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Neuronal information processing requires multiple forms of synaptic plasticity mediated by NMDARs and AMPA-type glutamate recep-
tors (AMPARs). These plasticity mechanisms include long-term potentiation (LTP) and long-term depression (LTD), which are Hebbian,
homosynaptic mechanisms locally regulating synaptic strength of specific inputs, and homeostatic synaptic scaling, which is a heterosyn-
aptic mechanism globally regulating synaptic strength across all inputs. In many cases, LTP and homeostatic scaling regulate AMPAR
subunit composition to increase synaptic strength via incorporation of Ca 2�-permeable receptors (CP-AMPAR) containing GluA1, but
lacking GluA2, subunits. Previous work by our group and others demonstrated that anchoring of the kinase PKA and the phosphatase
calcineurin (CaN) to A-kinase anchoring protein (AKAP) 150 play opposing roles in regulation of GluA1 Ser845 phosphorylation and
CP-AMPAR synaptic incorporation during hippocampal LTP and LTD. Here, using both male and female knock-in mice that are deficient
in PKA or CaN anchoring, we show that AKAP150-anchored PKA and CaN also play novel roles in controlling CP-AMPAR synaptic
incorporation during homeostatic plasticity in hippocampal neurons. We found that genetic disruption of AKAP-PKA anchoring pre-
vented increases in Ser845 phosphorylation and CP-AMPAR synaptic recruitment during rapid homeostatic synaptic scaling-up induced
by combined blockade of action potential firing and NMDAR activity. In contrast, genetic disruption of AKAP-CaN anchoring resulted in
basal increases in Ser845 phosphorylation and CP-AMPAR synaptic activity that blocked subsequent scaling-up by preventing additional
CP-AMPAR recruitment. Thus, the balanced, opposing phospho-regulation provided by AKAP-anchored PKA and CaN is essential for
control of both Hebbian and homeostatic plasticity mechanisms that require CP-AMPARs.
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Introduction
Hebbian plasticity in the hippocampus and cortex is input-
specific, bidirectional [long-term potentiation/long-term de-

pression (LTP/LTD)], and can be induced rapidly (seconds-
minutes) but expressed persistently (hours-days; Collingridge et
al., 2010; Huganir and Nicoll, 2013). However, excitatory neu-
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Significance Statement

Neuronal circuit function is shaped by multiple forms of activity-dependent plasticity that control excitatory synaptic strength,
including LTP/LTD that adjusts strength of individual synapses and homeostatic plasticity that adjusts overall strength of all
synapses. Mechanisms controlling LTP/LTD and homeostatic plasticity were originally thought to be distinct; however, recent
studies suggest that CP-AMPAR phosphorylation regulation is important during both LTP/LTD and homeostatic plasticity. Here
we show that CP-AMPAR regulation by the kinase PKA and phosphatase CaN coanchored to the scaffold protein AKAP150, a
mechanism previously implicated in LTP/LTD, is also crucial for controlling synaptic strength during homeostatic plasticity.
These novel findings significantly expand our understanding of homeostatic plasticity mechanisms and further emphasize how
intertwined they are with LTP and LTD.
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rons in these two regions can also persistently scale-up or -down
synaptic strength across all inputs in response to chronic (hours-
days) decreases or increases, respectively, in overall input and
firing. This global compensatory adjustment of synaptic strength
is termed homeostatic synaptic plasticity and is thought to stabi-
lize neuronal circuits by constraining firing and synaptic strength
within ranges that maintain connectivity, while preventing hy-
perexcitability and preserving Hebbian plasticity (Turrigiano,
2012; Chen et al., 2014; K. F. Lee et al., 2014). Not surprisingly,
alterations in both LTP/LTD and homeostatic plasticity are im-
plicated in nervous system diseases (Wondolowski and Dickman,
2013). Thus, it is of great interest to understand how Hebbian and
homeostatic plasticity interact (Keck et al., 2017).

Homeostatic plasticity, like Hebbian, can be induced by changes
in Ca2� signaling downstream of NMDARs and/or L-type voltage-
gated Ca2� channels and are both expressed through changes in
AMPAR localization and activity (O’Brien et al., 1998; Turrigiano et
al., 1998; Thiagarajan et al., 2005; Sutton et al., 2006; Aoto et al., 2008;
Ibata et al., 2008; K. Y. Lee and Chung, 2014). Nonetheless, it was
originally thought that downstream mechanisms mediating Heb-
bian and homeostatic AMPAR regulation would be largely nonover-
lapping. However, accumulating evidence indicates that these
processes use many of the same signaling pathways. Indeed, several
studies have implicated ser/thr protein kinases and phosphatases in
homeostatic plasticity that also have well characterized roles in LTP/
LTD, including Ca2�-CaM-dependent protein kinase II (CaMKII;
Thiagarajan et al., 2002, 2005; Groth et al., 2011), the cAMP-
dependent protein kinase PKA (Goel et al., 2011; Diering et al.,
2014), and the Ca2�-CaM-dependent protein phosphatase 2B/CaN
(Kim and Ziff, 2014). These postsynaptic kinase/phosphatase signal-
ing pathways may regulate synaptic strength during both LTP/LTD
and homeostatic plasticity at least in part through regulating the
synaptic incorporation of high-conductance GluA1 CP-AMPARs
(Thiagarajan et al., 2005; Plant et al., 2006; Lu et al., 2007; Yang et al.,
2010; Goel et al., 2011; Soares et al., 2013; Kim and Ziff, 2014; Sand-
erson et al., 2016), which are largely excluded from hippocampal
synapses under basal conditions (Lu et al., 2009; Rozov et al., 2012).
In addition, homeostatic synaptic plasticity, like LTP/LTD, can be
induced and expressed at individual synapses in dendrites through
local regulation of protein synthesis and GluA1 CP-AMPAR deliv-
ery, further suggesting common underlying mechanisms (Sutton et
al., 2006; Hou et al., 2008; Maghsoodi et al., 2008; Soares et al., 2013).

Our laboratory and others have shown that PKA and CaN
anchored to the scaffold AKAP79/150 (79 human/150 rodent;
Akap5 gene) play key opposing roles regulating GluA1 Ser845
phosphorylation to control CP-AMPAR recruitment/removal
at hippocampal synapses during LTP/LTD (Lu et al., 2007;
Sanderson et al., 2012, 2016; Zhang et al., 2013). GluA1 Ser845
phosphorylation has also been linked to CP-AMPAR synaptic
incorporation during homeostatic scaling-up in vitro in cultured
cortical neurons in response to neuronal silencing and in vivo in
visual cortex in response to visual deprivation, with GluA1 S845A
mutant knock-in mice showing disrupted homeostatic potentia-
tion in both cases (Goel et al., 2011; Diering et al., 2014; Kim and
Ziff, 2014). Recently, increases in Ser845 phosphorylation and
dendritic GluA1 expression that occur during scaling-up were
also linked to PKA signaling that requires AKAP150 expression
(Diering et al., 2014). In addition, decreased CaN signaling,
which occurs during neuronal silencing, is sufficient to induce
increased Ser845 phosphorylation and scaling-up in cortical neu-
rons through CP-AMPARs (Kim and Ziff, 2014). However, the
specific roles of AKAP150-anchored PKA and CaN during ho-
meostatic plasticity have not been investigated. Thus, here we

used hippocampal neurons cultured from AKAP150 knock-in
mice that are specifically deficient in either PKA or CaN anchor-
ing to show that the AKAP150-PKA/CaN complex regulates ho-
meostatic synaptic plasticity through bidirectional control of
CP-AMPAR synaptic incorporation.

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. Gen-
eration and characterization of AKAP150 knock-out (KO) mice (RRID:
MGI_5448696) were previously described by Tunquist et al. (2008).
Generation and characterization of AKAP150 CaN-anchoring deficient
�PIX (RRID: MGI_5448682) and PKA-anchoring deficient �PKA
(RRID: MGI_5635498) knock-in mice were previously described by
Sanderson et al. (2012, 2016) and Murphy et al. (2014).

Primary culture of mouse hippocampal neurons. Mouse hippocampal
neurons were prepared from both male and female mice as described previ-
ously with slight modifications (Sanderson et al., 2012). Briefly, hippocampi
were dissected from WT, AKAP150 KO, �PIX, or �PKA P0–P2 postnatal
mice. Neurons were plated at medium density (140,000–150,000 cells/ml)
on poly-D-lysine/laminin-coated 12 mm glass coverslips for electrophys-
iology and immunocytochemistry or at high density (240,000 –250,000
cells/ml) on 6-well coated dishes for biochemistry. For the first 24 h,
cultures were grown in MEM supplemented media. The above solution
was replaced with neurobasal A medium supplemented with B-27
(Invitrogen-Life Technologies), mitotic inhibitors (fluorodeoxyuri-
dine), 0.5 mM Glutamax (Invitrogen-Life Technologies), and 12.5 �M

L-glutamate (Sigma-Aldrich). After 3– 4 d in vitro (DIV), L-glutamate was
removed and replaced with neurobasal supplemented with B27, Glu-
tamax, and mitotic inhibitors. Neurons were fed every 3 or 4 d thereafter
until 14 –16 DIV.

