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NMDA receptor-dependent long-term potentiation (LTP) and depression (LTD) are forms of synaptic plasticity underlying learning and mem-
ory that are expressed through increases and decreases, respectively, in dendritic spine size and AMPA receptor (AMPAR) phosphorylation and
postsynaptic localization. The A-kinase anchoring protein 79/150 (AKAP79/150) signaling scaffold regulates AMPAR phosphorylation, channel
activity, and endosomal trafficking associated with LTP and LTD. AKAP79/150 is targeted to dendritic spine plasma membranes by an
N-terminal polybasic domain that binds phosphoinositide lipids, F-actin, and cadherin cell adhesion molecules. However, we do not understand
how regulation of AKAP targeting controls AMPAR endosomal trafficking. Here, we report that palmitoylation of the AKAP N-terminal poly-
basic domain targets it to postsynaptic lipid rafts and dendritic recycling endosomes. AKAP palmitoylation was regulated by seizure activity in
vivo and LTP/LTD plasticity-inducing stimuli in cultured rat hippocampal neurons. With chemical LTP induction, we observed AKAP79 den-
dritic spine recruitment that required palmityolation and Rab11-regulated endosome recycling coincident with spine enlargement and AMPAR
surface delivery. Importantly, a palmitoylation-deficient AKAP79 mutant impaired regulation of spine size, endosome recycling, AMPAR
trafficking,andsynapticpotentiation.Thesefindingsemphasizetheemergingimportanceofpalmitoylationincontrollingsynapticfunctionand
reveal novel roles for the AKAP79/150 signaling complex in dendritic endosomes.

Introduction
LTP and LTD at hippocampal synapses underlie spatial learning
and formation of declarative memories (Malenka and Bear,

2004). These forms of synaptic plasticity are induced by postsyn-
aptic NMDAR Ca 2� influx in dendritic spines that causes coor-
dinated changes in spine size and AMPAR trafficking to control
synaptic strength (Derkach et al., 2007; Newpher and Ehlers,
2009; Kasai et al., 2010). In particular, LTP activates kinases in-
cluding calcium/calmodulin-dependent protein kinase II, pro-
tein kinase C (PKC), and cAMP-dependent protein kinase (PKA)
to promote spine enlargement and AMPAR phosphorylation,
exocytosis, and lateral movement to synapses to increase synaptic
strength (Lee, 2006; Opazo and Choquet, 2011). In contrast, LTD
activates phosphatases including protein phosphatases 1, 2A, and
2B [calcineurin (CaN)] to trigger spine shrinkage and AMPAR
dephosphorylation, removal from synapses, and endocytosis to
decrease synaptic strength. These kinases and phosphatases are
localized to glutamate receptors at the postsynaptic density
(PSD) by a network of scaffold proteins (Sheng and Hoogenraad,
2007; Sanderson and Dell’Acqua, 2011). Alterations in dendritic
spine structure and postsynaptic scaffolding that regulate LTP/
LTD are implicated in a number of brain disorders including
Alzheimer’s, schizophrenia, and autism (Penzes et al., 2011).

AKAP79/150 (human 79/rodent 150) is a scaffold protein en-
coded by the AKAP5 gene that targets PKA, PKC, and CaN to the
PSD to regulate AMPAR phosphorylation, trafficking, and activ-
ity associated with LTP and LTD (Tavalin et al., 2002; Smith et al.,
2006; Lu et al., 2007, 2008; Tavalin, 2008; Jurado et al., 2010;
Sanderson and Dell’Acqua, 2011). Accordingly, AKAP150-null
and PKA-anchoring-deficient mice exhibit learning and memory
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deficits (Tunquist et al., 2008; Weisenhaus et al., 2010). AKAP79/
150 is targeted to dendritic spines by an N-terminal basic domain
that binds the acidic phospholipid phosphatidylinositol-4,5-
bisphosphate (PI4,5P2), F-actin, and cadherin adhesion mole-
cules (Dell’Acqua et al., 1998; Gomez et al., 2002; Gorski et al.,
2005; Horne and Dell’Acqua, 2007). The AKAP is linked to both
AMPAR and NMDAR by additional binding to the membrane-
associated guanylate kinase (MAGUK) scaffolds SAP97 and
PSD-95 (Colledge et al., 2000; Xu et al., 2008; Bhattacharyya et al.,
2009; Robertson et al., 2009). NMDAR activation of CaN and
phospholipase C (PLC) promotes PI4,5P2 hydrolysis and actin
depolymerization in spines leading to AMPAR endocytosis and
spine shrinkage along with disruption of AKAP interactions with
membranes, F-actin, cadherins, and PSD-95 to remove it from
spines (Gomez et al., 2002; Gorski et al., 2005; Smith et al., 2006;
Horne and Dell’Acqua, 2007). However, we still do not under-
stand how AKAP79/150 targeting is coordinated with dendritic
membrane trafficking that controls AMPAR localization and
spine size.

S-palmitoylation by palmitoyl acyl transferases (PATs) mod-
ifies Cys residues by the addition of the C-16 fatty acid palmitate.
Postsynaptic proteins including PSD-95, GRIP1, AMPAR, and
NMDAR are palmitoylated and these modifications control traf-
ficking and synaptic function (Fukata and Fukata, 2010). Here,
we report that AKAP79/150 palmityolation is controlled by neu-
ronal activity and regulates its targeting to postsynaptic mem-
brane lipid rafts and dendritic endosomes. Importantly, we find
that AKAP79/150 palmitoylation regulates spine enlargement,
endosome recycling, and AMPAR trafficking pathways associ-
ated with LTP.

Materials and Methods
Hippocampal neuron and COS7 cell culture and transfection
COS7 cells were maintained in DMEM (Invitrogen) with 10% FBS at
37°C, 5% CO2. COS7 cells were transfected by CaPO4 or Lipofectamine
2000 (Invitrogen) with GFP/CFP/YFP-tagged AKAP79 WT, C36,129S,
AKAP deletion mutants, �SAP97i3(i5), PKA-RII�, PLC�-PH, and
CaNA� expressed from previously described pEGFP, pECFP, or pEYFP
(Clontech) plasmids (Gomez et al., 2002; Oliveria et al., 2003; Horne and
Dell’Acqua, 2007; Robertson et al., 2009). TfR-mCherry and supereclip-
tic pHluorin (SEP)-TfR plasmids (Park et al., 2006) were provided by Dr.
Michael Ehlers (Howard Hughes Medical Institute/Duke University,
Durham, NC; present affiliation, Pfizer Global Research, Groton, CT).
pmCherryN1 (for AKAP79 fusion), Rab11DN-YFP, and Rab11WT-CFP
plasmids were provided by Dr. Alexander Sorkin (University of Pitts-
burgh, Pittsburgh, PA). For electrophysiological recordings, imaging
G/C/YFP and mCherry, and standard immunostaining, hippocampal
neuron cultures were prepared from postnatal day 0 –2 Sprague Daw-
ley male and female rats, plated at medium density (300 – 450 cells/
mm 2), and maintained in Neurobasal plus B27 (Invitrogen) and 200
�M GlutaMAX (Invitrogen) as previously described (Robertson et al.,
2009). For acyl-biotinyl exchange (ABE)/1-biotinamido-4-[4�-
(maleimidomethyl)cyclohexanecarboxamido]butane (BMCC) bioti-
nylation assays and GluR1 surface staining, cultures were prepared
from embryonic day 18 male and female rats and plated at high den-
sity (750 –1000 cells/mm 2) as previously described (Kang et al., 2004).
Neurons were transfected on DIV 10 –14 as indicated in the figure
legends using Lipofectamine 2000. In some cases, pSilencer-
sh150RNAi ( provided by Dr. John Scott, Howard Hughes Medical
Institute/University of Washington, Seattle, WA) was transfected to
suppress AKAP150 expression; pSilencer-sh150RNAi was previously
characterized by our laboratory and others for efficient knockdown of
rat AKAP150 for 2–12 d in hippocampal neurons and for rescue with
human AKAP79 (not recognized by the shRNAi) (Hoshi et al., 2005;
Oliveria et al., 2007; Robertson et al., 2009).

ABE and BMCC assays of AKAP150 palmitoylation in rat brain
and neurons
Palmitoylation of AKAP150 in rat brain and hippocampal neuron ex-
tracts was detected using the related ABE and BMCC-biotin labeling
methods. The ABE method was performed as published in the study by
Kang et al. (2008). Briefly hydroxylamine (HAM) was used to cleave
Cys-palmitoyl thioester linkages, and then the resulting free Cys-SH
groups were labeled with a thiol-specific biotinylation reagent to allow
protein identification by streptavidin precipitation followed by immu-
noblotting (ABE) or immunoprecipitation followed by streptavidin blot-
ting (BMCC variation). For the BMCC variation, neurons were collected
and lysed in Tris buffer (in mM: 150 NaCl, 5 EDTA, 50 Tris, pH 7.4, 20
NEM, 0.02% NaN3, 1% Triton X-100). AKAP150 was immunoprecipi-
tated and rinsed with SDS buffer (in mM: 500 NaCl, 0.1% SDS, 5 EDTA,
50 Tris, pH 7.4, 10 NEM, 0.03% NaN3). The precipitate was rinsed with
Tris buffer and treated with HAM (Tris buffer plus 1 M HAM, pH 7.0 –
7.2) for 1 h at room temperature. Proteins were then rinsed with pH 6.2
Tris buffer and incubated in biotin-BMCC solution ( pH 6.2 Tris buffer,
1 �M biotin-BMCC) for 1 h at 4°C. Proteins were washed in pH 6.2 Tris
buffer followed by PBS and then analyzed by SDS-PAGE and blotting to
nitrocellulose. Palmitoylation was detected using HRP-conjugated
streptavidin (Thermo Fisher Scientific) blotting followed by ECL detec-
tion. AKAP150 was detected by immunoblotting with ECL detection as
previously described (Robertson et al., 2009; Brandao et al., 2012).

3H-palmitate metabolic labeling of human AKAP79 in COS7 cells
COS7 cells were labeled with 1 mCi/ml 3H-palmitic acid (57 Ci/mmol;
PerkinElmer Life Sciences) in DMEM at 37°C for 3 h. Cells were lysed in
50 mM HEPES, 1% Triton X-100 buffer containing a protease inhibitor
mixture (Sigma-Aldrich). AKAP79-GFP was immunoprecipitated with
anti-GFP (Invitrogen) and separated by SDS-PAGE. Samples were split
between two gels: one gel for transfer to nitrocellulose and detection of
protein levels by anti-GFP immunoblotting with ECL detection and the
second gel for detection of 3H-palmitate by fluorography using Amplify
(GE Healthcare) and exposure to Hyperfilm (GE Healthcare) at �80°C.

