‘T 3009 100 Hz HFS ’a:? 3009 100 Hz HFS
& 2501 0 AKAP150WT § 2504 0 AKAP150WT
g 200 A AKAP150APIX <2 2004 A AKAP150APIX
S £
=~ 150+ )
8_ 8 renormalized
S S 100 Samuh R
g W
L 80 1Hz LFS & 501
&0 a 1 Hz LFS
T u

0 10 20 30 40 50 60 70 80 90 100110
Time (min)

0 10 20 30 40 50 60 70 80 90 100110
Time (min)

Figure 6. NMDAR-dependent LTP is enhanced at CA1 synapses of AKAP150APIX mice. A, Enhanced 1 X 100 Hz HFS (1s)

induction of LTP in the SC—CA1 pathway of acute hippocampal slices prepared from 2- to 3-week-old AKAP150APIX mice (open

circles) compared with WT mice (filled triangles). fEPSP slope is plotted over time as percentage of the baseline before HFS. B,

Similar LTP induction with 50 Hz, 2 s stimulation in WT and APIX mice. ¢, D, LTP (induced 30 min earlier by 1 X 100 Hz HFS) is only

partially depotentiated by 1 Hz LFS in APIX compared with WT mice (€), but a similar relative percentage depotentiation is
observed (D). Error bars indicate SEM. *p < 0.05.
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Figure 7.  Basal phosphorylation of GluA1 $845 is increased and dephosphorylation following NMDA-cLTD treatment is im-
paired in AKAPT50APIX mice. A, Immunoblots of phospho(p)-5845 and total GluA1 levels in whole-cell extracts of hippocampal
tissue from WT and AKAPT50APIX mice. B, Immunoblots of pS845 and total GluA1 levels in whole-cell extracts of hippocampal
slices from WT and AKAPT50 APIX mice before (t = 0 min) and at the indicated times after NMDA-cLTD (20 wum, 3 min) treatment.
(, Quantification of immunoblots as in B for pS845/GluA1 dephosphorylation over time (normalized to WT ¢ = 0 min) after
NMDA-cLTD in WT and APIX hippocampal slices. Error bars indicate SEM. *p << 0.05, **p << 0.01, ***p << 0.001.

min after LTD induction)] and completely blocked the expres-
sion of LTP [Fig. 10 H; percentage baseline fEPSP slope: [EM
APIX, 106 = 10%, n = 8 slices; APIX, 192 = 16%, n = 8, ***p =
0.003, at t = 58 min (38 min after LTP induction)]. Thus, antago-
nism of GluA2-lacking AMPARSs restores normal LTD but inhibits
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GluAT and PSD-95 are not removed from synapses following NMDA-cLTD in hippocampal neurons cultured from AKAP150APIX mice. A, B, Immunostaining of GluA1 (red) and PSD-95

(green) in dendrites of hippocampal neurons cultured from AKAP150 WT (4) and AKAP150APIX (B) mice under control conditions or at the indicated times after NMDA-cLTD treatment (50 um
NMDA, 5 min). Colocalization of GluA1 and PSD-95 puncta appears yellow in the merge panels. €, Quantification of a fluorescence intensity correlation coefficient (r) to measure dendritic
colocalization of GluA1 and PSD-95 from A and B for control conditions and t = 30 min after NMDA in WT and AKAP150 APIX neurons. D, Quantification of the mean fluorescence intensity of PSD-95
dendritic puncta from A and B for control conditions and t = 30 min after NMDA in WT and APIX neurons. Error bars indicate SEM. **p << 0.01, ***p << 0.001.

LTP in APIX mice indicating that AKAP150-anchored CaN nor-
mally controls bidirectional synaptic plasticity by preventing Ca*" -
permeable AMPAR recruitment to synapses where they can interfere
with expression of LTD and enhance expression of LTP.