Electrophysiology. All chemicals were purchased from Sigma-Aldrich
unless otherwise noted. Whole-cell voltage-clamp recordings of minia-
ture EPSCs (mEPSCs) from DIV 14 –16 mouse hippocampal neurons
were performed at 31°C under infrared differential interference contrast
microscopy on BX51 upright microscope (Olympus) using an Axopatch
200B amplifier (Molecular Devices). Microelectrodes had resistances of
3– 6 M�. AMPAR mEPSCs were recorded from morphologically identi-
fied hippocampal pyramidal neurons at a holding potential of �65 mV
using a CsCl-based internal solution internal solution containing the
following (in mM): 140 CsCl, 2 MgCl2, 1 CaCl2, 10 HEPES, 10 EGTA, 2
Na2-ATP, 0.3 NaGTP, pH 7.3, in artificial CSF (ACSF) containing the
following (in mM): 126 NaCl, 3 KCl, 2 CaCl2, 1.25 NaH2PO4, 1 MgSO4,
26 NaHCO3, 10 glucose (osmolarity, 290 mOsm) plus 1 �M TTX, 50 �M

picrotoxin. Access resistances were between 15 and 35 M�; if the access
resistance changed �20%, the recording was discarded. mEPSC data
were analyzed using Mini Analysis Program (Synaptosoft). Values for
mean mEPSC amplitude and frequency and binned (2 pA bins) cumu-
lative distributions of mEPSCs were exported for each cell and plotted,
and analyzed in Prism (GraphPad) as described under Experimental
design and statistics below. However, for experiments in Figure 3, where
recordings were made from the same cell before and then after the addi-
tion of IEM1460 to block CP-AMPARs, the Kolmogorov–Smirnoff
(K–S) test was applied in Mini Analysis Program to compare the un-
binned cumulative amplitude distributions before and after IEM1460 for
each single cell recorded from.

To induce homeostatic scaling, DIV 14 –16 neurons were treated in
cultured media for designated time intervals with tetrodotoxin (TTX; 2
�M; 4, 24, or 48 h), MK801 (10 �M; 3 h), or various combinations of TTX
and MK801 as indicated in the Results and figure legends. Coverslips
were removed and placed in a recording chamber. mEPSCs were recorded
from individual neurons for 4–5 min. For experiments in Figure 1 examin-
ing the impacts of NASPM (Tocris Bioscience), NASPM (30 �M) was added
either for the entire durations of the 4, 24, or 48 h TTX treatments or only
during the 3 h MK801 portions of the combined TTX/MK treatments and
found to prevent scaling-up equivalently in both cases. Thus, these NASPM
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data were pooled for presentation in Figure 1, C, D, and I–K. For experiments
in Figure 1I–K, 70 �M IEM1460 (Tocris Bioscience) was added after the
indicated scaling-up treatments but before recording mEPSC amplitudes. In
Figure 3, mEPSCs were recorded for a baseline of 4–5 min and then for an
additional 5–10 min in the presence of IEM1460 (70 �M) from the same
neurons. Statistical differences between means values for different experi-
mental conditions were determined using Prism by either Student’s t test (for
pairwise comparisons) or one-way ANOVA with Dunnett’s post hoc (for
multiple comparisons to a control condition). For graphical comparisons
between aggregate mEPSC amplitude cumulative distributions, the binned
(2 pA bins) cumulative distributions for each cell were averaged for each
condition in Prism and then are plotted as mean � SEM for each condition.

Immunoblotting. Mouse hippocampal neurons were collected and
sonicated in buffer (1% SDS, 10 mm EDTA, 100 mm Tris, pH 8). This
homogenate was heated to 95°C for 5 min and then frozen at �70°C until
SDS-PAGE. For pS845 GluA1 immunoblotting analysis, 10 �g of extract
was loaded on gels and blots were probed first overnight at 4°C with rabbit
anti-GluA1-S845 (1:1000; Millipore, AB5849; RRID:AB_2532143) followed
by stripping and re-probing of the same blots overnight at 4°C with rabbit
anti-GluA1 (1:1000; Millipore, PC2461; RRID:AB_253142), as above, to de-
tect total receptor levels. Detection was performed with HRP-coupled sec-
ondary antibodies (Bio-Rad; 1:1000) and enhanced chemiluminescence
(West Pico or West Dura Chemiluminescent Substrate, Pierce). Chemilu-
minescence was imaged using a Fluorchem gel documentation system (Al-
pha Innotech), and band intensities were analyzed using ImageJ software
(NIH). For GluA1 pS845 analysis, band intensities for pS845 were normal-

ized to the total GluA1 intensity for the same band after stripping and re-
probing the same blot to give a normalized pS845/GluA1 ratio. pS845/GluA1
ratio values were then normalized to the ratio value obtained using the same
exposure conditions for WT control samples that were always run on the
same blot, as previously described (Sanderson et al., 2012, 2016). Statistical
differences between means values in pairwise comparisons of two different
conditions were determined by Student’s t test using Prism.

Immunocytochemistry. To measure total GluA1 AMPAR colocaliza-
tion with PSD-95, neurons were fixed for 10 min at room temp in 4%
paraformaldehyde, rinsed with PBS, permeabilized with 0.2% Triton X-100
for 10 min, and then blocked for 48 h in 10% BSA in PBS. Coverslips were
then incubated with rabbit anti-GluA1 (Millipore #PC2461; RRID:
AB_253142; 1:500) and mouse anti-PSD-95 antibodies (NeuroMab, 75-
028; RRID:AB_2292909; 1:1000) in 1% BSA followed by goat anti-rabbit
Texas Red and goat anti-mouse AlexaFluor 647-conjugated fluorescent
secondary antibodies (Invitrogen). For measurements of synaptic sur-
face GluA1 AMPAR levels, neurons were live-labeled at 37°C for 15 min
in culture media with a rabbit polyclonal antibody (Millipore, ABN241;
RRID:AB_2721164; 1:250) that recognizes the extracellular GluA1
N-terminal domain followed by washing in culture media, washing in
PBS, fixation in 4% paraformaldehyde/4% sucrose, and labeling with
goat anti-rabbit Texas Red secondary antibody before permeabilization
and subsequent labeling with mouse anti-PSD-95 primary and goat anti-
mouse AlexaFluor 647 fluorescent secondary antibodies as above.

Fluorescence microscopy and image analysis. Deconvolved images of
immunostained coverslips were obtained on a Axiovert 200M microscope

Figure 1. Homeostatic synaptic potentiation requires synaptic recruitment of CP-AMPARs in hippocampal neurons. A, Representative mEPSC recordings and (B) cumulative plots of mEPSC
amplitudes showing scaling-up induced by 4 or 24 h TTX (2 �M) treatment with MK801 (10 �M) also present for the last 3 h (4 h TTX/MK or 24 h TTX/MK) in 15–16 DIV WT mouse hippocampal
neurons. C, Representative mEPSC recordings and (D) cumulative plots of mEPSC amplitudes showing that inclusion of NASPM (20 �M) prevents scaling up induced by 4 or 24 h TTX/MK and 48 h TTX
treatments. E, Representative mEPSC recordings and (F ) cumulative plots of mEPSC amplitudes showing that 48 h TTX but not 4 or 24 h TTX alone induces robust scaling-up. G, Representative mEPSC
recordings and (H ) cumulative plots of mEPSC amplitudes showing that 3 or 24 h MK801 alone does not induce robust scaling up. I, Cumulative plots of mEPSC amplitudes showing that 48 h TTX
induced scaling-up is prevented by NASPM cotreatment and partially reversed by acute treatment with IEM1460 (70 �M). J, Bar graph summaries of data in A–I for regulation of mean mEPSC
amplitude and (K ) frequency. *p � 0.05, **p � 0.01 to Control by one-way ANOVA; #p � 0.05, ^p � 0.05 by t test. Error bars indicate SEM.
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(Carl Zeiss) equipped with a 300W xenon lamp (Sutter Instrument), 63	
Plan-Apo/1.4 NA objective, Cy3/Texas Red and Cy5/AlexaFluor 647 filter
sets (Chroma), Coolsnap CCD camera (Photometrics), and SlideBook 5.5–
6.0 software (Intelligent Imaging Innovations) as described previously (K. E.
Smith et al., 2006; Horne and Dell’Acqua, 2007; Sanderson et al., 2012).
Briefly, images were acquired with 2	2 binning. Three-dimensional z-stack
images of x, y planes with 0.5 �m 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 decon-
volved image stacks for quantitative mask analysis in SlideBook 6.0 to mea-
sure GluA1/PSD-95 colocalization in manually drawn masked dendritic
sections using Pearson’s correlation (r): scale of 1, perfect correlation; 0, no
correlation/random overlap; to �1, inverse correlation. To quantify changes
in total or surface synaptic GluA1 localization following homeostatic scaling,
total and surface GluA1/PSD-95 correlation values were then normalized to
corresponding control values and are expressed as fold-change. Statistical
differences between means values in pairwise comparisons of two different
experimental conditions were determined by Student’s t test using Prism.
For statistical comparisons across three or more conditions, one-way
ANOVA with Dunnett’s post hoc analysis was used in Prism.