Triton X-100 extraction of cells
Hippocampal neurons were plated on poly-D-lysine-coated glass-
bottom, 35 mm microscope dishes (MatTek). Cells transfected with
AKAP79-GFP constructs were imaged at 37°C, 5% CO2 (see below), and
the positions were marked for reimaging after extraction. The dish was
rinsed with 4°C Krebs’–Ringer’s–Henseleit (KRH) buffer (in mM: 130
NaCl, 5 KCl, 1.2 NaH2PO4, 10 glucose, 1.8 –2 CaCl2, 25 HEPES, pH 7.4,
0.1% BSA) followed by 2 min extraction at 4°C with 0.1% Triton X-100
in KRH. Dishes were then rinsed twice with KRH and cells were reim-
aged. COS7 cells transfected with AKAP79-GFP were collected in PBS
and solubilized in Tris buffer (in mM: 50 Tris, pH 7.4, 150 NaCl, 1 EDTA,
1 EGTA, 0.8% Triton X-100) for 30 min at 4°C. The samples were cen-
trifuged at 13,000 � g for 10 min. Samples of both supernatant and pellet
were analyzed by SDS-PAGE and anti-GFP immunoblotting with ECL
detection. The percentage of detergent soluble anti-GFP signal in the
supernatant (TxS) was determined relative to the total signal detected in
the supernatant plus pellet (TxS�TxP).

Synaptic lipid raft fractionation
Whole brains were homogenized (glass/Teflon homogenizer) in frac-
tionation buffer (in mM: 150 NaCl, 1 EDTA, 20 Tris, pH 7.4, 200 �M

PMSF, and protease inhibitors). Homogenates were centrifuged at 800 �
g for 10 min. The supernatant was collected and centrifuged at 15,000 �
g for 15 min to isolate the synaptic membrane pellet fraction. A sample of
the supernatant (nonsynaptic fraction) was retained. The pellet was sus-
pended in 2 ml of fractionation buffer containing sucrose (42% final
concentration) and Triton X-100 (0.5% final concentration). The sam-
ples were rotated for 30 min at 4°C, and then placed on the bottom of a 12
ml centrifuge tube. The samples were overlaid with 8 ml of fractionation
buffer containing 35% sucrose and then 2 ml of fractionation buffer
containing 16% sucrose. The samples were spun at 35,000 rpm (Beck-
man; SW-41 rotor) for 18 h at 4°C. Twelve fractions were collected from
the top of the gradient. Equal volumes of each fraction were separated by
SDS-PAGE, and proteins of interest were detected by immunoblotting.
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The following primary antibodies were used: rabbit anti-AKAP150 as
above (Robertson et al., 2009; Brandao et al., 2012), rabbit anti-PSD-95,
mouse anti-flottilin (BD Biosciences), rabbit anti-SNAP25, and chicken
anti-transferrin receptor (TfR) (Zymed). Secondary antibodies for quan-
titative analysis of immunoblots by Odyssey Infrared Imaging System
(Li-COR Bioscience) were anti-rabbit IR800 (1:10,000; Rockland), anti-
chicken IR800 (1:10,000; LI-COR), and anti-mouse Alexa Fluor 680 sec-
ondary antibodies (1:10,000; Invitrogen).

Kainate seizures
Adult female Wistar rats received intraperitoneal injections of kainate
(15 mg/kg) or saline vehicle. Rats were observed for seizure activity that
was rated according to the Racine scale (Racine, 1972) as follows: stage 0,
immobility; stage 1, facial automatism; stage 2, head nodding; stage 3,
unilateral/bilateral forelimb clonus; stage 4, bilateral forelimb clonus and
rearing; stage 5, rearing, falling, and generalized convulsions. Kainate-
treated rats that sustained stage 3 and above seizures were used for the
study. Brain tissue was collected 30 min after seizure onset.

Electrophysiology
Whole-cell voltage-clamp recordings were performed at room tempera-
ture under infrared-differential contrast microscopy with an Axopatch
200B amplifier (Molecular Devices). Microelectrodes had resistances of
3– 6 M�. AMPAR mEPSCs were recorded from hippocampal pyramidal
neurons at a holding potential of �65 mV using a Cs methylsulfonate
internal solution containing the following (in mM): 5 CsCl, 140
CsCH3SO3, 10 HEPES, 10 EGTA, 2 NaATP, 0.3 NaGTP, pH 7.3, in
artificial CSF (ACSF) [in mM: 130 NaCl, 5 KCl, 2 CaCl2, 1 MgCl2, 10
HEPES, 11 glucose (osmolarity, 320 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. Data were ana-
lyzed using Mini Analysis Program (Synaptosoft). For chemical LTP
(cLTP), neurons were treated with 100 �M glycine in Mg 2�-free ACSF
for 10 min without TTX and picrotoxin at 37°C, and then recovered in
normal ACSF without TTX and picrotoxin for 25 min at 37°C before
recording.

Immunostaining
Standard immunofluorescence. Neurons and COS7 cells were fixed in
3.7% formaldehyde, permeabilized with 0.2% Triton X-100 (TX-100),
and processed as previously described (Robertson et al., 2009) for stain-
ing with the following antibodies: 1:500 anti-early endosome antigen 1
(EEA1) (BD Biosciences) and goat anti-mouse Alexa647 (Invitrogen;
1:1000); 1:500 anti-GluR1 (Millipore) and goat anti-rabbit Alexa 647
(Invitrogen; 1:1000); 1:500 anti-GluR2 (Millipore Bioscience Research
Reagents) and goat anti-rabbit Alexa 647 (Invitrogen; 1:1000); 1:500
anti-bassoon (Stressgen) and goat anti-mouse Texas Red (Invitrogen;
1:1000); anti-PSD-95 (NeuroMab; 1:500) and goat anti-mouse Alexa 647
(Invitrogen; 1:500).

AMPAR-GluR1 surface labeling. For experiments with NMDA– chem-
ical LTD (cLTD), neurons on coverslips were treated in Neurobasal con-
taining 10 or 30 �M NMDA plus 20 �M CNQX and 1 �M TTX, for 5 min
at 37°C. Cells were then rinsed twice and left in Neurobasal plus 20 �M

CNQX, 1 �M TTX, and 100 �M AP-V and harvested after 20 min. For
cLTP, cells were treated with glycine (200 �M) in Mg 2�-free extracellular
solution (in mM: 140 NaCl, 1.3 CaCl2, 5 KCl, 25 HEPES, pH 7.4, 33
glucose, 0.5 �M TTX, 1 �M strychnine, 20 �M bicuculline methiodide) at
37°C for 5 min. Cells were then rinsed twice with room temperature
Mg 2�-free extracellular solution without glycine, and incubated at 20°C
for 20 min. Surface GluR1 subunits were labeled with anti-GluR1
N-terminal domain antibody (Calbiochem) (1:15 dilution) for 20 min at
10°C. Cells were then fixed with 4% paraformaldehyde (5 min, room
temperature) and rinsed three times with PBS, and nonspecific sites were
blocked with 2.5% BSA in PBS for 30 min at room temperature. Goat
anti-rabbit Alexa 568 (Invitrogen; 1:1000) was added for 1 h to detect
GluR1. AKAP79-GFP constructs were labeled with chicken anti-GFP
(Abcam; 1:1000) followed by goat anti-chicken Alexa 488 (Invitrogen;
1:1000).

Fluorescence imaging and analysis
Images of transfected COS7 cells and neurons were acquired on Axiovert
200M microscopes (Zeiss) with a 63� objective (1.4 NA; plan-Apo) and
either Axiocam HR (Zeiss) or CoolSNAP2 (Photometrics) CCD cam-
eras. Focal plane z-stacks (0.5 �m spacing) were acquired and decon-
volved to correct for out-of-focus light, and in some cases 2D maximum
intensity projections were generated (Slidebook 4.0 –5.0; Intelligent Im-
aging Innnovations). Either single focal planes or projection images were
used in mask analysis of mean intensities and colocalization. For live-cell
imaging of AKAP79-G/Y/CFP, neurons on poly-D-lysine- and laminin-
coated 35 mm glass-bottom dishes were maintained at 33°C in Tyrode’s
saline (in mM: 25 HEPES, pH 7.4, 135 NaCl, 5 KCl, 2 CaCl2, 1 MgCl2, 10
glucose, 0.1% BSA). For NMDA-cLTD, multiple untreated neurons were
imaged, treated with 10 �M NMDA for 10 min on the microscope stage,
imaged again, and then treated with 30 �M NMDA and imaged again 10
min later. For cLTP treatment, neurons were incubated in Tyrode’s with-
out Mg 2� and treated for 10 min with 100 �M glycine at 37°C in an
incubator, followed by washing with regular Tyrode’s, and live imaging
of G/YFP 20 –30 min later. For live-cell spinning disc confocal imaging of
SEP-TfR exocytosis, neurons were plated on poly-D-lysine- and laminin-
coated, no. 1, 25 mm round glass coverslips at a density of 500,000
cells/coverslip. Neurons were transfected from 12 to 14 DIV with SEP-
TfR and AKAP79WT-mCherry or C36,129S-mCherry using Lipo-
fectamine 2000 as above. Images were acquired at 35°C on an Axio
Observer microscope (Zeiss) with a 63� objective (1.4 NA, plan-Apo)
using 488 and 561 nm laser excitation and a CSU-XI spinning disk con-
focal scan head (Yokogawa) coupled to an Evolve 512 EM-CCD camera
(Photometrics) driven by Slidebook 5.0. Before imaging, neurons were
incubated in ACSF plus 2 mM MgCl2 for 30 min and maintained at 35°C
in a perfusion imaging chamber (P-2; Warner Instruments). Baseline
rates of SEP-TfR exocytic events were determined by acquiring z-stacks
of 10 –14 optical sections (0.5 �m spacing) every 7 s for 4 min. For cLTP
stimulation neurons, the bath solution was exchanged by peristaltic
pump (Harvard Apparatus) perfusion with ACSF without Mg 2� with
200 �M glycine and 50 �M picrotoxin during 4 min of additional imaging.