Discussion

We produced a limited knock-in mutation to specifically elim-
inate CaN anchoring to AKAP150. This knock-in minimized
problems associated with complete AKAP150 knock-out,
which simultaneously removes multiple and opposing func-
tions (i.e., both PKA and CaN anchoring) and thus limits
phenotypic impacts and mechanistic interpretations. Impor-
tantly, in ~2- to 3-week-old mice, where synaptic plasticity is
normal in AKAP150 knock-outs (Weisenhaus et al., 2010),
our characterization of AKAPI150APIX mice revealed that

CaN anchoring is essential for LTD and constrains LTP. Our
findings of impaired LTD and enhanced LTP with AKAP-CaN
anchoring disruption are similar to previous studies using less
specific genetic or pharmacologic inhibition of CaN activity in
hippocampal slices (Wang and Kelly, 1996, 1997; Malleret et
al., 2001; Zeng et al., 2001). Thus, our results suggest that most
of the important LTD/LTP signaling functions of CaN may be
mediated by postsynaptic anchoring to AKAP150. Our find-
ings are also in agreement with previous studies in culture
preparations that implicated AKAP79/150-CaN anchoring in
regulation of AMPAR activity and endocytosis underlying
LTD (Tavalin et al., 2002; Hoshi et al., 2005; Bhattacharyya et
al., 2009; Jurado et al., 2010). However, AKAP150APIX mice
allowed us to go much further than past studies by using a
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Removal of AKAP150 from synapses following NMDA-cLTD isimpaired in hippocampal neurons cultured from AKAP150APIX mice. A, B, Immunostaining of AKAP150 (red) and PSD-95

(green) in dendrites of hippocampal neurons cultured from WT (4) and AKAP150APIX (B) mice under control conditions or 30 min after cLTD treatment (5 min) with the indicated doses of NMDA.
Colocalization of AKAP150 and PSD-95 puncta appears yellow in the merge panels. , Quantification of a fluorescence intensity correlation coefficient (r) to measure dendritic colocalization of AKAP150
and PSD-95 from A and B for control conditions and 30 min after treatment with the indicated doses of NMDA in WT and AKAP150APIX neurons. Error bars indicate SEM. *p << 0.05, **p << 0.01.

combination of electrophysiological, biochemical, and cell bi-
ological methods to study the mechanisms by which AKAP-
CaN anchoring regulates LTD not only in vitro in cultured
neurons but also ex vivo in hippocampal slices. Using this
integrated approach, we discovered a novel role for AKAP-
CaN in dephosphorylating GluA1 S845 and limiting the syn-
aptic incorporation of GluA2-lacking Ca®"-permeable
AMPARSs to regulate not only LTD but also LTP expression.

AKAP150-CaN regulation of AMPAR phosphorylation and
subunit composition during LTD

Through its linkage by PSD-95 family MAGUKs (Colledge et al.,
2000), AKAP150-anchored CaN is targeted near the C termini of
AMPARs and NMDARs, where it is optimally positioned to re-
spond to NMDAR Ca*" influx during LTD induction. In addi-
tion, CaN is anchored within 10 nm of PKA on the AKAP
(Oliveria et al., 2003), likely allowing this kinase-phosphatase
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Figure 10.  AKAP150APIX mice exhibit increased synaptic activity of GluA2-lacking Ca* -permeable AMPA receptors that inhibit LTD and enhance LTP expression at CA1 synapses. 4, Repre-
sentative evoked SC—CAT eEPSCrecordings of fast-inward AMPAR current at — 65 mV holding potential and fast-outward AMPAR plus slow-outward NMDAR current (arrows) at +40 mV holding
potential from CA1 pyramidal neurons in acute hippocampal slices from APIX and WT mice. B, Mean +40 mV AMPA/NMDA eEPSC ratios for APIX and WT mice. €, Mean —65 mV AMPA/NMDA
eEPSCratios for APIXand WT mice. D, Representative pharmacologically isolated AMPAR eEPSC recordings from APIX and WT CA1 neurons with inclusion of spermine in the recording electrode for
—65and -+40mV holding potentials. £, Normalized /--V curve of pharmacologically isolated AMPAR eEPSCs in APIX and WT CAT neurons. F, Mean AMPAR eEPSC — 65/ +40 mV rectification indices
for APIXand WT neurons. G, Application of IEM1460 (70 i) after 1Hz LFS LTD induction in the SC—CA1 pathway of acute hippocampal slice prepared from 2- to 3-week-old WT (black, open circles)
and APIX mice (black, filled triangles). fEPSP slope is plotted over time as percentage of the baseline before LFS. Traces for untreated (control) WT (gray, open circles) and APIX (gray, filled triangles)
slices are reproduced from Figure 5A. H, Application of IEM1460 after 1 XX 100 Hz HFS LTP induction in the SC—CA1 pathway of acute hippocampal slice prepared from 2- to 3-week-old WT (black,
open circles) and APIX mice (black, filled triangles). fEPSP slope is plotted over time as percentage of the baseline before HFS. Traces for WT (gray, open circles) and APIX (gray, filled triangles) slices
are reproduced from Figure 6A. Error bars indicate SEM. *p << 0.05, **p << 0.01, ***p << 0.001.