Experimental design and statistics. The design of each experiment and
statistical analysis methods used are described above under each type of
experiment. However, we briefly summarize those methods here: all data
in bar graphs are plotted as mean � SEM. For statistical comparisons of
mean values for two or more experimental conditions to a control con-
dition one-way ANOVA with Dunnett’s post hoc was used in Prism.
Statistical differences between means values in pairwise comparisons of
two different experimental conditions were determined by Student’s t
test using Prism. Unpaired t tests were used in all cases except for exper-
iments in Figure 3, where paired t tests were used for mean values from
recordings made from the same cell before and then after the addition of
IEM1460 to block CP-AMPARs. In all cases a statistically significant
difference between means is considered with values of *p � 0.05. Values
of p � 0.05 are considered not significant (NS). Binned (2 pA bins)
cumulative distributions of mEPSC amplitude were exported from Mini
Analysis Program for each cell and then averaged in Prism to generate
plots as mean � SEM. For experiments in Figure 3 where recordings were
made from the same cell before and then after the addition of IEM1460 to
block CP-AMPARs, we also applied the K–S test in Mini Analysis Pro-
gram to compare differences in the raw, un-binned cumulative ampli-
tude distributions before and after IEM1460 for each single cell recorded
from with statistical significance between distributions reported as
***p � 0.001. Thus, in the Results section for these experiments, we
report how many cells out of the total number of cells recorded from for
each condition showed significantly different K–S test p values (i.e.,
***p � 0.001) for before vs after IEM addition.

Results
Homeostatic synaptic potentiation in WT hippocampal
neurons requires CP-AMPAR activity
Previous studies implicating AKAP150, PKA, and/or CaN in reg-
ulating GluA1 S845 phosphorylation and CP-AMPAR synaptic
recruitment during homeostatic plasticity used prolonged (48 h)
inhibition of action potential (AP) firing with the Na� channel
TTX to induce scaling-up in cultured cortical neurons (Diering et
al., 2014; Kim and Ziff, 2014). However, prior studies in hip-
pocampal neurons showed that similar homeostatic scaling-up is
induced and expressed more rapidly (3– 4 h) in response to com-
bined inhibition of AP firing with TTX and of NMDAR activity
with the competitive antagonist AP-V (Sutton et al., 2006). Fur-
thermore, this rapid scaling-up is also expressed by CP-AMPARs
and can be induced even by local application of AP-V in dendrites
to promote protein synthesis-dependent local delivery of GluA1
to the plasma membrane surface and synapses (Sutton et al.,
2006). However, it is not known whether AKAP150, PKA, and/or
CaN signaling and regulation of GluA1 Ser845 phosphorylation

are also involved in CP-AMPAR synaptic incorporation during
this rapid homeostatic scaling.

Thus, we first evaluated the impact of AP firing blockade with
TTX for 4 h combined with inhibition of NMDAR Ca 2� influx
with the open channel blocker MK801 for the last 3 h on
AMPAR-mediated mEPSCs in hippocampal neurons cultured
from WT mice (4 h TTX/MK; Fig. 1A). In agreement with prior
studies using TTX/AP-V treatment (Sutton et al., 2006), this 4 h
TTX/MK treatment caused a prominent rightward shift in the
cumulative distribution of mEPSC amplitudes (Fig. 1B) and a
significant increase in mean mEPSC amplitude compared with
untreated controls (Fig. 1J; Control: 15.8 � 0.6 pA, n 
 45; 4 h
TTX/MK: 20.1 � 1.5 pA, n 
 16; **p � 0.01 by one-way
ANOVA). In agreement with prior findings that rapid homeo-
static scaling requires CP-AMPAR activity (Sutton et al., 2006),
inclusion of the CP-AMPAR open-channel blocker NASPM
along with TTX and MK801 largely prevented the observed in-
creases in AMPAR activity (Fig. 1C), as shown by only a small
rightward shift in amplitude cumulative distribution (Fig. 1D)
and no significant increase in mean mEPSC amplitude compared
with controls (Fig. 1J; 4 h TTX/MK/NASPM: 17.6 � 0.7, n 
 15;
NS p � 0.05 to Control by one-way ANOVA). Similarly robust
scaling-up of mEPSC amplitudes was also observed when AP
firing was blocked with TTX for 24 h and MK801 was added only
for the last 3 h (Fig. 1A,B,I; 24 h TTX/MK: 21.2 � 1.2 pA, n 
 23;
**p � 0.01 to Control by one-way ANOVA; NS p 
 0.56 com-
pared with 4 h TTX/MK by unpaired t test). Likewise, this ho-
meostatic increase in AMPAR mEPSC amplitudes in response to
24 h TTX/MK treatment was also prevented by NASPM (Fig.
1C,D, J; 24 h TTX/MK/NASPM: 15.3 � 0.7 pA, n 
 14; NS p �
0.05 to Control by one-way ANOVA). As also seen in previous
studies (Sutton et al., 2006), neither blockade of AP firing alone
with TTX (Fig. 1E) or NMDARs alone with MK801 (Fig. 1G) for
4 or 24 h was able to induce substantial scaling-up of mEPSC
amplitude distribution (Fig. 1F,H) or significantly increase
mean mEPSC amplitude (Fig. 1J; 4 h TTX: 15.9 � 0.9 pA, n 
 13;
24 h TTX: 14.9 � 0.7 pA, n 
 13; 3 h MK: 16.4 � 0.7 pA, n 
 10;
24 h MK801: 16.1 � 1.1 pA, n 
 10; all NS p � 0.05 to Control by
one-way ANOVA).

However, consistent with many other previous studies of ho-
meostatic plasticity induced by more prolonged neuronal silenc-
ing (Stellwagen and Malenka, 2006; Gainey et al., 2009, 2015;
Diering et al., 2014; Kim and Ziff, 2014), blockade of AP firing
with TTX alone for 48 h was able to induce scaling-up (Fig. 1E), as
reflected by both a robust rightward shift in mEPSC amplitude
distribution (Fig. 1F) and a significant increase in mean mEPSC
amplitude (Fig. 1J; 48 h TTX: 23.7 � 1.3 pA, n 
 22, **p � 0.01 to
Control by one-way ANOVA; NS p � 0.05 to both 4 and 24 h
TTX/MK by one-way ANOVA). Importantly, as also seen for the
rapid 4 and 24 h TTX/MK scaling-up conditions, cotreatment
with NASPM (Fig. 1C) prevented the 48 h TTX treatment from
shifting the distribution of mEPSC amplitudes to the right (Fig.
1D) and from increasing mean mEPSC amplitude (Fig. 1J; 48 h
TTX/NASPM: 13.7 � 0.7 pA, n 
 7; NS p � 0.05 to Control by
one-way ANOVA). Thus, homeostatic potentiation induced in
WT mouse hippocampal neurons either rapidly by combined
inhibition of AP firing and NMDARs or more slowly by inhibi-
tion AP firing alone requires postsynaptic CP-AMPAR activity.

Finally, the combined 4 and 24 h TTX/MK treatments that led
to rapid scaling-up of mEPSC amplitudes also significantly
increased mEPSC frequency in a NASPM-sensitive manner,
whereas all other treatments, including the more prolonged 48 h
TTX scaling-up treatment, did not significantly change mEPSC
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frequency (Fig. 1K; Control: 6.4 � 0.7 Hz, n 
 16; 4 h TTX/MK:
12.5 � 2.5 Hz, n 
 16; 24 h TTX/MK: 19.2 � 3.0 Hz, n 
 23; *p �
0.05, **p � 0.01 to Control by one-way ANOVA, NS p 
 0.11, 4 h
TTX/MK compared with 24 h TTX/MK; 4 h TTX/MK/NASPM:
4.7 � 1.2 Hz, n 
 15; 24 h TTX/MK/NASPM: 5.4 � 0.9 Hz, n 

14; 4 h TTX: 5.3 � 1.0 Hz, n 
 13; 24 h TTX: 4.6 � 0.9 Hz, n 
 13;
3 h MK: 2.8 � 0.5 Hz, n 
 9; 24 h MK801: 5.6 � 1.3 Hz, n 
 11;
48 h TTX: 7.3 � 1.2 Hz, n 
 22; 48 h TTX/NASPM: 3.7 � 0.8 Hz,
n 
 7; all others NS p � 0.05 to Control by one-way ANOVA).
Based on the developmental age of our cultures (14 –16 DIV) and
prior work by others, this increase in mEPSC frequency accom-
panying rapid homeostatic scaling-up of mEPSC amplitudes in-
duced by TTX/MK801 treatment is likely mediated by both some
amount of postsynaptic unsilencing due to recruitment of high
conductance CP-AMPARs to synapses that previously lacked de-
tectable AMPAR responses as well as GluA1 and BDNF-mediated
retrograde communication enhancing presynaptic glutamate re-
lease at all synapses where CP-AMPARs were inserted (Jakawich
et al., 2010; Lindskog et al., 2010; Groth et al., 2011). Interest-
ingly, chemical induction of LTP in cultured rodent neurons also
increases both mEPSC amplitude and frequency through post-
synaptic GluA1 CP-AMPAR recruitment (Lu et al., 2001; Fortin
et al., 2010; Keith et al., 2012).