Image analysis
Images were analyzed by Northern Eclipse software (EMPIX Imaging) or
Slidebook 4.0 –5.0 (Intelligent Imaging Innovations) using mask analysis
to measure mean fluorescence intensities, spine/shaft mean intensity ra-
tios, spine areas, spine numbers, puncta numbers/10 �m, or integrated
intensity colocalization ratios as described previously (Horne and
Dell’Acqua, 2007; Robertson et al., 2009). Integrated intensity colocal-
ization ratios for discrete regions of punctate fluorescence 1.5� above
the mean were measured from 2D maximum intensity projections of
deconvolved z-stacks for neurons or from single xy-focal planes for
COS7 cells. However, for analysis of colocalization in single deconvolved
xy-focal planes through dendrites in Figure 7, E and F, the threshold for
defining puncta was set at 2–2.5� above the mean. Where indicated in
the legend of Figure 4, CFP or YFP was cotransfected as cytoplasmic spine
filler (images not shown) for use in mask analysis of spine areas and
numbers as in the study by Robertson et al. (2009). Analysis of 4D
spinning-disc movies was conducted using Slidebook 5.0 by first gener-
ating time-lapse series of deconvolved 2D-maximum intensity projec-
tion images from the 3D image z-stacks for each time point. SEP-TfR
membrane fusion events were then identified by an acute increase in GFP
fluorescence more than twofold above the mean intensity of the dendrite.
Time-lapse data sets were then divided into pre- (t � 0 – 4 min) and
post-cLTP treatment (t � 4 – 8 min) image sequences. In the pretreat-
ment images, the number of events per 100 �m length of dendrite per 1
min was calculated to determine the basal rate of TfR-vesicle exocytosis
for each neuron as plotted in Figure 10 I. The total number of events
post-cLTP treatment was divided by the total number of events pretreat-
ment for each neuron to determine the percentage increase in exocytosis
in response to cLTP as plotted in Figure 10 J. Time-lapse composite chan-
nel images and 3D-intensity plots in Figure 10 E–H were generated for
the SEP-TfR (GFP, 488 nm) channel from the pre- (t � 0 – 4 min) and
post-cLTP treatment (t � 4 – 8 min) image sequences to show cumula-
tive exocytosis over the indicated 4 min time window. These images are
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presented in pseudocolor to represent SEP-TfR
fluorescence intensity (in arbitrary fluorescence
units) on a relative scale from low (blue) to high
(red) and in Figure 10, E and F, are overlaid onto
monochrome images of AKAP79 WT or
C36,129S dendrite fluorescence (mCherry, 561
nm) from the final frame of the time window.
SEP-TfR fluorescence intensity images at t � 0
are provided for comparison.

Animal care and use
All experiments using both male and female
rats were performed under protocols approved
by the Institutional Animal Care and Use
Committees of the University of Colorado,
Denver, or University of British Columbia.

Statistical analysis
Group comparisons to control were performed
in Prism (GraphPad) using one-way ANOVA
followed by Dunnet’s or Bonferroni’s post hoc
analysis. Pairwise and one-sample compari-
sons were performed in Prism or Excel (Mi-
crosoft) using Student’s t test as indicated in
Results and the figure legends. Data are ex-
pressed as mean � SEM (error bars). Binned
cumulative distributions were generated in
Prism. Significance is reported as p 	 0.05.

Results
AKAP79/150 is palmitoylated on two
conserved Cys residues within its N-
terminal targeting domain
AKAP150 was identified as a palmitoylated
protein in a proteomic screen of rat brain
synaptic membranes (Kang et al., 2008).
Here, we map the sites of palmitoylation
to two conserved Cys residues in the N-
terminal basic targeting domain (Fig.
1A,B). Rat AKAP150 differs from its hu-
man ortholog AKAP79 (both products of
the AKAP5 gene) primarily due to the insert
of a repetitive sequence with no known function just N-terminal to
the conserved CaN anchoring domain (Fig. 1B). Thus, we con-
firmed palmitoylation of AKAP79-GFP expressed in COS7 cells by
metabolic labeling with 3H-palmitate (Fig. 1C). To map palmitoyl-
ation sites, we screened a series of AKAP79 fragments (Fig. 1B) and
found that only the N-terminal targeting domain (1–153) was
palmitoylated (Fig. 1C) with both the A and C basic subdomains
containing likely palmitoylation sites (Fig. 1A,B). Accordingly, mu-
tation of either of two conserved Cys residues to Ser, C36S in sub-
domain A or C129S in subdomain C, reduced AKAP79
palmitoylation (Fig. 1D), but only the double C36,129S mutant
eliminated palmitoylation (Fig. 1E). As a control, mutation of two
nonconserved Cys resides (C62S or C150S) did not impact palmi-
toylation (Fig. 1D). C36 is very close to two Arg residues (R39 and
R40) that mediate PKC anchoring to the A subdomain (Faux et al.,
1999), but an R39,40A double mutant that inhibits PKC anchoring,
did not alter palmitoylation (Fig. 1E).

AKAP79 palmitoylation confers resistance to detergent
extraction from cell membranes consistent with lipid raft
association
Since C36 and C129 are embedded in basic regions that control
membrane targeting through PI4,5P2 and protein–protein interac-
tions (Dell’Acqua et al., 1998; Gomez et al., 2002; Gorski et al., 2005),

we examined C36,129S for impacts on targeting in hippocampal
neurons. Interestingly, 79WT and C36,129S-GFP showed similar
localization to the somato-dendritic plasma membrane including
spines (Fig. 2A,E,F; control panels). Palmitoylation frequently pro-
motes association with detergent-resistant lipid rafts. Accordingly,
while 
65% of the 79WT-GFP fluorescence in neurons resisted ex-
traction with TX-100, C36,129S-GFP was almost completely ex-
tracted by TX-100 (Fig. 2A). This increased TX-100 solubility of
C36,129S compared with 79WT was confirmed by extraction of
COS7 cells (Fig. 2B,C). Thus, while AKAP79 palmitoylation on C36
and 129S is not absolutely required for membrane and spine target-
ing, it likely increases the strength of AKAP79 membrane attach-
ment by promoting association with lipid rafts. [During the course
of this work, an independent study (Delint-Ramirez et al., 2011)
reported that AKAP79 palmitoylation on C36 and C129 is required
for lipid raft association and contributes to plasma membrane tar-
geting along with phosphoinositide binding in HEK-293 cells.]

NMDA-LTD induces AKAP79/150 depalmitoylation to
promote removal from dendritic spines
We previously showed that NMDAR agonist activation that
chemically induces LTD (NMDA-cLTD) causes translocation of
AKAP79/150 away from dendritic membranes and spines
through pathways that involve PLC-catalyzed PI4,5P2 hydrolysis
and CaN-dependent F-actin reorganization (Gomez et al., 2002;

Figure 1. AKAP79 is palmitoylated on two conserved Cys residues in the N-terminal polybasic membrane targeting domain. A,
Sequence alignments of the AKAP79/150 A and C basic targeting subdomains from multiple species showing the locations of C36
and C129 in green. Basic residues are in blue and other highly conserved residues are in black, bold. B, Diagram of selected AKAP79
mutants used for mapping palmitoylation sites. The locations of the A–C basic targeting subdomains (blue), C36 and C129 (green),
CaN anchoring domain (purple), and PKA anchoring (red) are indicated. C, COS7 cells transfected with GFP-tagged AKAP79
constructs and labeled with 3H-palmitate detected by fluorography. Palmitoylation (top panel) of the N-terminal 1–153 targeting
domain fragment is similar to full-length AKAP79 with no detectable palmitoylation observed for 154 – 427. Levels of AKAP79
proteins detected by anti-GFP immunoblotting (bottom panel). D, Palmitoylation (top panel) is reduced by C36S and C129S (but
not C62S or C150S) mutations within the AKAP79 N-terminal targeting domain. Levels of AKAP79 proteins detected by anti-GFP
immunoblotting (bottom panel). E, Palmitoylation (top panel) is prevented by the C36,129S double point mutation but is not
impacted by the R39,40A mutation that inhibits nearby PKC binding to AKAP79. Levels of AKAP79 proteins detected with anti-GFP
immunoblotting are shown (bottom panel).

7122 • J. Neurosci., May 23, 2012 • 32(21):7119 –7136 Keith, Sanderson et al. • AKAP Palmitoylation in Endosome Trafficking



Horne and Dell’Acqua, 2007); however, we wanted to determine
whether palmitoylation also regulates AKAP translocation in re-
sponse to NMDA. Using the biotin-BMCC variation of the ABE
method to detect palmityolation (see Materials and Methods), we
found that NMDA-cLTD leads to partial, but rapid (20 min)
depalmitoylation of endogenous AKAP150 in hippocampal neu-
rons (Fig. 2D). For comparison, much longer treatment (20 h)
with the PAT inhibitor 2-bromo-palmitate (2Br-Palm) was re-
quired to induce more complete AKAP150 depalmitoylation
(Fig. 2D). Consistent with depalmitoylation promoting NMDA-
induced AKAP translocation from spines, in live-cell imaging
experiments we measured 79-GFP mean spine/shaft fluorescence
ratios (Horne and Dell’Acqua, 2007) to show that C36,129S
moved prominently from spines with 10 �M NMDA (Fig. 2F,G),
whereas comparable redistribution of 79WT required 30 �M

NMDA (Fig. 2E,G). Importantly, 79WT and C36,129S showed
similar levels of basal spine enrichment measured by spine/shaft
fluorescence ratios of 
1.20 (Fig. 2G) compared with a cytoplas-
mic YFP (
0.7; see Fig. 4A,B). Thus, NMDA-induced AKAP
translocation from spines is promoted by depalmitoylation in
addition to PLC-mediated depletion of PI4,5P2 and actin depo-
lymerization as previously shown (Gomez et al., 2002; Horne and
Dell’Acqua, 2007).

AKAP79/150 palmitoylation and synaptic lipid raft
association increase following seizure activity in vivo
The results above indicate that AKAP palmitoylation stabilizes it in
membranes through association with lipid rafts and is regulated by
NMDAR activity. To explore activity-regulated palmitoylation in
vivo, we induced seizures in rats by injection of kainate, isolated
synaptic lipid rafts using sucrose density gradient centrifugation, and
then analyzed AKAP150 distribution by immunoblotting.
AKAP150 palmitoylation detected by the ABE method was in-
creased (
75%) 30 min after kainate (Fig. 3A). In control rats,
AKAP150 sedimented in synaptic lipid raft fractions 1–3 peaking
with the palmitoylated raft marker Flotillin in fraction 2 (Fig. 3B,C)
and was also detected in nonraft synaptic membrane fractions 11–12
and the nonsynaptic supernatant (not run on the gradient) that con-
tains cytoplasm and internal membranes (Fig. 3B,D). PSD-95,
which is also palmitoylated and is a postsynaptic binding partner of
AKAP150, showed a similar fractionation pattern as AKAP150, but
PSD-95 was not detected in the nonsynaptic fraction (Fig. 3B,E). In
contrast, the TfR, a nonraft enriched transmembrane protein, exhib-
ited an equal distribution across fractions (Fig. 3G). Following kai-
nate seizures, AKAP150 levels in raft fractions increased while levels
in nonraft and nonsynaptic fractions decreased (Fig. 3B,D). PSD-95
also shifted its distribution from nonraft to raft fractions following