pair to precisely balance each other in regulation of substrates
such as GluA1 S845. During LTD, S845 is dephosphorylated by
activation of CaN, PP1, and PP2A, removed from synapses, and
endocytosed from the extrasynaptic membrane (Lee et al., 1998;
Oh et al., 2006; Man et al., 2007; He et al., 2009). Many of these
GluA1l receptors may be phosphorylated by PKA before LTD
induction (Kameyama et al., 1998; Snyder et al., 2005); however,
there is evidence that acute activation of AKAP150 anchored-

PKA signaling is also required during LTD (Lu et al., 2008). Re-
gardless, LTD is impaired in GluA1-S845A knock-in mice (Lee et
al., 2010), where it was found that S845 phosphorylation stabi-
lizes GluA1 homomers in extrasynaptic locations where they ex-
change in and out of the synapse but are removed by LTD (He et
al., 2009). Importantly, our data show that basal GluA1 S845
phosphorylation levels were significantly higher for APIX
compared with WT, and that NMDA-cLTD led to only a par-
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tial, transient dephosphorylation of this site (perhaps by un-
anchored CaN and/or PP1/2A). Consistent with increased
GluAl S845 phosphorylation inhibiting LTD through control
of AMPAR subunit composition, we found increased basal
activity of GluA2-lacking AMPARs at APIX CAl synapses and
showed that antagonism of these receptors with IEM 1460 after
LTD induction rescued LTD expression. In contrast, [IEM 1460
had no effects on LTD expression in WT slices, indicating that
GluA2-lacking receptors are either prevented from entering the
synapse or are quickly removed by LTD induction as in the study
by He etal. (2009). In contrast, for APIX neurons, GluA2-lacking
receptors are not removed and likely replace any synaptic GluA2-
containing receptors removed during LTD induction to block
subsequent expression. These findings further indicate that
AKAP150-CaN promotes GluAl homomer removal, but re-
moval of at least some GluA2-containing receptors does not
strictly require CaN anchoring. Thus, the normal function of
AKAP-anchored CaN appears to be to dephosphorylate S845 to
prevent synaptic incorporation of GluA2-lacking receptors ba-
sally and during LTD. Interestingly, our recent published find-
ings indicated that AKAP79/150 palmitoylation targets it to
dendritic recycling endosomes in cultured neurons to specifically
control GluA1 trafficking and Ca*" -permeable AMPAR synaptic
activity (Keith et al., 2012).

GluA1 phosphorylation directly regulates trafficking, but there
are other phosphatase substrates, including PSD-95 and Stargazin,
that are also involved in synaptic AMPAR removal during LTD. In
particular, NMDA-cLTD activation of CaN and PP1/2A negatively
regulates PSD-95 postsynaptic clustering and binding to Stargazin to
promote AMPAR removal (Colledge et al., 2003; Tomita et al., 2005;
Kim et al., 2007; Opazo et al., 2010). CaN activity is also required for
cLTD-induced F-actin depolymerization and subsequent disrup-
tion of AKAP150 binding to PSD-95 and membranes (Gomez et al.,
2002); this uncoupling of AKAP150 from PSD-95 and membranes
may prevent PKA rephosphorylation of GluAl that would
promote recycling after LTD (Ehlers, 2000; Snyder et al., 2005;
Smith et al., 2006). Importantly, our immunostaining analysis
of cultured neurons from AKAP150APIX mice demonstrated
that cLTD failed to remove GluAl, PSD-95, and AKAP150 from
synapses. Thus, multiple LTD-associated postsynaptic events that
control AMPAR localization, including GluA1 dephosphorylation,
depend on AKAP150-CaN anchoring.