Knock-out of AKAP150 increases basal mEPSC amplitude
and prevents rapid homeostatic scaling-up in hippocampal
neurons
A previous study found that knock-down of AKAP150 expres-
sion using RNAi inhibited the increases in Ser845 phosphoryla-
tion and GluA1 surface expression that accompany homeostatic
scaling-up in cortical neurons (Diering et al., 2014). However, the
role of AKAP150 in directly regulating AMPAR synaptic strength
(i.e., mEPSC amplitude) was not examined in this previous study
nor were the specific roles of AKAP-anchored PKA versus CaN
signaling, both of which would be inhibited by RNAi knockdown
of AKAP150. Accordingly, to compare to previous work using
RNAi knockdown, we first examined homeostatic scaling-up in
hippocampal neurons cultured from AKAP150 KO mice (Tun-
quist et al., 2008). In contrast to the robust scaling-up of mEPSC
amplitudes and increased mEPSC frequency seen in WT mouse
neurons in response to either the 4 or 24 h TTX/MK treatments
(Fig. 2A,B, I, J), AKAP150 KO neurons failed to show any in-
creases in mEPSC amplitude (Fig. 2C,D, I; KO Control: 18.6 �
0.9 pA, n 
 28; KO 4 h TTX/MK: 19.7 � 1.3 pA, n 
 22; KO 24 h
TTX/MK: 18.6 � 1.0 pA, n 
 28; all NS p � 0.05 to KO Control
by one-way ANOVA) or frequency compared with the untreated
controls (Fig. 2J; KO Control: 6.5 � 0.9 Hz, n 
 28; KO 4 h
TTX/MK: 7.2 � 1.35 Hz, n 
 22; KO 24 h TTX/MK: 7.6 � 1.4 Hz,
n 
 28; all NS p � 0.05 to KO Control by one-way ANOVA).
However, under control conditions mEPSC frequency was simi-
lar (Fig. 2J), but, surprisingly, the cumulative distribution of
mEPSC amplitudes was already right-shifted (Fig. 2D) and
mEPSC mean amplitude was already significantly increased in
AKAP150 KO compared with WT controls. This basal amplitude
increase was then maintained after the 4 and 24 h TTX/MK treat-
ments (Fig. 2D, I; all #p � 0.05 to WT Control by one-way
ANOVA). Thus, the basal increase in mEPSC amplitude in
AKAP150 KO neurons may be occluding homeostatic scaling-up.

AKAP150-anchored PKA and CaN are both required for rapid
homeostatic scaling-up
As alluded to above, AKAP150 KO/RNAi knockdown eliminates/
suppresses all of the many functions of this multifunctional scaf-

fold (Fig. 2A), including structural interactions with membrane
lipids (Dell’Acqua et al., 1998; Keith et al., 2012), the actin cyto-
skeleton (Gomez et al., 2002), cell adhesion molecules (Gorski et
al., 2005), and other postsynaptic scaffold proteins (Colledge et
al., 2000; Bhattacharyya et al., 2009; Robertson et al., 2009), an-
choring of adenylyl cyclase (Bauman et al., 2006; Efendiev et al.,
2010; Willoughby et al., 2010) and PKC (Klauck et al., 1996;
Hoshi et al., 2003; Tavalin, 2008; Hoshi et al., 2010), as well as the
opposing signaling functions of anchored PKA and CaN (Carr et
al., 1992; Glantz et al., 1992; Coghlan et al., 1995; Dell’Acqua et
al., 2002). Thus, given that both increased PKA and decreased
CaN signaling have been linked to regulation of GluA1 phos-
phorylation and synaptic function during scaling-up, as dis-
cussed above, AKAP150 KO/RNAi alone is not sufficient to
determine the role of this signaling complex in homeostatic plas-
ticity or other previously characterized neuronal functions
(Hoshi et al., 2005; Oliveria et al., 2007; Jurado et al., 2010; Keith
et al., 2012; Zhang and Shapiro, 2012; Dittmer et al., 2014; Mur-
phy et al., 2014). To specifically investigate the roles of anchored
PKA versus CaN in homeostatic synaptic potentiation, we used
hippocampal neurons cultured from our previously generated
AKAP150 knock-in mice that are selectively deficient in PKA
anchoring (Fig. 2E; �PKA, in-frame deletion of residues 709 –718
in the amphipathic �-helical PKA-RII anchoring domain; Mur-
phy et al., 2014; Sanderson et al., 2016) or CaN anchoring (Fig.
2G; �PIX, in-frame deletion of residues 655– 661 constituting the
PxIxIT-like CaNA anchoring motif; Oliveria et al., 2007; Sander-
son et al., 2012). AKAP150 �PKA and �PIX mice (as well as
PKA-anchoring deficient AKAP150 D36 mice; Lu et al., 2007)
have been instrumental in elucidating the specific roles of
AKAP150-anchored PKA and CaN in regulating Hebbian plas-
ticity where LTP/LTD (and in some cases behavioral) phenotypes
in these knock-in mice were found to be not only distinct from
one another but also from those observed in AKAP150 KO mice
(Lu et al., 2007, 2008; Tunquist et al., 2008; Weisenhaus et al.,
2010; Sanderson et al., 2012, 2016; Zhang et al., 2013).

Interestingly, genetic deletion of either PKA anchoring in
�PKA mice (Fig. 2E,F) or CaN anchoring in �PIX mice (Fig.
2G,H) was sufficient to prevent homeostatic scaling-up of
mEPSC amplitude in response to both the 4 and 24 h TTX/MK
treatments (Fig. 2I; �PKA Control: 14.8 � 1.0 pA, n 
 26; �PKA
4 h TTX/MK: 16.4 � 0.9 pA, n 
 14; �PKA 24 h TTX/MK: 15.3 �
0.9 pA, n 
 22; �PIX Control: 15.7 � 0.7 pA, n 
 31; 4 h �PIX
TTX/MK: 15.2 � 1.2 pA, n 
 20; �PIX 24 h TTX/MK: 15.0 � 0.8
pA, n 
 23; all NS p � 0.05 compared with respective controls by
one-way ANOVA). In addition, neither the 4 nor 24 h TTX/MK
treatment increased mEPSC frequency in neurons from �PKA or
�PIX mice (Fig. 2J; �PKA Control: 8.9 � 1.5 Hz, n 
 24; �PKA
4 h TTX/MK: 8.8 � 2.2 Hz, n 
 14; �PKA 24 h TTX/MK: 8.8 �
1.4 Hz, n 
 22; �PIX Control: 9.9 � 1.7 Hz, n 
 31; �PIX 4 h
TTX/MK: 6.2 � 1.3 Hz, n 
 20; �PIX 24 h TTX/MK: 11.7 � 2.2
Hz, n 
 23; all NS p � 0.05 compared with respective controls by
one-way ANOVA). However, in contrast to AKAP150 KO neu-
rons, basal mEPSC amplitudes in untreated controls were not
increased in �PKA and �PIX neurons compared with WT neu-
rons (Fig. 2F,H,I; both NS p � 0.05 compared with WT Control
by one-way ANOVA). Thus, unlike with complete loss of all
AKAP150 signaling functions in KO neurons, the impaired ho-
meostatic plasticity observed with selective loss of PKA or CaN
anchoring in �PKA and �PIX neurons cannot be attributed to
increased basal AMPAR transmission.
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AKAP150-anchored PKA and CaN control homeostatic
synaptic plasticity through opposing regulation of
CP-AMPAR synaptic recruitment
Inhibition of scaling-up by inclusion of NASPM during the 4 and
24 h TTX/MK and 48 h TTX treatments in WT neurons in Figure
1 is consistent with a requirement for CP-AMPARs in induction
and/or expression of homeostatic plasticity. To independently
confirm a requirement for CP-AMPAR in expression of rapid
homeostatic scaling (as seen in previous work; Sutton et al.,
2006), we also performed recordings from the same cells before
and after application of the CP-AMPAR antagonist IEM1460 for
WT neurons under control conditions or following induction of
scaling with 4 or 24 h TTX/MK treatment (Fig. 3A). In WT con-
trol neurons, IEM1460 had no measurable impact on mEPSC
amplitude (Fig. 3B; WT Control before vs after �IEM only 1 of 7
neurons: ***p � 0.001 by K–S test; Fig. 3C; WT Control: 14.3 �
1.4 pA, �IEM 13.9 � 1.0 pA, n 
 7; NS p � 0.05 by paired t test)

or frequency (Fig. 3E; WT Control: 7.3 � 1.7 Hz, �IEM 7.1 � 1.8
Hz, n 
 7; NS p � 0.05 by paired t test) consistent with GluA2-
containing AMPARs supporting the majority of basal transmis-
sion in hippocampal neurons (Lu et al., 2009; Rozov et al., 2012).
In contrast, following induction of scaling-up with 4 or 24 h
TTX/MK treatment, IEM application essentially completely re-
versed the observed increases in mEPSC amplitude [Fig. 3B; WT
24 h TTX/MK before vs after �IEM 6 of 6 neurons: ***p � 0.001
by K–S test; WT 4 h TTX/MK before vs after IEM 8 of 14 neurons:
***p � 0.001 by K–S test (amplitude distributions not shown);
Fig. 3D; 4 h TTX/MK: 21.2 � 1.8 pA, �IEM 15.8 � 0.8 pA, n 