Figure 2. AKAP79 palmitoylation confers resistance to Triton X-100 extraction and opposes removal from dendritic spines with NMDA-cLTD stimulation. A, Hippocampal neurons transfected with
79WT or C36,129S-GFP (12–14 DIV) live-imaged before (top panels) and after (bottom panels) 2 min extraction with 0.1% TX-100 on ice. TX-100 extracted 36 � 5% of 79WT-GFP fluorescence
(normalized to before values; *p 	 0.05 to before by ANOVA) and 95 � 1% of 79C36,129S-GFP fluorescence (***p 	 0.001 to before; ###p 	 0.001 to 79WT after by ANOVA). B, COS7 transfected
with GFP-tagged 79WT and C36,129S solubilized in 0.8% cold Triton X-100 followed by centrifugation to separate detergent-soluble material in the supernatant (TxS) from the insoluble in the pellet
(TxP). C, Quantification of AKAP79-GFP immunoreactivity in TxS-supernatant samples as a percentage of the total immunoreactivity (TxS�TxP): AKAP79WT, 57 � 5%; 79C36,129S, 81 � 3%; GFP,
86 � 3%. n � 5; **p 	 0.01 by ANOVA compared with 79WT. D, Endogenous rat AKAP150 in 14 –21 DIV hippocampal neurons shows decreased palmitoylation (BMCC method, top panel,
normalized to amount of AKAP150 precipitated, bottom panel) 20 min following NMDA-cLTD (30 �M NMDA, 3 min; 25 � 7% of control; n � 7; *p 	 0.05 by t test) or 20 h after treatment with
2Br-Palm (100 �M; palmitoylation undetectable). E–G, Compared with 79WT, C36,129S is more easily removed from dendritic spines by NMDA-cLTD. Live-cell imaging of 14 DIV hippocampal
neuron dendrites expressing 79WT (E) or C36,129S-GFP (F ) before treatment (control), after 10 min in 10 �M NMDA, and then after 10 min in 30 �M NMDA. G, Normalized spine/shaft mean GFP
fluorescence ratios showing increased sensitivity to low-dose NMDA-induced removal from spines for C36,129S (control, 1.12 � 0.04, n � 14; 10 �M NMDA, 0.55 � 0.02, n � 19) compared with
79WT (control, 1.23 � 0.03, n � 15; 10 �M NMDA, 0.95 � 0.08, n � 6; 30 �M NMDA, 0.65 � 0.03, n � 16). ***p 	 0.001 compared with respective controls and ###p 	 0.001 with 79WT, 10
�M NMDA, by ANOVA for 79WT and by t test for C36,129S. Error bars indicate SEM.
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seizures (Fig. 3B,E). Importantly, distribu-
tion of the raft marker Flotillin did not
change with kainate (Fig. 3B,C). As an ad-
ditional control, SNAP25, a palmitoylated
protein present in both axons and dendrites
that is not known to bind AKAP or PSD-95,
enriched in lipid raft fraction 1 after kainate
but did not closely codistribute with
AKAP150 or PSD-95 on the gradient in
control or kainate (Fig. 3B,F). Membrane
distribution of the nonraft TfR did not
change with kainate (Fig. 3G). Overall, these
results demonstrate that seizures promote
AKAP150 palmitoylation and movement to
postsynaptic lipid rafts.

AKAP79 palmitoylation is required for
recruitment to dendritic spines and
spine enlargement linked to LTP
The above results for seizures and cLTD
prompted us to investigate whether AKAP
palmitoylation and postsynaptic localization
are regulated by LTP. Using chem-
ical stimulation that induces NMDAR-
dependent LTP (Lu et al., 2001) (cLTP) (10
min in 100 �M glycine, 0 Mg2�) and triggers
spine enlargement, AMPAR dendritic exo-
cytosis, and AMPAR synaptic insertion in
cultured neurons (Park et al., 2004, 2006;
Yudowski et al., 2007; Lin et al., 2009; Fortin
et al., 2010; Kennedy et al., 2010), we found
that 79WT-GFP moved to spines as shown
by an increase in the spine/shaft ratio 25 min
after cLTP (Fig. 4A,B). Similar to our previ-
ous work on spine development (Robertson
et al., 2009), 79WT-GFP overexpression in-
creased basal spine sizes above those in YFP
controls as measured by increased mean
spine area (Fig. 4C) and a right-shifted dis-
tribution of spine areas on a cumulative plot
(Fig. 4E); however, cLTP induced additional spine enlargement in
both 79WT and YFP neurons (Fig. 4C,E). AKAP79 spine enrich-
ment following cLTP was not simply due to spine enlargement in-
creasing cytosolic spine fluorescence because YFP spine/shaft ratios
did not significantly increase with cLTP (Fig. 4B). While C36,129S-
GFP increased basal spine size above YFP controls, no additional
spine enlargement or recruitment of C36,129S to spines was seen in
response to cLTP (Fig. 4A,C,E). Similarly, acute (	48 h) RNAi
knockdown of AKAP150 largely prevented cLTP-induced spine en-
largement (Fig. 4A,D,F), and these inhibitory effects of 150RNAi
were rescued by 79WT but not C36,129S (Fig. 4D,F). These results
indicate that palmitoylated AKAP79 is required for cLTP-induced
AKAP spine recruitment and spine enlargement. Accordingly, en-
dogenous AKAP150 palmitoylation detected by the BMCC method
increased 
30% after cLTP (Fig. 4G).

Rab11-dependent recycling endosome trafficking regulates
AKAP79 spine localization
Previous work by Ehlers and colleagues (Park et al., 2004, 2006)
demonstrated that both spine enlargement and synaptic potenti-
ation linked to LTP depend on exocytosis from dendritic recy-
cling endosomes that are regulated by the small GTPase Rab11.
Using a dominant-negative Rab11 mutant (Rab11DN-YFP)

known to interfere with these events, we found that 79WT-CFP
recruitment to spines during cLTP depends on Rab11 traffick-
ing (Fig. 4 H, J ). Consistent with previous studies, neurons
expressing Rab11DN and 79WT also failed to increase spine
sizes following cLTP (Fig. 4 H, K ). Interestingly, control
79WT�Rab11DN-expressing neurons showed larger spine
sizes and significantly higher basal AKAP spine enrichment
compared with 79WT alone (Fig. 4 H, K ), but these changes
were not observed for C36,129S�Rab11DN (Fig. 4 I–K ). In
contrast to Rab11DN, Rab11WT-CFP�79WT-YFP expres-
sion did not alter basal AKAP79 spine/shaft ratio (Fig. 4L) and
increased spine size only slightly (
9%; Fig. 4M). In addition, we
still observed significant cLTP-induced AKAP79 spine recruit-
ment and spine enlargement in 79WT�Rab11WT neurons (Fig.
4L,M). Thus, endosome recycling that is disrupted by Rab11DN
specifically regulates spine targeting of palmitoylated AKAP79 in
coordination with spine size.

Palmitoylation is required for localization of the AKAP79
signaling complex in endosomes but not the plasma
membrane
AKAP79/150 is generally considered to be a peripheral plasma
membrane protein, but the above findings raise the possibility

Figure 3. Increased AKAP150 palmitoylation and rat brain postsynaptic lipid raft localization in vivo following kainate seizures.
A, Rats were treated with vehicle (control; left two lanes) or with kainate (right two lanes) to induce seizure activity, and after 30
min whole brains were processed for ABE palmitoylation (top panel). Samples without HAM were used as assay controls. Quanti-
fication corrected for AKAP150 levels (bottom panel) confirmed increased AKAP150 palmitoylation after kainate seizures (176 �
9% of control; n �3; *p 	0.05 by t test). B, Whole-brain synaptic membrane fractions from control and kainate-treated rats were
separated by sucrose density gradient centrifugation to isolate lipid rafts and analyzed by immunoblotting as indicated. Lipid raft
fractions 1–3 were detected with anti-Flotillin antibody. Following kainate seizures, AKAP150 and PSD-95 redistribute into lipid
raft fractions. C–G, Quantifications of percentages of proteins in lipid raft fractions 1–3 (as a percentage of total immunoreactivity
detected). All data points are mean � SEM and analyzed by t test, n � 3– 4. C, Flotillin (control, 81 � 7%; kainate, 72 � 3%). D,
AKAP150 (control, 43 � 7%; kainate, 65 � 4%; *p 	 0.05). E, PSD-95 (control, 45 � 3%; kainate, 76 � 4%; *p 	 0.05). F,
SNAP25 (control, 38 � 2%; kainate, 57 � 2%; *p 	 0.05). G, TfR (control, 14 � 2%; kainate, 19 � 5%).
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Figure 4. Palmitoylation and recycling endosome trafficking is required for AKAP79 spine recruitment and spine enlargement in response to cLTP. A, Hippocampal neurons transfected with
79WT-GFP, C36,129S-GFP, YFP, or AKAP150RNAi�YFP (12–14 DIV) imaged for G/YFP before (control; top panels) and 20 –30 min after cLTP (100 �M glycine, 0 Mg 2� for 10 min; bottom panels).
B, Spine/shaft fluorescence ratios demonstrating that 79WT and C36,129S are both enriched in spines compared with YFP in control neurons ( ###p 	 0.001 by ANOVA compared with YFP) but only
79WT is recruited to spines in response to cLTP: spine/shaft ratios 79WT (control, 1.16 � 0.03; cLTP, 1.49 � 0.06; ***p 	 0.001 by t test), C36,129S (control, 1.14 � 0.04; cLTP, 1.14 � 0.04), YFP
(control, 0.74 � 0.05; cLTP, 0.82 � 0.06), 150RNAi�YFP (control, 0.79 � 0.04; cLTP, 0.88 � 0.03); n � 15–37 neurons. C, 79WT and C36,129S increase mean spine area compared with YFP
controls ( ###p 	 0.001 by ANOVA), but cLTP stimulates additional spine enlargement in 79WT (control, 0.73 � 0.01 �m 2; cLTP, 0.82 � 0.01 �m 2) and YFP neurons (control, 0.51 � 0.01 �m 2;
cLTP, 0.58 � 0.01 �m 2) (***p 	 0.001 to controls by t test) but not C36,129S neurons (control, 0.69 � 0.01 �m 2; cLTP, 0.69 � 0.02 �m 2). n � 209 – 837 spines from 15–37 neurons. D, Mean
spine areas for control and cLTP-treated neurons cotransfected with AKAP150RNAi�YFP, 79WT-YFP�CFP, or 79C36,129S-YFP�CFP. Inhibition of cLTP spine enlargement by AKAP150RNAi
(control, 0.49 � 0.01 �m 2; cLTP, 0.52 � 0.01 �m 2; *p 	 0.05 by t test) is rescued by 79WT (79WT�150RNAi: control, 0.62 � 0.02 �m 2; cLTP, 0.73 � 0.02 �m 2, ***p 	 0.001 by t test) but
not C36,129S (79CS�150RNAi: control, 0.59�0.02 �m 2; cLTP, 0.62�0.02 �m 2). Both 79WT�150RNAi and 79CS�150RNAi enlarged basal spine sizes compared with 150RNAi ( ###p 	0.001,
##p 	 0.01 by ANOVA) similar to Figure 4C. n � 234 – 458 spines from 13–20 neurons. E, F, Cumulative plots of spine areas (binned by 0.05 �m 2 increments) reveal distribution shifts toward larger
basal spine sizes for (E) 79WT or C36,129S compared with YFP in control neurons. cLTP caused an additional shift toward larger spine areas compared with their respective controls for YFP and 79WT
but not for C36,129S. F, AKAP150RNAi suppressed changes in spine area distribution in response to cLTP and 79WT, but not C36,129S, rescue expression restored a larger cLTP-induced distribution
shift. G, BMCC palmitoylation (top panel) of endogenous rat AKAP150 in 14 –21 DIV hippocampal neurons 20 min after vehicle (control) or cLTP (200 �M glycine, 0 Mg 2�, 5 min). AKAP150
palmitoylation (corrected for AKAP150 levels; bottom panel) increases to 132 � 12% of control cells following cLTP treatment; n � 5; *p 	 0.05 by t test. H, Hippocampal neurons transfected
(12–14 DIV) with 79WT-CFP plus YFP or Rab11DN-YFP (S25N mutation) imaged for CFP (YFP images not shown) before (control) and 20 –30 min after cLTP (100 �M glycine, 0 Mg 2� for 10 min).
I, C36,129S-CFP in hippocampal neurons transfected with YFP (top panel) or Rab11DN-YFP (bottom panel) (YFP images not shown). J, Spine/shaft fluorescence (Figure legend continues.)
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that AKAP trafficking is also associated with endosomes. In COS7
cells transfected with 79WT-GFP, we used live-cell labeling with
the recycling cargo transferrin conjugated to Texas Red (Tfr-
TxRd) followed by fixation and immunostaining with EEA1 to
assess AKAP79 localization. In addition to prominent 79WT-
GFP localization in plasma membrane cell– cell contacts and ruf-
fles (
88% of total; Fig. 5A,C), we observed a smaller, but
appreciable amount of 79WT-GFP in punctate structures (
12%
of total; Fig. 5A,C) that showed colocalization with EEA1 (
85%
of total EEA1) or Tfr-TxRd (
70% of total Tfr-TxRd) (Fig.
5A,C,D). In some endosomes, 79WT-GFP colabeled only with
Tfr-TxRd (Fig. 5A, yellow arrows), but in most endosomes cola-
beling was seen with Tfr-TxRd and EEA1 (Fig. 5A, white arrows).
Strikingly, C36,129S-GFP targeted to the plasma membrane but
showed essentially no colocalization with Tfr-TxRd or EEA1 in
endosomes (Fig. 5B–D).