AKAP150-CaN constrains the potentiated response following
LTP induction by limiting synaptic incorporation of Ca**-
permeable AMPA receptors

When AKAP150-CaN anchoring was disrupted in APIX mice, we
observed enhanced LTP expression immediately after induction
with 1 X 100 Hz HFS as well as continued enhanced potentiation
that was blocked by the Ca’**-permeable AMPAR antagonist
IEM1460. In contrast, LTP induced in WT mice was insensitive to
IEM1460. This finding is consistent with several earlier studies
using a variety of different protocols to induce LTP that have in
general observed recruitment of GluA2-lacking AMPARs in WT
rodents <2 weeks and >4 weeks of age but not in the ~3-week-
old age range that we studied (Plant et al., 2006; Lu et al., 2007;
Yang et al., 2010) (but see Adesnik and Nicoll, 2007; Gray et al,,
2007). In particular, 1 X 100 Hz LTP requires PKA activity, re-
cruits GluA2-lacking AMPARs, and is impaired in PKA-
anchoring-deficient AKAP150D36 mice that are >8 weeks of age
but not 3—4 weeks of age (Lu et al., 2007). Thus, at the younger
age, AKAP-CaN may not only oppose PKA anchored to
AKAP150, but also other pools of PKA and perhaps other kinases
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to limit LTP expression. We did not see enhanced induction or
expression of LTP in APIX mice using weaker stimuli of 50 or 10
Hz that enhance potentiation in conditional CaN knock-out
mice (Zeng et al., 2001) and GluA1 S831,845D mice that mimic
constitutive GluA1 phosphorylation (Makino etal., 2011). These
differences could be due to age differences; CaN knock-out and
S831,845D mice were studied at older ages of 4—6 weeks. How-
ever, our results for APIX mice are similar to those in slices from
older mice using a genetically encoded inhibitor to partially block
CaN activity (Malleret et al., 2001). Nonetheless, our current
results could also indicate that AKAP anchored-CaN plays a
more important role in limiting the strength of potentiated re-
sponse after LTP by opposing phosphorylation of S845 and reg-
ulating AMPAR subunit composition rather than in setting the
induction threshold, which may involve other pools of CaN and
additional substrates.

Interestingly, in APIX mice, we found that LES-LTD was im-
paired, but the same LFS protocol significantly depotentiated the
enhanced LTP. While LTD and depotentiation are sensitive to
genetic manipulations of CaN and PKA expression, their under-
lying signaling mechanisms are distinct (Brandon et al., 1995;
Zhuo et al., 1999; Yang et al., 2009). LTD causes dephosphoryla-
tion of the GluAl S845 PKA site, while depotentiation triggers
dephosphorylation of the GluA1 S831 CaMKII/PKC site (Lee et
al., 2000). In addition, forebrain-specific CaN knock-out mice,
like our APIX mice, exhibit a lack of LTD but maintain normal
depotentiation (Zeng et al., 2001). Thus, while AKAP150-
anchored CaN is clearly involved in S845 dephosphorylation in
LTD, it may be redundant with other phosphatase pathways that
dephosphorylate S831 during depotentiation. These findings re-
inforce that AKAP150-CaN is very specifically targeted to regu-
late S845, and suggest that the amount of LTP that is refractory to
depotentiation in APIX mice is likely due to an inability to de-
phosphorylate S845 and fully suppress the activity of IEM-
sensitive GluA2-lacking receptors that are aberrantly recruited
during LTP. Interestingly, past work in heterologous cells dem-
onstrated that negative regulation of recombinant GluAl cur-
rents by AKAP79 involved dephosphorylation of $S845 but not
S831, required anchored CaN, and was opposed by anchored
PKA (Dell’Acqua et al., 2002; Tavalin et al., 2002; Hoshi et al.,
2005). In addition, peptide-mediated inhibition of PKA anchor-
ing or activity caused a very similar decrease in AMPAR currents
in hippocampal neurons that was mediated by CaN activation in
part by Ca*™ influx through Ca**-permeable AMPARSs (Rosen-
mund et al., 1994; Tavalin et al., 2002). Thus, these earlier studies
hinted at a role for AKAP79/150-anchored CaN in regulation of
Ca’*-permeable GluAl homomers that our results here now
clearly establish as a key mechanism that maintains bidirectional
synaptic plasticity in the hippocampus. In the future, it will be
interesting to determine whether AKAP-anchored CaN also con-
trols Ca®"-permeable AMPAR activity in response to neuronal
insults including seizures and ischemia (Liu and Zukin, 2007).
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