14, **p � 0.01 by paired t test; 24 h TTX/MK: 19.5 � 1.7 pA,
�IEM 14.3 � 0.9 pA, n 
 6, **p � 0.01 by paired t test] and
frequency (Fig. 2E; 4 h TTX/MK: 15.8 � 5.0 Hz, �IEM 7.9 � 1.9
Hz; n 
 14; *p � 0.05 by paired t test; 24 h TTX/MK: 18.4 � 5.3
Hz, �IEM 8.5 � 2.5 Hz; n 
 6; *p � 0.05 by paired t test).
Application of IEM1460 also substantially reduced the increase in

Figure 2. Rapid homeostatic synaptic potentiation in hippocampal neurons requires AKAP150-anchoring of both PKA and CaN: disruption by knock-out of AKAP150 (KO) and genetic deletion of
PKA-anchoring (�PKA) or CaN-anchoring (�PIX). A, Representative mEPSC recordings and (B) cumulative plots of mEPSC amplitudes showing scaling-up induced by 4 or 24 h TTX (2 �M) with
MK801 (10 �M) present for the last 3 h (4 h TTX/MK or 24 h TTX/MK) in 15–16 DIV WT mouse hippocampal neurons (data are reproduced from Fig. 1A and B). C, Representative mEPSC recordings
and (D) cumulative plots of mEPSC amplitudes showing that scaling-up induced by 4 or 24 h TTX/MK treatment is absent in neurons from AKAP150 KO mice. Under basal conditions AKAP150 KO
neurons already exhibit a rightward shift in mEPSC amplitude distribution toward larger amplitudes compared with WT controls (black line) and the 4 and 24 h TTX/MK treatments fail to produce
any additional shifts. E, Representative mEPSC recordings and (F ) cumulative plots of mEPSC amplitudes showing that scaling-up induced by 4 or 24 h TTX/MK is absent in neurons from PKA
anchoring-deficient AKAP150�PKA mice. G, Representative mEPSC recordings and (H ) cumulative plots of mEPSC amplitudes showing that scaling-up induced by 4 or 24 h TTX/MK is absent in
neurons from CaN anchoring-deficient AKAP150�PIX mice. Bar graph summaries of data in A–H showing the 4 and 24 h TTX/MK conditions induce significant increases in mean mEPSC (I ) amplitude
and (J ) frequency in hippocampal neurons from WT but not from AKAP150 KO, �PKA, or �PIX mice. *p � 0.05, **p � 0.01 to corresponding Controls by one-way ANOVA; #p � 0.05 to WT Control
by one-way ANOVA. Error bars indicate SEM.
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mean mEPSC amplitude (Fig. 1J; 48 h TTX: 23.7 � 1.3 pA, n 

22; 48 h TTX�IEM: 16.8 � 1.1 pA, n 
 6; #p 
 0.015 by t test)
and the rightward-shift in mEPSC amplitude distribution (Fig.
1I) observed above for scaling-up induced with 48 h TTX treat-
ment; IEM had no impact on mEPSC frequency compared with
48 h TTX alone (Fig. 1K; 48 h TTX: 7.3 � 1.2 Hz, n 
 22; 48 h
TTX�IEM: 7.4 � 1.2, n 
 6; NS by t test). However, unlike for 4
and 24 h TTX/MK scaling-up, IEM was not as effective as
NASPM in completely reversing the right-shifted mEPSC ampli-
tude distribution (Fig. 1I) or the increased mean mEPSC ampli-

tude for 48 h TTX scaling-up (Fig. 1J; 48 h TTX/NASPM
compared with 48 h TTX�IEM ^p 
 0.022 by t test). This in-
complete effect of IEM in reversing scaling-up compared with the
complete effect of NASPM in preventing scaling-up indicates
that CP-AMPARs are important for both the induction and ex-
pression of homeostatic potentiation in response to 48 h TTX treat-
ment but that GluA2-containing AMPARs are also likely making
contributions to expression. This result is consistent with several
previous studies showing that interfering with GluA2 expression and
its regulators can also disrupt homeostatic synaptic plasticity, espe-

Figure 3. Rapid homeostatic synaptic potentiation in hippocampal neurons requires CP-AMPAR synaptic recruitment that is mediated by AKAP150-anchored PKA and opposed by AKAP150-
anchored CaN. A, Representative mEPSC recordings, (B) bar graph of mean mEPSC amplitude, (C, D) cumulative plots of mEPSC amplitudes, and (E) bar graph of mean mEPSC frequency showing that
the CP-AMPAR antagonist IEM1460 (70 �M) acutely inhibits expression of rapid homeostatic scaling-up in WT mouse neurons. The same neurons were recorded for a 4 –5 min baseline period
followed by 5–10 min of additional recording in IEM1460. IEM significantly depresses mEPSC amplitude and frequency after induction of homeostatic scaling up with 4 h TTX/MK (*p � 0.05,
**p �0.01 to�IEM by unpaired t test) but not under Control conditions. F, Representative mEPSC recordings, (G) bar graph of mean mEPSC amplitude,(H, I ) cumulative plots of mEPSC amplitudes,
and (J ) bar graph of mean mEPSC frequency showing that neurons from AKAP150KO mice express IEM1460-sensitive synaptic CP-AMPARs that are responsible for basally increased mEPSC activity
(*p � 0.05, **p � 0.01 to �IEM by paired t test) and occlude homeostatic scaling-up in response to 4 h TTX/MK (*p � 0.05, **p � 0.01 to �IEM by paired t test) and 24 h TTX/MK treatments
(*p � 0.05, **p � 0.01 to �IEM by paired t test). K, Representative mEPSC recordings, (L) bar graph of mean mEPSC amplitude, (M, N ) cumulative plots of mEPSC amplitudes, and (O) bar graph
of mean mEPSC frequency showing that impaired homeostatic scaling-up in neurons from AKAP150�PKA mice is associated with a failure to recruit CP-AMPARs to synapses following TTX/MK
treatments. P, Representative mEPSC recordings, (Q) bar graph of mean mEPSC amplitude, (R, S) cumulative plots of mEPSC amplitudes, and (T ) bar graph of mean mEPSC frequency showing that
neurons from AKAP150�PIX mice express IEM1460-sensitive synaptic CP-AMPARs under control conditions (**p � 0.01 to �IEM by paired t test) that prevent homeostatic scaling-up in response
to subsequent TTX/MK treatments, despite not exhibiting any basal increases in mEPSC amplitude (*p � 0.05, **p � 0.01 to �IEM by paired t test). Error bars indicate SEM.
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cially when induced with prolonged (48–72 h) TTX treatments
(Gainey et al., 2009; 2015; Anggono et al., 2011; Ancona Esselmann
et al., 2017; but see Altimimi and Stellwagen, 2013).