Treatment with 2Br-Palm reduced colocalization of 79WT
with EEA1 and Tfr-TxRd (Fig. 5E,F) similar to single C36S and
C129S mutations (Fig. 5F), but none of these manipulations pre-
vented endosome localization as effectively as C36,129S (Fig. 5F).
Early endosomes are rich in PI3P (bound by EEA1) but are de-
pleted of PI4,5P2 compared with the plasma membrane; thus,
palmitoylation could be required for AKAP targeting to endo-
somes but not the plasma membrane where greater electrostatic
interactions with PI4,5P2 are possible. To test this idea, we coex-
pressed 79WT-CFP with the pleckstrin homology (PH) domain
of PLC� fused to YFP as a specific probe for PI4,5P2. Similar to
our previous studies (Gomez et al., 2002), 79WT-CFP colocalized
in plasma membrane ruffles with PLC�-PH-YFP; however,
AKAP79 was also present in numerous endosomes without
PLC�-PH consistent with a lack of PI4,5P2 (Fig. 5G).

We next explored whether palmitoylated AKAP79 could assem-
ble signaling complexes containing PKA, CaN, and MAGUKs in
endosomes. Consistent with our previous work (Gomez et al., 2002;
Oliveria et al., 2003), 79WT-CFP colocalized with PKA-RII-YFP,
CaNA-YFP, or SAP97i3-YFP at the plasma membrane (Fig. 6).
However, we also observed a sizeable percentage of EEA1 endo-
somes (40–60%) that contained 79WT-CFP and either PKA-RII-
YFP (Fig. 6A,B), CaNA-YFP (Fig. 6C,D), or SAP97i3-YFP (Fig.
6E,F). The C36,129S-CFP mutant eliminated endosome colocaliza-
tion of EEA1 with PKA (Fig. 6A,B) and CaN (Fig. 6C,D) but re-

tained its ability to target PKA and CaN to the plasma membrane.
Likewise, C36,129S promoted colocalization with SAP97i3 at the
plasma membrane but led to a significant, although not complete,
loss of SAP97i3 localization with EEA1 (Fig. 6E,F). These results
indicate that palmitoylated AKAP79 promotes targeting of PKA,
CaN, and SAP97 to endosomes, although SAP97 has some AKAP-
independent association.

To establish whether palmitoylation controls AKAP79 target-
ing to dendritic endosomes, we transfected hippocampal neurons
with AKAP79-GFP and with the TfR tagged with mCherry and
immunostained for EEA1 (Fig. 7A,B). 79WT-GFP showed many
sites of punctate colocalization with TfR-mCherry in 2D
maximum-intensity projections of 3D-deconvolved image stacks
in dendrite shafts and in some cases in spines (Fig. 7A; arrows in
RG merge magnification panels). Indeed, 
35% of TfR-mCherry
endosomes contained 79WT-GFP (Fig. 7C). A smaller percent-
age of endosomes (
17%) were positive for EEA1 and 79WT-
GFP (Fig. 7C) and roughly one-half of these (8 –10%) also
contained TfR-mCherry (Fig. 7D; A, arrows in RGB merge mag-
nification panels). Overall, it appears that AKAP79 in dendrites,
like in COS7 cells, is present in early and recycling endosomes but
perhaps more distinctly segregated with TfR in recycling endo-
somes. C36,129-GFP exhibited normal targeting to dendrite
plasma membranes and spines (as seen above in Figs. 2, 4) but
very few sites of overlap with EEA1 and TfR-mCherry (Fig. 7B)
with significant reductions in the measures of endosome local-
ization (Fig. 7C,D).

Dendritic endosomal colocalization values for C36,129S did
not drop as completely as in COS7 cells, which is not surprising
given that these endosomes are contained within thin dendritic
process and spines that are micrometers to submicrometers in
dimension. Considering the inherent resolution limits of con-
ventional fluorescence microscopy, especially in the axial dimen-
sion (
0.5 �m), some incidental overlap of plasma membrane
and endosomes is unavoidable in dendrites and spines especially
in projection images. To examine this issue further, we analyzed
small in-focus regions of dendrites from only single deconvolved
focal planes to better separate specific from incidental overlap of
AKAP and TfR (Fig. 7E). Accordingly, we found a greater per-
centage reduction in TfR-mCherry colocalization for C36,129S
compared with 79WT (
64%; Fig. 7F) than measured above for
projection images (
30%). In addition, following treatment
with 2Br-Palm, TfR colocalization decreased (
31%) for 79WT
but not for C36,129S. This 2Br-Palm treatment caused an obvi-
ous, but incomplete, loss of PSD-95 clustering (Fig. 7G) that
depends on palmityolation (El-Husseini et al., 2002), indicating
likely only partial inhibition of PAT activity and AKAP palmi-
toylation. However, neurons treated for longer times with higher
doses of 2Br-Palm to induce more complete depalmitoylation of
AKAP150 (as in Fig. 2D) showed adverse changes in overall den-
dritic morphology making colocalization analyses problematic
(data not shown). Based on all our analyses, we conclude that the
C36,129S palmityolation-deficient mutant, like in COS7 cells, is
unable to localize to recycling endosomes in neuronal dendrites.

AKAP79 palmitoylation is required to limit basal synaptic
incorporation of GluR2-lacking AMPARs and to maintain
synaptic potentiation following cLTP
The failure of C36,129S to localize to recycling endosomes ex-
plains its lack of delivery to spines with cLTP and suggests that
palmitoylated AKAP79 is co-delivered to spines with AMPARs
and other Rab11-regulated cargoes that are necessary for spine
enlargement and potentiation. To explore a role for AKAP79

4

(Figure legend continued.) basal spine localization is increased and cLTP-induced recruit-
ment is prevented by blocking recycling endosome trafficking with Rab11DN-YFP: 79WT-
CFP�YFP (control, 1.23 � 0.06; cLTP, 1.5 � 0.1; **p 	 0.01), 79WT-CFP�Rab11DN
(control, 1.5 � 0.1; ##p 	 0.01 to 79WT-CFP control; cLTP, 1.6 � 0.1). Rab11DN-YFP did
not change basal spine localization of C36,129S-YFP (79CS-CFP�YFP, 1.3 � 0.1; 79CS-
CFP�Rab11DN-YFP, 1.2 � 0.1). n � 5–10 neurons. Comparisons by t test. K, Rab11DN in-
creases basal mean spine area and prevents cLTP-stimulated spine enlargement in neurons
expressing 79WT: 79WT-CFP�YFP (control, 0.73 � 0.04 �m 2; cLTP, 0.83 � 0.03 �m 2; *p 	
0.05); 79WT-CFP�Rab11DN (control, 0.89 � 0.06 �m 2; ##p 	 0.01 to 79WT-CFP control;
cLTP, 0.83 � 0.06 �m 2). Rab11DN-YFP did not increase basal mean spine area in C36,129S-
CFP neurons (79CS-CFP�YFP, 0.65 � 0.04 �m 2; 79CS-CFP�Rab11DN-YFP, 0.58 � 0.03
�m 2). n � 70 –138 spines from 5–10 neurons. Comparisons by t test. L, Quantification of
spine/shaft fluorescence ratios showing that 79WT-YFP basal spine localization and cLTP
recruitment was normal in Rab11WT-CFP-expressing neurons: 79WT-YFP�CFP (control,
1.17 � 0.05; cLTP, 1.38 � 0.07; **p 	 0.01 by t test), 79WT-YFP�Rab11WT-CFP (control,
1.23 � 0.06; cLTP, 1.45 � 0.1; *p 	 0.05 by t test). n � 8 –12 neurons. M, Rab11WT-CFP
expression increased basal mean spine area slightly in 79WT-YFP neurons but additional cLTP-
induced spine enlargement was still observed: 79WT-YFP�CFP (control, 0.58 � 0.02 �m 2;
cLTP, 0.69 � 0.02 �m 2; **p 	 0.01), 79WT-YFP�Rab11WT-CFP (control, 0.64 � 0.02 �m 2;
#p 	 0.05 to 79WT-YFP control; cLTP, 0.72 � 0.03 �m 2; *p 	 0.05); n � 168 –267 spines
from 8 –12 neurons. Error bars indicate SEM.
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palmitoylation in AMPAR potentiation, we recorded miniature
EPSCs (mEPSCs) from neurons expressing GFP, 79WT, or
C36,129S-GFP (Fig. 8A). Our previous studies showed that
chronic overexpression of AKAP79 in 0- to 12-d-old cultured
neurons promoted spine maturation and increased mEPSC ac-
tivity (Robertson et al., 2009). To reduce impacts on basal AM-
PAR activity that might occlude LTP, here we overexpressed
79WT or C36,129S for 	48 h from day 10 to 12 in culture. Ac-
cordingly, acute expression of 79WT showed similar mean
mEPSC frequencies (Fig. 8A,B) and amplitudes (Fig. 8A,C,D) as

GFP controls. Surprisingly, C36,129S increased both mean
mEPSC frequency (approximately fivefold; Fig. 8A,B) and am-
plitude (
46%; Fig. 8A,C) compared with GFP. Increased
mEPSC amplitudes for C36,129S were also seen as a large, uni-
form rightward shift on cumulative distribution plots (Fig. 8D).
Interestingly, AKAP150 RNAi for 	48 h also significantly in-
creased mEPSC frequency compared with GFP (approximately
twofold; Fig. 8E), and while it did not significantly increase mean
mEPSC amplitude (Fig. 8F), it did produce a rightward shift
toward larger mEPSC amplitudes �15 pA on cumulative plots

Figure 5. AKAP79 palmitoylation is required for endosomal but not plasma membrane localization. A, B, Images of COS7 cells expressing 79WT (A) or C36,129S-GFP (green) (B) live-labeled with
Tfr-TxRd (red) and then fixed and immunostained for EEA1-Alexa 647 (blue). The insets show magnifications of endosomes. Colocalization of 79-GFP with Tfr-TxRd is yellow in RG merge panels
(middle). Triple colocalization of 79-GFP, Tfr-TxRd, and EEA1 is white in the RGB merge panels (right). 79WT-GFP shows localization to both plasma membrane and endosomes, while C36,129S-GFP
is only found at the plasma membrane. C, Loss of C36,129S compared with 79WT-GFP fluorescence (expressed as percentage of total GFP fluorescence) colocalized with EEA1 (AKAP79/EEA1: 79WT,
12.3 � 4%; C36,129S, 2 � 1%; *p 	 0.05) or Tfr-TxRd (AKAP79/Tfr: 79WT, 11.8 � 5; C36,129S, 2 � 1%; *p 	 0.05); n � 10 cells. Comparisons by t test to 79WT. D, Loss of EEA1 (EEA1/AKAP79:
79WT, 85 � 5%; C36,129S, 11 � 3%; ***p 	 0.001) or Tfr-TxRd fluorescence (Tfr/AKAP79: 79WT, 69 � 8; 79C36,129S, 9 � 4%; ***p 	 0.001) colocalized (expressed as percentage of total
fluorescence) with C36,129S compared with 79WT-GFP; n � 10 cells. Comparisons by t test. E, COS7 cells expressing 79WT-GFP (green) treated with 100 �M 2Br-Palm for 6 h and then labeled with
Tfr-TxRd (red) and EEA1 (blue). Site of residual AKAP colocalization with Tfr-TxRd (yellow arrowheads) plus EEA1 (white arrowhead) are indicated on the RGB merge panel magnification inset. F,
Quantification demonstrating decreased EAA1 or Tfr-TxRd fluorescence colocalized with C36S (EEA1, 23 � 5%; Tfr, 23 � 5%), C129S (EEA1, 26 � 8%; Tfr, 25 � 9%), C36,129S (EEA1, 10 � 2%;
Tfr, 10 � 3%), and 79WT�2Br-Palm (EEA1, 22 � 6%; Tfr, 22 � 5%) compared with 79WT (73 � 5%; Tfr, 64 � 5%) by ANOVA, ***p 	 0.001. C36S, C129S, and 2Br-Palm did not remove AKAP79
from endosomes as completely as C36,129S compared by t test, #p 	 0.05; n � 12–27 cells. G, AKAP79WT-CFP (magenta) colocalizes with PI4,5P2 (PLC�-PH-YFP, green) in plasma membrane
ruffles of COS7 cells (seen as white in merge panel) but not in most endosomes (indicated by magenta arrows in the merge panel magnification inset). Error bars indicate SEM.
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(Fig. 8G). This 150RNAi effect on frequency and amplitude dis-
tribution was largely reversed by coexpression of 79WT but not
C36,129S, which still strongly increased frequency (approxi-
mately fivefold; Fig. 8E) and amplitude (
23%; Fig. 8F,G).
Thus, the increase of mEPSC activity with C36,129S may in small
part be a response to general reduction of AKAP functions similar
to RNAi, but clearly involves additional dominant effects likely
related to C36,129S mistargeting.

We detected increases (
30 – 45%) in total dendritic spine
numbers for C36,129S (5.3 � 0.3 spines/10 �m; **p 	 0.01 by t
test, n � 6) and 79WT (5.9 � 0.3 spines/10 �m; ***p 	 0.001 by
t test, n � 7) compared with GFP controls (4.1 � 0.3 spines/10
�m; n � 5). 150RNAi neurons showed similar spine densities as
GFP controls (4.4 � 0.2 spines/10 �m; n � 14). However, total

synapse numbers identified by staining with the presynaptic
marker bassoon increased only for C36,129S (
23%) but not for
79WT (Fig. 9A–D). In addition, C36,129S, but not 79WT, in-
creased the number (
21%) and percentage (
10%) of synaptic
GluR1 puncta colocalized with bassoon (Fig. 9E,F). These
GluR1/bassoon immunostaining results for C36,129S are in
agreement with the increase in mEPSC amplitude in Figure 8, C
and D, and indicate that the increase in mEPSC frequency is due
to both new synapse formation and postsynaptic unsilencing by
AMPARs.

In response to cLTP, GFP neurons increased both mean
mEPSC frequency (approximately fourfold; Fig. 8A,B) and am-
plitude (
35%; Fig. 8A,C) as expected from previous studies of
this form of synaptic potentiation (Lu et al., 2001; Fortin et al.,

Figure 6. Palmitoylation controls AKAP79 assembly of signaling complexes containing PKA, CaN, and SAP97 at endosomes. A, COS7 cells expressing 79WT or C36,129S-CFP (blue) and
PKA-RII�-YFP (green) fixed and immunostained for EEA1 (red) reveals plasma membrane colocalization of AKAP79 and PKA (turquoise in merge panels) and endosome colocalization of all three
proteins (insets) for 79WT (white in merge panels) but only plasma membrane AKAP79/PKA colocalization for C36,129S. B, Quantification of percentage of EEA1 fluorescence colocalized with
AKAP79-CFP or PKA-RII-YFP for 79WT (79-CFP, 38 � 5%; PKA-RII-YFP, 54 � 10%) and C36,129S (79-CFP, 4 � 2%; PKA-RII-YFP, 4 � 1%; ***p 	 0.001 by t test) reveals loss of PKA endosome
targeting for C36,129S. n � 6 –7 cells. C, COS7 cells expressing 79WT or C36,129S-CFP (blue) and CaNA�-YFP (green) fixed and immunostained for EEA1 (red) reveals plasma membrane
colocalization of AKAP79 and CaN (turquoise in merge panels) and endosome colocalization of all three proteins (insets) for 79WT (white in merge panels) but only plasma membrane AKAP79/CaN
colocalization for C36,129S. D, Quantification of percentage of EEA1 fluorescence colocalized with AKAP79-CFP or CaNA-YFP for 79WT (79-CFP, 46 � 12%; CaNA-YFP, 48 � 15%) and C36,129S
(79-CFP, 7 � 2%; CaNA-YFP, 6 � 2%; ***p 	 0.001 by t test) reveals loss of CaN endosome targeting for C36,129S; n � 5–9 cells. E, COS7 cells expressing 79WT or C36,129S-CFP (blue) and
�SAP97i3-YFP (green) fixed and immunostained for EEA1 (red) reveals plasma membrane colocalization of AKAP79 and SAP97 (turquoise in merge panels) and endosome colocalization of all three
proteins (insets) for 79WT (white in merge panels) but mainly plasma membrane AKAP79/SAP97 colocalization for C36,129S. F, Quantification of percentage of EEA1 fluorescence colocalized with
AKAP79-CFP or SAP97i3-YFP for 79WT (79-CFP, 43 � 14%; SAP97i3-YFP, 43 � 14%) and C36,129S (79-CFP, 6 � 2%; SAP97i3-YFP, 17 � 2%; *p 	 0.05, **p 	 0.01 by t test) reveals reduced
SAP97 endosome targeting for C36,129S; n � 7–10 cells. Error bars indicate SEM.
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Figure 7. AKAP79 palmitoylation is required for localization to dendritic recycling endosomes in hippocampal neurons. A, B, Maximum intensity 2D projection images from deconvolved 3D image
stacks of hippocampal neurons cotransfected (12–14 DIV) with either 79WT (A) or C36,129S-GFP (green) and TfR-mCherry (red) (B) and then (Figure legend continues.)
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2010). 79WT neurons also increased mean mEPSC frequency
(approximately threefold) and amplitude (
16%; Fig. 8A–C)
with cLTP. Accordingly, both GFP and 79WT showed uniform
rightward distribution shifts toward larger mEPSC amplitudes
on cumulative plots with cLTP (Fig. 8D). In contrast, C36,129S
neurons, rather than simply occluding cLTP due to already ele-
vated basal AMPAR activity, responded to cLTP with a dramatic
reduction in mEPSC frequency (approximately fivefold; Fig.
8A,B) with the active synapses remaining showing a trend to-
ward a reduction in mean mEPSC amplitude (
11%; Fig. 8C;
p � 0.1) and a clear reduction in the number of high-amplitude
mEPSCs �15 pA on a cumulative plot (Fig. 8D). For 150RNAi,
cLTP stimulation induced some additional potentiation of
mEPSC frequency (approximately twofold; Fig. 8E) and ampli-
tude (
15%; Fig. 8F) but with only a small rightward shift in
amplitude distribution primarily for events 	20 pA (Fig. 8G).
Rescue of 150RNAi with 79WT restored the ability of cLTP to
induce a more robust increase in mean amplitude (
32%; Fig.
8F) with a corresponding larger, uniform rightward shift in
mEPSC amplitude distribution (Fig. 8G) while maintaining a
modest increase in mean mEPSC frequency (approximately two-
fold; Fig. 8E). In contrast, 150RNAi�C36,129S exhibited a large
decrease in mEPSC frequency with cLTP (approximately four-
fold; Fig. 8E), a trend toward decreased mean amplitude (
13%;
Fig. 8F; p � 0.1) and a leftward shift in the cumulative distribu-
tion of larger mEPSC amplitudes (Fig. 8G) similar to when
C36,129S was expressed alone (Fig. 8B–D).