Based on our confirmation that synaptic incorporation of CP-
AMPARs is crucial for not only induction but also expression of
scaling-up in WT mouse hippocampal neurons, we hypothesized
that the impaired homeostatic plasticity observed in AKAP150
KO, �PKA, and �PIX neurons could be due to alterations in
CP-AMPAR regulation in these mutant mice. Consistent with
this idea, previous work on Hebbian plasticity mechanisms found
that AKAP150-anchored PKA and CaN oppose each other in
regulating synaptic incorporation and removal of CP-AMPARs
during LTP and LTD at CA1 synapses. In particular, PKA
anchoring-deficient �PKA and D36 mice exhibited impaired CP-
AMPAR synaptic recruitment during LTP and LTD, whereas
CaN anchoring-deficient �PIX mice exhibited enhanced CP-
AMPAR synaptic recruitment during LTP and impaired removal
during LTD (Lu et al., 2007; Sanderson et al., 2012, 2016). Con-
sistent with the idea that impaired scaling-up in �PKA neurons is
due to a failure to recruit CP-AMPARs to synapses, IEM1460 had
no impact on mEPSC transmission in �PKA neurons under basal
conditions (Fig. 3L; �PKA Control: 13.2 � 0.7 pA, �IEM 12.8 �
0.6 pA, n 
 14, NS p � 0.05 by paired t test; Fig. 3M; before vs
after �IEM only 1 of 14 neurons: ***p � 0.001 by K–S test; Fig.
3O; �PKA Control: 5.5 � 1.0 Hz, �IEM 4.3 � 0.9 Hz, n 
 14, NS
p � 0.05 by paired t test) or after the 4 and 24 h TTX/MK treat-
ments [Fig. 3L; 4 h TTX/MK: 15.2 � 1.0 pA, �IEM 14.9 � 0.7 pA,
n 
 9, NS p � 0.05 by paired t test; 24 h TTX/MK: 14.2 � 1.0 pA,
�IEM 13.8 � 0.8 pA, n 
 7, NS p � 0.05 by paired t test; Fig. 3N;
4 h TTX/MK before vs after �IEM only 1 of 9 neurons: ***p �
0.001 by K–S test (cumulative distributions not plotted); 24 h
TTX/MK before vs after �IEM only 1 of 7 neurons: ***p � 0.001
by K–S test; Fig. 3O; 4 h TTX/MK: 6.8 � 2.6 Hz, �IEM 5.4 � 1.7
Hz, n 
 9, NS p � 0.05 by paired t test; 24 h TTX/MK: 6.9 � 1.5
Hz, �IEM 4.8 � 0.9 Hz, n 
 7; NS p � 0.05 by paired t test].
Thus, genetic disruption of AKAP150-PKA anchoring prevents
CP-AMPAR synaptic incorporation, not only during LTP/LTD,
but also during homeostatic potentiation.

We previously found that �PIX mice, unlike WT or �PKA,
have substantially increased contributions of CP-AMPARs to
otherwise normal basal AMPAR transmission at CA1 synapses
(Sanderson et al., 2012, 2016). Accordingly, application of
IEM1460 to �PIX cultured neurons (Fig. 3P) under basal control
conditions caused significant decreases in mEPSC amplitude
(Fig. 3Q; �PIX Control: 15.6 � 0.8 pA, �IEM 12.5 � 0.8 pA, n 

20; **p � 0.01 by paired t test; Fig. 3R; before vs after �IEM 15 of
20 neurons: ***p � 0.001 by K–S test) and frequency (Fig. 3T;
�PIX Control: 9.8 � 2.4 Hz, �IEM 5.9 � 1.1 Hz, n 
 20; **p �
0.01 by paired t test). Interestingly, the increased basal mEPSC
transmission observed in AKAP150 KO neurons was also sensi-
tive to inhibition by IEM1460 (Fig. 3G; KO Control: 19.5 � 1.6
pA, �IEM 14.4 � 0.7 pA, n 
 10; **p � 0.01 by paired t test; Fig.
3H; before vs after �IEM 9 of 10 neurons: ***p � 0.001 by K–S
test; Fig. 3J; KO Control: 7.8 � 1.7 Hz, �IEM 4.1 � 0.9 Hz, n 

10; *p � 0.05 by paired t test). Furthermore, impaired homeo-
static scaling-up was correlated with maintained sensitivity to
IEM1460 after the 4 and 24 h TTX/MK treatments, not only in
�PIX neurons [Fig. 3R; 4 h TTX/MK: 15.3 � 1.6 pA, �IEM
16.3 � 1.3 pA, n 
 10, *p � 0.05 by paired t test; 24 h TTX/MK:
14.1 � 1.1 pA, �IEM 11.3 � 0.6 pA, n 
 8, **p � 0.01 by paired
t test; Fig. 3S; 4 h TTX/MK before vs after �IEM 6 of 10 neurons:
***p � 0.001 by K–S test (cumulative distributions not plotted);
24 h TTX/MK before vs after �IEM 8 of 8 neurons: ***p � 0.001

by K–S test; Fig. 3T; 4 h TTX/MK: 5.9 � 2.2 Hz, �IEM 3.4 � 1.3
Hz, n 
 10, *p � 0.05 by paired t test; 24 h TTX/MK: 14.5 � 4.6
Hz, �IEM 5.4 � 2.2 Hz, n 
 8, *p � 0.05 by paired t test], but also
in AKAP150 KO neurons [Fig. 3G; 4 h TTX/MK: 20.5 � 2.1 pA,
�IEM 16.3 � 1.3 pA, n 
 10, **p � 0.01 by paired t test; 24 h
TTX/MK: 20.3 � 1.8 pA, �IEM 17.4 � 1.2 pA, n 
 10, *p � 0.05
by paired t test; Fig. 3I; 4 h TTX/MK: 20.5 � 2.1 pA before vs after
�IEM 8 of 10 neurons: ***p � 0.001 by K–S test (cumulative
distributions not plotted); 24 h TTX/MK before vs after �IEM 6
of 10 neurons: ***p � 0.001 by K–S test; Fig. 3J; 4 h TTX/MK:
5.4 � 1.4 Hz, �IEM 3.2 � 1.1 Hz, n 
 10, *p � 0.05 by paired t
test; 24 h TTX/MK: 9.0 � 2.5 Hz, �IEM 4.0 � 1.1 Hz, n 
 10,
*p � 0.05 by paired t test]. Thus, basally increased synaptic CP-
AMPAR activity in both �PIX and KO neurons appears to be
occluding subsequent homeostatic scaling-up, even in the ab-
sence of increased overall basal mEPSC transmission in the case
of �PIX.

Homeostatic synaptic plasticity is associated with opposing
regulation of GluA1 S845 phosphorylation by
AKAP150-anchored PKA and CaN
As mentioned, previous studies found that phosphorylation of
GluA1 Ser845 plays a key role in regulating CP-AMPAR traffick-
ing to control synaptic insertion/removal dynamics during LTP/
LTD (H. K. Lee et al., 2003, 2010; Lu et al., 2007; He et al., 2009;
Qian et al., 2012; Sanderson et al., 2012, 2016; Zhang et al., 2013).
In addition, several studies indicate that increased Ser845 phos-
phorylation is also required for homeostatic scaling-up induced
by 48 h TTX treatment and that the phospho-deficient GluA1
S845A mutation prevents this scaling-up (Diering et al., 2014;
Kim and Ziff, 2014; Kim et al., 2015a,b). To examine whether
Ser845 phosphorylation is also regulated during the rapid ho-
meostatic scaling-up examined here, we analyzed whole-cell ex-
tracts from WT neurons under control conditions and following
4 h TTX/MK treatment by immunoblotting with antibodies rec-
ognizing phospho-Ser845 followed by stripping and re-probing
to detect total GluA1 levels (Fig. 4A). Importantly, measurement
of phospho-Ser845/total GluA1 normalized to the WT control
condition revealed that induction of homeostatic scaling-up with
4 h TTX/MK resulted in an �2-fold increase in Ser845 phosphor-
ylation in WT neurons (Fig. 4B; WT Control: 1.0 � 0.1, n 
 7; 4 h
TTX/MK: 2.2 � 0.5, n 
 8; *p � 0.019 by unpaired t test). In
contrast, 4 h TTX/MK treatment failed to significantly increase
Ser845 phosphorylation in neurons cultured from AKAP150 KO
(Fig. 4A,B; KO Control: 1.3 � 0.2, n 
 9; KO 4 h TTX/MK: 1.9 �
0.4, n 
 9; NS p 
 0.10 by unpaired t test) and �PKA mice (Fig.
4A,B; �PKA Control: 1.1 � 0.4, n 
 6; �PKA 4 h TTX/MK: 1.4 �
0.5, n 
 6; NS p 
 0.31 by unpaired t test). Neurons from
AKAP150 �PIX mice already exhibited significantly increased
(�2-fold) basal S845 phosphorylation ( #p 
 0.049 to WT Con-
trol by unpaired t test) and did not show any further increase after
4 h TTX/MK treatment (Fig. 4A,B; �PIX Control: 2.3 � 0.7, n 

7; �PIX 4 h TTX/MK: 2.2 � 0.5, n 
 7; NS p 
 0.46 to Control;
#p 
 0.028 to WT Control by unpaired t test). Thus, �PIX neu-
rons exhibited constitutively elevated levels of both CP-AMPAR
activity and GluA1 phosphorylation that were similar to those
observed in WT neurons only after induction of scaling-up, con-
sistent with some sort of occlusion mechanism. In contrast, de-
spite no basal decrease in Ser845 phosphorylation, �PKA
neurons appeared unable to effectively engage PKA signaling to
increase Ser845 phosphorylation in response to induction of ho-
meostatic scaling. Interestingly, the elevated basal CP-AMPAR
activity in AKAP150 KO neurons was not accompanied by signif-
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icantly enhanced basal GluA1 phosphorylation, and 4 h TTX/MK
treatment produced a variable but nonsignificant trend (p 

0.10) toward increased phosphorylation, suggesting that simul-
taneous loss of anchored PKA and CaN may somewhat offset
each other but with the net result still being less effective control
of GluA1 phosphorylation and CP-AMPAR activity both basally
and during homeostatic plasticity.