The pronounced decrease in mEPSC frequency seen with
C36,129S is consistent with the silencing of active synapses and is
more characteristic of LTD in dissociated cultures (Beattie et al.,
2000; Lu et al., 2001). Thus, C36,129S neurons cannot maintain
elevated levels of AMPAR activity when challenged with a stim-
ulus that should promote potentiation and instead inappropri-
ately respond by inducing depression. Consistent with loss of
synaptic AMPARs, C36,129S neurons exhibited large decreases
after cLTP in the number (
58%; Fig. 9E) and percentage of
synaptic GluR1 puncta (
26%; Fig. 9F). In contrast, GFP and

79WT both increased (
7%) the percentage of synaptic GluR1
puncta after cLTP (Fig. 9F). C36,129S also showed decreases in
bassoon puncta (
31%; Fig. 9D) and spine numbers following
cLTP (
20%; **p 	 0.01 by t test; 4.2 � 0.2 spines/10 �m; n � 5)
compared with untreated controls above, indicating some syn-
apse elimination. No significant changes in bassoon puncta (Fig.
9D) or spine numbers were seen for GFP (4.0 � 0.3 spines/10
�m; n � 5), 79WT (5.3 � 0.3 spines/10 �m; n � 6), or 150RNAi
(4.5 � 0.2 spines/10 �m; n � 15) following cLTP.

These mEPSC recordings and GluR1 staining results indicate
that C36,129S increases basal AMPAR synaptic localization and
function but prevents maintenance of synaptic GluR1 and potenti-
ation following cLTP. To address this paradox, we first investigated
the large effects of C36,129S on basal mEPSC frequency. One expla-
nation for this large enhancement would be if C36,129S favored
increased synaptic accumulation of Ca2�-permeable, GluR1 homo-
meric receptors that lack the GluR2 subunit; recruitment of even a
small number of GluR1 homomers, which have high single-channel
conductance, would have a large impact on synapse unsilencing.
Indeed, glycine-cLTP is known to induce potentiation and spine
enlargement through recruitment of Ca2�-permeable AMPARs to
synapses (Fortin et al., 2010). Consistent with this idea, immuno-
staining for GluR2 and bassoon reveled that C36,129S did not
change the number of synaptic GluR2 puncta and actually decreased
(
12%) the percentage of GluR2 puncta localized to synapses com-
pared with GFP and 79WT (Fig. 9G,H). To explore this possibility
further, we recorded mEPSCs and then added N,N,H,-trimethyl-
5-[(tricyclo[3.3.1.13,7]dec-1-ylmethyl)amino]-1-pentanamini
umbromide hydrobromide (IEM1460), a polyamine blocker of
GluR2-lacking AMPARs (Fig. 8H) (Fortin et al., 2010). After 5 min,
IEM dramatically increased interevent interval in C36,129S neurons
(Fig. 8I), resulting in a reduction in mean mEPSC frequency of

70% (Fig. 8J). In contrast, IEM had no significant impact on
mEPSC frequency in GFP and 79WT neurons. Thus, consistent with
increased synaptic GluR1, but not GluR2, the large increase in
mEPSC frequency for C36,129S can be accounted for by postsynap-
tic unsilencing by increased synaptic localization and function of
GluR2-lacking AMPARs.

AKAP79 palmitoylation is required for GluR1 surface
delivery and increased exocytosis from recycling endosomes
associated with cLTP
These alterations in basal and cLTP regulation of GluR1 synaptic
localization and activity for C36,129S could be due to a changes in
local recycling and exocytosis that maintain synaptic strength by
controlling lateral exchange of perisynaptic receptors in and out of
the synapse (Petrini et al., 2009). In addition to its absence from
endosomes, C36,129S is almost completely TX-100 soluble (Fig. 2),
consistent with its likely exclusion from the PSD and presence only at
perisynaptic and extrasynaptic plasma membrane locations in den-
drites. Importantly, PKA phosphorylation of GluR1 promotes recy-
cling, exocytosis, and stabilization of Ca2�-permeable GluR1
homomers at perisynaptic/extrasynaptic locations where they can
subsequently exchange with synaptic receptors during plasticity in
response to additional signals (Ehlers, 2000; Esteban et al., 2003; Oh
et al., 2006; He et al., 2009; Fortin et al., 2010). In particular, a failure
to increase dendritic AMPAR and recycling endosome exocytosis in
response to cLTP (Park et al., 2004; Kennedy et al., 2010) could result
in postsynaptic silencing through redistribution of GluR1 from syn-
apses back to extrasynaptic sites in C36,129S-expressing neurons. To
test the hypothesis that AKAP79 palmitoylation regulates AMPAR
exocytosis, we measured GluR1 surface expression in dendrites be-
fore and after cLTP by labeling under nonpermeabilized conditions
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(Figure legend continued.) immunostained to detect EEA1 (blue). Colocalization of AKAP79-GFP
with TfR-mCherry appears yellow in RG merge images (middle panels) and triple colocalization
of 79-GFP, TfR-mCherry, and EEA1 appears white in RGB merge images (right panels). The two
bottom panels show magnifications of representative dendrites with sites of colocalization
indicated by arrows in the RG and RGB merge images. C36,129S-GFP exhibits greatly reduced
overlap with TfR-mCherry and EEA1 compared with 79WT-GFP. C, Reduced endosome marker
colocalization for C36,129S expressed as percentage of EEA1 or percentage of TfR-mCherry
fluorescence colocalized with AKAP79-GFP for 79WT (EEA1/AKAP79, 18 � 2%; TfR-mCh/
AKAP79, 36 � 3%; n � 16) and C36,129S (EEA1/AKAP79, 11 � 2%; TfR-mCh/AKAP79, 25 �
2%; **p 	 0.01 by t test to 79WT; n � 16). D, Reduced endosome marker colocalization for
C36,129S expressed as percentage of TfR-mCherry fluorescence colocalized with both AKAP79-
GFP and EEA1 or percentage of AKAP79-GFP colocalized with both TfR-mCherry and EEA1 for
79WT (TfR/AKAP&EEA1, 10 � 2%; AKAP/TfR&EEA1, 7 � 1%; n � 16) and C36,129S (TfR/
AKAP&EEA1, 4 � 1%, **p 	 0.01; AKAP/TfR&EEA1, 5 � 1%, *p 	 0.05 by t test to 79WT; n �
16). E, Higher magnification images of single deconvolved focal planes through neuronal den-
drites expressing 79WT or C36,129S-GFP (green) and TfR-mCherry (magenta) either before
(control) or after 2Br-Palm treatment (20 �M, 16 h). Colocalization of AKAP79-GFP with TfR-
mCherry appears white and is indicated by arrows in the RM merge images. F, Quantification of
percentage of TfR-mCherry colocalized with AKAP79-GFP demonstrates that 2Br-Palm de-
creases colocalization with 79WT (control, 42 � 4%, n � 13; 2Br-Palm, 29 � 5%, n � 11;
*p 	 0.05) but not with C36,129S (control, 15 � 3%, n � 14; 2Br-Palm, 19 � 4%, n � 14),
which is already significantly decreased compared with 79WT (***p	0.001) and 79WT�2Br-
Palm ( #p 	 0.05). Comparisons by t test. G, PSD-95 immunostaining in control (0.01% DMSO
vehicle) and 2Br-Palm-treated neurons showing obvious, but incomplete, declustering of
PSD-95 indicating partial inhibition of protein palmitoylation. Error bars indicate SEM.
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with an antibody to the receptor extracellu-
lar domain (Fig. 10A,B). Consistent with
previous studies showing that AKAP150
overexpression somewhat increases basal
AMPAR surface expression (Bhattacharyya
et al., 2009), neurons expressing 79WT-
GFP with 150RNAi showed elevated basal
levels of GluR1 surface labeling (
75%)
when normalized to GFP controls (Fig.
10C). However, cLTP still led to a robust
increase (approximately threefold) in
GluR1 surface labeling in 79WT neurons
(Fig. 10A,C). In contrast, C36,129S also
showed some increased basal GluR1 surface
labeling, but cLTP failed to increase GluR1
dendritic surface expression further (Fig.
10B,C). The interference of C36,129S with
AMPAR trafficking was specific for cLTP-
induced exocytosis and not due to a more