AKAP150-anchored PKA and CaN are both required for
regulation of GluA1 postsynaptic localization during
homeostatic synaptic plasticity
Finally, we investigated whether the alterations in regulation of
GluA1 phosphorylation and synaptic CP-AMPAR activity ob-
served above in AKAP150 mutant mice during homeostatic po-
tentiation were also reflected in corresponding changes in GluA1
synaptic localization. We used immunofluorescence microscopy
to image the localization of total GluA1 (both intracellular and
cell surface pools) in hippocampal dendrites relative to its major
postsynaptic density (PSD) scaffold protein PSD-95 under con-
trol conditions and after 4 h TTX/MK treatment (Fig. 5A). Quan-
tification of total GluA1/PSD-95 colocalization from images of
dendrites using Pearson’s correlation (r) revealed that induction
of rapid homeostatic scaling in WT neurons with 4 h TTX/MK
treatment increased total GluA1 localization �40% at postsyn-
aptic sites defined by PSD-95 [Fig. 5B; WT 4 h TTX/MK 1.39 �
0.06 fold-change normalized to Control, n 
 24 (n 
 26 Con-

trol); ***p � 0.0001 by unpaired t test].
However, 4 h TTX/MK failed to increase
total GluA1/PSD-95 colocalization in
neurons cultured from AKAP150 KO
[Fig. 5B; KO 4 h TTX/MK: 0.80 � 0.10
fold-change normalized to Control, n 
 7
(n 
 14 Control), NS p 
 0.25 by un-
paired t test] or �PKA mice [Fig. 5B;
�PKA 4 h TTX/MK: 1.05 � 0.06 fold-
change normalized to Control, n 
 28
(n 
 24 Control), NS p 
 0.59 by un-
paired t test]. Total GluA1/PSD-95 colo-
calization actually decreased slightly in
�PIX mouse neurons after 4 h TTX/MK
[Fig. 5B; �PIX 4 h TTX/MK: 0.83 � 0.06,
n 
 28 (n 
 45 Control); *p 
 0.048 to
Control by unpaired t test]. Similar results
were obtained when this postsynaptic
colocalization analysis was repeated
using immunostaining to detect only the
plasma membrane cell surface pool of
GluA1 (Fig. 5C,D). Accordingly, we found
that 4 h TTX/MK treatment robustly in-
creased (�50%) synaptic surface GluA1
localization in WT neurons compared
with untreated controls [Fig. 5D; WT:
1.53 � 0.04-fold normalized to Control,
n 
 23 (n 
 31 Control), ***p � 0.0001 by
t test]. However, synaptic surface GluA1
localization was unchanged in �PIX
neurons and only modestly increased
(�20%) in AKAP150 KO and �PKA neu-
rons after 4 h TTX/MK treatment [Fig.
5D; KO: 1.24 � 0.06-fold normalized to
Control, n 
 9 (n 
 11 Control), *p 

0.017 by t test; �PKA: 1.19 � 0.07-fold
normalized to Control, n 
 13 (n 
 24

Control), *p 
 0.019 by t test; �PIX: 0.92 � 0.06-fold normalized
to Control, n 
 13 (n 
 28 Control), NS p 
 0.21 by t test]. Thus,
the failure of 4 h TTX/MK treatment to robustly increase total
and surface postsynaptic GluA1/PSD-95 colocalization in all
three AKAP150 mutant mouse lines compared with WT mice
also corresponds with the inability of these mutants to effectively
regulate Ser845 phosphorylation (Fig. 4) and induce homeostatic
increases in AMPAR mEPSC activity (Figs. 2, 3) in response to
this same treatment above.

Discussion
Our findings significantly expand the understanding of homeo-
static synaptic plasticity mechanisms and provide new apprecia-
tion for how interconnected they are with those controlling LTP/
LTD. Specifically, we confirm and extend previous work showing
that PKA/CaN regulation of GluA1 phosphorylation and CP-
AMPAR synaptic incorporation are associated not only with
LTP/LTD (Kameyama et al., 1998; H. K. Lee et al., 1998; 2000,
2003; 2010; Lu et al., 2007; Qian et al., 2012; Sanderson et al.,
2012, 2016; Zhang et al., 2013) but also with homeostatic synaptic
potentiation (Goel et al., 2011; Diering et al., 2014; Kim and Ziff,
2014). Most importantly, we show that homeostatic plasticity,
like LTP/LTD, critically depends on PKA and CaN targeting to
CP-AMPARs by the AKAP150 scaffold. Remarkably, by using a
series of AKAP150 mutant mice, we found that just delocalizing
PKA or CaN from this AKAP signaling complex profoundly al-

Figure 4. Induction of rapid homeostatic synaptic potentiation in hippocampal neurons increases phosphorylation of GluA1–
S845 by AKAP150-anchored PKA in opposition to AKAP150-anchored CaN. A, Representative immunoblots of whole-cell extracts of
hippocampal neurons cultured from WT, AKAP150 KO,�PKA, or�PIX mice to detect phospho-GluA1-S845 (pS845) levels followed
by stripping and re-probing to detect total GluA1 levels. Note: Left, Extracts from WT and KO were analyzed on the same blot using
the same exposures, but then the lanes were rearranged for presentation. B, Quantification of the ratio of pS845/total GluA1
normalized to WT control (always present on the same blot) shows that induction of rapid homeostatic scaling-up with 4 h TTX/MK
significantly increases S845 phosphorylation in neurons from WT (*p�0.05 by unpaired t test) but not AKAP150 KO or�PKA mice.
Neurons from AKAP150�PIX mice already exhibit increased basal S845 phosphorylation and do not show any further increase after
4 h TTX/MK treatment ( #p � 0.05 to WT Control by unpaired t test). Error bars indicate SEM.
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ters regulation of GluA1 phosphorylation
and CP-AMPAR synaptic function to im-
pact both forms of plasticity.

As shown here, selective disruption of
AKAP150-PKA anchoring prevented in-
creased GluA1 Ser845 phosphorylation
and CP-AMPAR incorporation to medi-
ate homeostatic synaptic potentiation
in hippocampal neurons, as previously
shown for CA1 LTP ex vivo in acute slices
from adult mice (Lu et al., 2007). How-
ever, LTP can still be induced in �PKA
mice (and related D36 mice; Lu et al.,
2007; Sanderson et al., 2016) under con-
ditions where GluA1 subunits and CP-
AMPAR synaptic incorporation are not
strictly required, such as in juveniles (Jen-
sen et al., 2003; Kolleker et al., 2003; H. K.
Lee et al., 2003; Plant et al., 2006; Adesnik
and Nicoll, 2007; Granger et al., 2013). In
the cases of complete AKAP150 KO and
selective CaN anchoring disruption, the
situation becomes more complicated.
Neurons from AKAP150 KO and �PIX
mice both exhibited increased basal CP-
AMPAR activity that apparently occluded
additional CP-AMPAR recruitment dur-
ing homeostatic scaling. Yet, increased
basal CP-AMPAR activity was only asso-
ciated with increased synaptic strength in
AKAP150 KO neurons and was only asso-
ciated with increased Ser845 phosphory-
lation in �PIX neurons. Thus, just a basal
shift in synaptic subunit composition to-
ward CP-AMPARs may be sufficient to
prevent subsequent homeostatic CP-
AMPAR recruitment, which could in part
explain why knockdown or knock-out of
GluA2 that basally increases CP-AMPARs
can impair scaling-up, although addi-
tional impacts on proteins that bind the
GluA2 C-terminal domain are also likely
involved (Gainey et al., 2009; Ancona Es-
selmann et al., 2017; but see Altimimi and
Stellwagen, 2013).

Figure 5. Induction of rapid homeostatic synaptic potentiation increases synaptic GluA1 localization in hippocampal neurons
cultured from WT but not AKAP150 KO,�PKA, or�PIX mice. A, Representative images showing total GluA1 (magenta) and PSD-95
(green) colocalization (white) in 16 DIV hippocampal neurons cultured from WT, AKAP150 KO, �PKA, or �PIX mice under control
conditions or after induction of rapid homeostatic scaling-up with 4 h TTX/MK treatment. Bottom, Magnifications of dendrites.
Scale bars, 5 �m. B, Quantification of fold-change in total synaptic GluA1 colocalization with PSD-95 from images as in A using
Pearson’s correlation (r) shows that induction of homeostatic scaling-up with 4 h TTX/MK significantly increases GluA1/PSD-95
colocalization in WT (***p �0.001 to Control by unpaired t test) but not KO or�PKA mouse neurons (both NS p �0.05 to Controls
by unpaired t test). Total GluA1/PSD-95 colocalization actually decreases slightly in �PIX mouse neurons after 4 h TTX/MK
(*p � 0.05 to Control by unpaired t test). Error bars indicate SEM. C, Representative images showing surface GluA1 (magenta)

4

and PSD-95 (green) colocalization (white) in 16 DIV hip-
pocampal neurons cultured from WT, AKAP150 KO, �PKA, or
�PIX mice under control conditions or after induction of rapid
homeostatic scaling-up with 4 h TTX/MK treatment. Bottom,
Magnifications of dendrites. Scale bars, 5 �m. D, Quantifica-
tion of fold-change in synaptic surface GluA1 colocalization
with PSD-95 from images as in C using Pearson’s correlation (r)
shows that induction of homeostatic scaling-up with 4 h
TTX/MK treatment increases surface GluA1/PSD-95 colocaliza-
tion in WT mouse neuron (***p � 0.0001 to Control by un-
paired t test) significantly more than in KO or �PKA mouse
neurons (both *p � 0.05 to corresponding Controls by un-
paired t test and ##p � 0.01 to WT 4 h TTX/MK by one-way
ANOVA). Surface GluA1/PSD-95 colocalization is unchanged in
�PIX mouse neurons after 4 h TTX/MK (NS p � 0.05 to Control
by unpaired t test). Error bars indicate SEM.
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The failures in homeostatic potentiation observed in
AKAP150 KO and �PIX neurons are also related to, but distinct
from, the impacts of these mutants on LTP and GluA1 phosphor-
ylation in vivo/ex vivo. The �PIX mutation significantly enhanced
basal Ser845 phosphorylation both when analyzed here in vitro in
cultured neurons, as well as when analyzed previously in vivo in
hippocampal tissue and ex vivo in acute slices (Sanderson et al.,
2012). In the case of AKAP150 KO mice, basal Ser845 phosphor-
ylation was either unchanged (in vitro here and ex vivo; Lu et al.,
2007; Zhang et al., 2013) or decreased (in vivo; Tunquist et al.,
2008). Nonetheless, AKAP150 KO mice express normal
NMDAR-dependent CA1 LTP in both juvenile and adult mice
(Weisenhaus et al., 2010), and juvenile �PIX mice express en-
hanced CA1 LTP through CP-AMPAR recruitment (Sanderson
et al., 2012). Thus, although it was not determined whether
AKAP150 KO mice have altered basal CA1 synaptic AMPAR sub-
unit composition, it is clear in the case of �PIX mice that, unlike
with scaling-up, basal CP-AMPAR incorporation does not oc-
clude LTP mediated by additional CP-AMPAR recruitment. In-
terestingly, both AKAP150 KO and PKA anchoring-deficient
D36 mice do show deficits in another L-type Ca 2� channel-
dependent form of LTP that requires GluA1 Ser845 phosphory-
lation and CP-AMPAR recruitment to synapses (Qian et al.,
2012, 2017; Zhang et al., 2013; Patriarchi et al., 2016). Thus,
overall, the roles of AKAP150-anchored PKA and CaN in regu-
lating CP-AMPARs during homeostatic potentiation and LTP
are overlapping but clearly not identical.

Nonetheless, this convergence of PKA/CaN regulation of LTP
and homeostatic plasticity is still surprising, given that LTP is
induced by brief, but strong, postsynaptic depolarization and
increased NMDAR Ca2� influx, while here we induced scaling-
up with prolonged blockade of neuronal firing and NMDAR
Ca 2� influx. Yet, in both cases what might be crucial is the rela-
tive balance of local PKA and CaN signaling near GluA1, first
basally and then how that balance changes with alterations in
neuronal activity. Because of four S845 phosphorylation sites in a
GluA1 homomer (compared with 2 in a GluA1/2 heteromer), the
importance of this PKA/CaN signaling may be amplified in the
case of CP-AMPAR regulation. Previous work by others found
that pharmacologic inhibition of CaN phosphatase activity was
sufficient to increase Ser845 phosphorylation and CP-AMPAR
synaptic incorporation and mimic scaling-up in cortical neurons
(Kim and Ziff, 2014). This prior study is in part consistent with
our observations for �PIX mice, where loss of local CaN signaling
leads to a dramatic shift toward phosphorylation of Ser845 and
basal CP-AMPAR synaptic incorporation. However, this basal
CP-AMPAR recruitment in �PIX did not increase basal synaptic
strength and fully mimic scaling-up, indicating that GluA1 CP-
AMPARs are replacing existing GluA2-containing AMPARs in
�PIX neurons, rather than adding to them as with CaN inhibi-
tion. Nonetheless, subsequent induction of homeostatic potenti-
ation was impaired in �PIX likely due to this already imbalanced
PKA/CaN signaling in favor of PKA. AKAP150 KO mice in part
phenocopy loss of CaN anchoring and/or inhibition of CaN ac-
tivity, in that basal CP-AMPAR activity and synaptic strength
are increased. However, Ser845 phosphorylation analysis in
AKAP150 KO mice suggests more similarity to loss of PKA
anchoring in �PKA mice in that, despite normal basal phosphor-
ylation, the ability to increase S845 phosphorylation and effi-
ciently deliver GluA1 to synapses is impaired.

Basal AKAP150-anchored PKA activity toward GluA1 is likely
at least in part cAMP-independent, as shown for other AKAP-
linked substrates (F. D. Smith et al., 2013), but can be further

stimulated by cAMP downstream of either Gs or Ca 2�-CaM ac-
tivation of adenylyl cyclases 5 and 8, respectively, which are di-
rectly bound to the AKAP (Bauman et al., 2006; Efendiev et al.,
2010; Willoughby et al., 2010). However, recent studies show that
AKAP-anchored type-II PKA holoenzymes do not substantially
release the catalytic C subunits from RII regulatory subunits even
after cAMP activation, resulting in PKA phosphorylation being
restricted to a �25 nm nanodomain surrounding the AKAP
(F. D. Smith et al., 2013, 2017). Thus, both basal and cAMP-
stimulated activities of AKAP150-anchored PKA are extremely
localized in nature. Indeed, Diering et al. (2014) observed in-
creased PKA substrate phosphorylation during homeostatic
scaling-up that was localized to synaptic fractions. Accordingly,
the �PKA deletion should strongly shift the local PKA/CaN bal-
ance in favor of CaN-dephosphorylation such that, even with a
reduction in Ca 2�-CaN signaling upon neuronal silencing, local
PKA signaling (whether cAMP-dependent or independent)
would not be effectively engaged to increase S845 phosphoryla-
tion or recruit CP-AMPARs. However, in the case of LTP induc-
tion in �PKA mice, the accompanying strong increase in
NMDAR Ca 2� influx could (depending on the strength of the
induction stimulus and developmental age) bypass any require-
ments for PKA phosphorylation of Ser845 and recruit GluA2-
containing AMPARs through other pathways, consistent with the
CP-AMPAR/GluA1 phosphorylation dependence of CA1 LTP
being flexible and influenced by both age and induction stimulus
(H. K. Lee et al., 2003; 2010; Plant et al., 2006; Adesnik and Nicoll,
2007; Gray et al., 2007; Lu et al., 2007; Guire et al., 2008; Yang et
al., 2010; Qian et al., 2012; Sanderson et al., 2012, 2016; White-
head et al., 2013; Park et al., 2016).

Overall, our findings paint a more complex picture than
previously appreciated of the interplay between signaling mech-
anisms underlying Hebbian and homeostatic plasticity. Impor-
tantly, this complex interplay was only revealed by studying the
specific loss of AKAP150 anchored PKA versus CaN in knock-in
mouse models, as opposed to loss of all AKAP150 functions in
KO mice, further underscoring the limitation of relying on just
KO or RNAi to understand the functions of multivalent scaffold
proteins. Our past and present results now indicate that AKAP-
anchored PKA and CaN oppose each other in regulation of
GluA1 phosphorylation and CP-AMPAR synaptic incorporation
during both LTP/LTD and homeostatic scaling-up. However, it
remains to be seen whether AKAP-anchored PKA and CaN also
regulate other mechanisms implicated in homeostatic plasticity,
such as retinoic acid signaling (Aoto et al., 2008; Wang et al.,
2011; Arendt et al., 2015), dendritic protein synthesis (Sutton et
al., 2006; Maghsoodi et al., 2008), and gene transcription (Thi-
agarajan et al., 2002; Ibata et al., 2008; Groth et al., 2011; Joseph
and Turrigiano, 2017). As mentioned in the Introduction, L-type
voltage-gated Ca 2� channels are implicated in homeostatic plas-
ticity, and interestingly, AKAP150 also targets PKA and CaN to
L-channels to control their activity and downstream signaling to
the nucleus to regulate transcription (Oliveria et al., 2007; Ditt-
mer et al., 2014; Murphy et al., 2014). Thus, perhaps we have only
just begun to unravel the role of this multifunctional AKAP150
signaling complex in homeostatic plasticity.
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