Figure 8. AKAP79 C36,129S increases basal synaptic activity through GluR2-lacking AMPA receptors but prevents maintenance
of synaptic potentiation following cLTP. A, Representative mEPSC recordings for hippocampal neurons transfected (10 –12 DIV)
with GFP, 79WT-GFP, and C36,129S-GFP before (control) and 20 –30 min after cLTP (100 �M glycine, 0 Mg 2�, 10 min). B,
C36,129S increases basal mean mEPSC frequency compared with GFP alone but after cLTP treatment shows synaptic depression
instead of potentiation that is seen for 79WT and GFP: C36,129S (4.3 � 1.2 Hz, n � 16, ##p 	 0.01 to GFP control; cLTP, 0.9 � 0.2
Hz, n � 9, *p 	 0.05 to control); 79WT (control, 0.9 � 0.2 Hz, n � 13; cLTP, 2.6 � 0.8 Hz, n � 13, *p 	 0.05 to control); GFP
(control, 0.8 � 0.2 Hz, n � 10; cLTP, 3.7 � 1.2 Hz, n � 9, *p 	 0.05 to control). Comparisons by t test. C, C36,129S increases basal
mean mEPSC amplitude compared with GFP but fails to show additional potentiation after cLTP like 79WT and GFP: C36,129S
(control, 17.9 � 1.2 pA, n � 16, ##p 	 0.01 to GFP control; cLTP, 16.0 � 0.7 pA, n � 9); 79WT (control, 13.0 � 0.7 pA, n � 13;
cLTP, 15.1 � 0.9 pA, n � 13, *p 	 0.05 to control; #p 	 0.05 to GFP control); GFP (control, 12.3 � 0.8 pA, n � 10; cLTP, 16.5 �
1.3 pA, n � 9, **p 	 0.01 to control). Comparisons by t test. D, Cumulative distributions of mEPSC amplitudes (binned by 5 pA
increments) showing that both GFP and 79WT have similar control distributions of mEPSC amplitudes and show rightward
distribution shifts toward larger mEPSC amplitudes after cLTP; however, C36,129S starts with a control distribution containing
larger mEPSC amplitudes than GFP or 79WT and then shows a leftward shift toward smaller mEPSC amplitudes after cLTP. E, RNAi
suppression of AKAP150 increases basal mEPSC frequency (control, 1.6 � 0.3 Hz; n � 16; #p 	 0.05 to GFP control) but still allows
cLTP stimulation to significantly increase it further (cLTP, 3.6 � 0.8 Hz, n � 13, **p 	 0.01 to control; ##p 	 0.01 to GFP control).
Basal and cLTP potentiation of mEPSC frequency are not significantly changed by 150RNAi�79WT rescue (control, 1.4 � 0.4 Hz,
n � 15; cLTP, 2.8 � 0.7 Hz, n � 9; *p 	 0.05 to control; ##p 	 0.01 to GFP control). 150RNAi�C36,129S still increases basal
mEPSC frequency dramatically (control, 4.4 � 1.1 Hz, n � 14; ##p 	 0.01 to GFP control) and exhibits a strong reduction in
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response to cLTP (cLTP, 1.2 � 0.3 Hz, n � 8; *p 	 0.05 to
79C36,129S control by t test). GFP control and cLTP values are
from B. Comparisons by t test. F, 150RNAi does not change
basal mean mEPSC amplitude (control, 12.2 � 0.8 pA; n �
16) but allows only a small increase with cLTP (cLTP, 14.0 �
0.6 pA; n � 13; *p 	 0.05 to control; #p 	 0.05 to GFP
control). 150RNAi�C36,129S enhances basal mean ampli-
tude (control, 15.1 � 1.0 pA; n � 13; #p 	 0.05 to GFP con-
trol by t test) but shows no potentiation with cLTP (cLTP,
13.2 � 0.8 pA; n � 8). 150RNAi�79WT rescue shows normal
basal and cLTP regulation of mean mEPSC amplitudes (control,
12.3 � 0.6 pA, n � 15; cLTP, 16.2 � 1.3 pA, n � 8; **p 	
0.01 to control; ##p 	 0.01 to GFP control). GFP control and
cLTP values are from C. Comparisons by t test. G, Cumulative
distribution of mEPSC amplitudes showing that 150RNAi
causes a rightward shift in basal mEPSC amplitude distribution
compared with GFP (D) and 150RNAi�79WT rescue controls
and allows only a small additional rightward shift with cLTP.
150RNAi�79WT shows normal basal and cLTP regulation of
mEPSC amplitude distribution similar to GFP control (D). In
contrast, 150RNAi�C36,129S exhibits a strong rightward
shift in basal mEPSC amplitude distribution compared with
GFP control and then a leftward shift toward smaller ampli-
tudes with cLTP as seen above in D. H, Representative mEPSC
recording traces for the same C36,129S-expressing neuron be-
fore (control) and after addition of the Ca 2�-permeable
AMPAR blocker IEM1460 (60 �M). I, Representative cumula-
tive distribution plots of mEPSC interevent intervals (100 ms
bins) for the C36,129S-expressing neuron in H before (control)
and after addition of IEM1460 showing a large increase in in-
terevent interval indicating a large decrease in mEPSC fre-
quency. All C36,129S neurons recorded from (n � 8) showed
significant increases by the Kolmogorov–Smirnov test (7 of 8
cells, p 	 0.01; 1 of 8 cells, p 	 0.05) in interevent interval
distribution after IEM compared with before. GFP (n � 7) and
79WT (n � 5) (data not shown) showed no significant
changes after IEM. J, Significant percentage reduction in mean
mEPSC frequency after IEM1460 for C36,129S (n � 8; 71 �
5%) but not 79WT (n � 5; 19 � 8%) or GFP (n � 7; 15 �
7%). ***p 	 0.001 by one-sample t test compared with
before (control) and by ANOVA compared with GFP and 79WT.
IEM caused no significant changes in mean mEPSC amplitude
for GFP (�0.3 � 4%), 79WT (�0.8 � 3%), or C36,129S
(�2.4 � 9%) by one-sample t test compared with before
(control). Error bars indicate SEM.
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Figure 9. AKAP79 C36,129S increases basal synapse number and GluR1 synaptic localization, but these changes are reversed by cLTP stimulation. A–C, Hippocampal neurons dendrites expressing
GFP (control) (A), 79WT-GFP (B), or C36,129S-GFP (all in blue) (C) immunostained for GluR1 (green), and Bassoon (red) before (control) or 20 –30 min after cLTP stimulation. Colocalization of GluR1
and Bassoon is yellow in RG and RGB merge panels. Additional colocalization with GFP is white in RGB merge panels. D, Quantification of the numbers of bassoon-labeled presynaptic puncta/10 �m
of dendrite showing that C36,129S (control, 8.7 � 0.3), but not 79WT (control, 7.1 � 0.2), significantly increases presynapse numbers compared with GFP (control, 7.1 � 0.3; ###p 	 0.001 by t
test). cLTP reverses this increase in bassoon puncta for C36,129S (cLTP, 6.0 � 0.2; ***p 	 0.001). No changes are seen for GFP (cLTP, 6.8 � 0.2) or 79WT (cLTP, 7.4 � 0.4); n � 31–52 dendrites
from 8 –16 neurons. E, Quantification of the number of GluR1 puncta colocalized with bassoon/10 �m of dendrite showing that C36,129S (control, 5.1 � 0.2), but not 79WT (control, 4.0 � 0.2),
increases AMPAR-GluR1 synaptic localization compared with GFP control (control, 4.2 � 0.3; ##p 	 0.01 by t test). cLTP reverses this increase in GluR1/bassoon puncta for 79C36,129S (cLTP, 2.1 �
0.2; ***p 	 0.001). No changes are seen for GFP (cLTP, 4.0 � 0.2) or 79WT (cLTP, 4.4 � 0.4); n � 31–52 dendrites from 8 –16 neurons. F, Quantification of the percentage of synaptic GluR1 puncta
(number of GluR1 colocalized with bassoon/total number of GluR1 puncta) showing that C36,129S (control, 86 � 2%), but not 79WT (control, 79 � 2%), significantly increases the number of
synaptic GluR1 puncta compared with GFP control (control, 78 � 2%; ###p 	 0.01 by t test). cLTP reverses this increase in percentage synaptic GluR1 puncta for C36,129S (cLTP, 64 � 2%; ***p 	
0.001) but increases this parameter for GFP (cLTP, 83 � 2%; *p 	 0.05) and 79WT (cLTP, 83 � 2%; *p 	 0.05); n � 31–52 dendrites from 8 –16 neurons. G, Quantification of the number of GluR2
puncta colocalized with bassoon puncta/10 �m of dendrite (images not show) showing that C36,129S (control, 3.5 � 0.2) and 79WT (control, 3.5 � 0.2) do not change the number of synaptic
GluR2 puncta compared with GFP control (control, 3.1 � 0.2); n � 29 –50 dendrites from 9 –13 neurons. H, Quantification of the percentage of synaptic GluR2 puncta (number of GluR2 colocalized
with bassoon/total number of GluR2 puncta) showing that C36,129S (71 � 2%), but not 79WT (control, 78 � 2%), decreases GluR2 synaptic localization compared with GFP control (control, 81 �
2%; **p 	 0.01 by ANOVA); n � 29 –50 dendrites from 9 –13 neurons. Error bars indicate SEM.
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Figure 10. AKAP79 palmitoylation is required for increases in GluR1 surface expression and exocytosis from recycling endosomes in response to cLTP. A, B, Hippocampal neurons cotransfected
(14 –21 DIV) with AKAP150RNAi and 79WT (A) or C36,129S-GFP (B) and left untreated (control) or treated with cLTP (200 �M glycine, 0 Mg 2�, 20 �M bicuculline, 5 min). Surface GluR1 receptors
were labeled 20 min later. C, GluR1 dendritic surface puncta mean intensity expressed as a percentage of untreated GFP control cells (images not shown) increases in response to cLTP in 79WT
(control, 169 � 14%; cLTP, 416 � 84%; *p 	 0.05 by t test) but not in C36,129S neurons (control, 176 � 20%; cLTP, 195 � 16%). n � 9 –12 neurons. D, NMDA-cLTD treatment (10 or 30 �M,
5 min) leads to normal GluR1 internalization in both 79WT and C36,129S neurons (images not shown): Quantification of GluR1 puncta intensity for 79WT (control, 127 � 7%; 10 �M NMDA, 121 �
11%; 30 �M NMDA, 80�9%; *p	0.05 by ANOVA) and C36,129S (control, 129�22%; 10 �M NMDA, 101�13%; 30 �M NMDA, 75�7%; *p	0.05 by ANOVA); n�9 –12 neurons. E, F, Images
of initial dendritic SEP-TfR fluorescence intensity (pseudocolor, low-blue to high-red) at t � 0 and then accumulated intensity due to exocytosis (time-composite image) over t � 0 – 4 min of basal
conditions and then over t � 4 – 8 min of subsequent cLTP stimulation (200 �M glycine, 0 Mg 2�, 50 �M picrotoxin) in neurons transfected (12–14 DIV) with 79WT (E) or C36,129S-mCherry
(monochrome underlay) (F). G, H, Three-dimensional time-composite plots of dendritic SEP-TfR fluorescence intensity (z-dimension; pseudocolor, low-blue to high-red) showing accumulated
recycling exocytosis events for basal conditions (t � 0 – 4 min) and cLTP stimulation (t � 4 – 8 min) in neurons expressing 79WT (G) and C36,129S (H). Pseudocolor scale bars in arbitrary
fluorescence units. I, Elevated basal SEP-TfR exocytosis rate measured as events/100 �m of dendrite/min for C36,129S (4.8 � 1.5; n � 8; *p 	 0.05 by t test) compared with 79WT (1.3 � 0.4; n �
11). J, cLTP stimulation of SEP-TfR exocytosis measured as fold increase over the basal rate for 79WT (2.4 � 0.6; n � 11; *p 	 0.05 by one-sample t test) but not C36,129S (1.2 � 0.2; n � 8). K,
Proposed model for regulation of AKAP79/150 palmitoylation and endosome trafficking in dendrites during LTD and LTP. Palmitoylation (green) of the AKAP targeting domain (TD) (blue) and the
PKA (red) and CaN (magenta) anchoring domains are indicated. PKC binds to the AKAP TD (data not shown). Interactions with the MAGUK scaffold proteins SAP97 and PSD-95 (orange) and
AMPAR-GluR1 (blue) are also indicated. Palmitoylated AKAP is present in the PSD, extrasynaptic plasma membrane, and endosomes where it may limit basal (Figure legend continues.)

Keith, Sanderson et al. • AKAP Palmitoylation in Endosome Trafficking J. Neurosci., May 23, 2012 • 32(21):7119 –7136 • 7133



general endosomal trafficking alterations, as NMDA-cLTD induced
GluR1 internalization in dendrites was comparable for 79WT and
C36,129S (Fig. 10D). This result indicates that the depalmitoylated
C36,129S mutant supports normal LTD-associated AMPAR traf-
ficking and is consistent with our observations above that NMDA-
cLTD induces depalmitoylation of AKAP79/150 (Fig. 2D).

We next wanted to determine how C36,129S could alter den-
dritic endosomal recycling in a manner that could enhance basal
synaptic localization of GluR1 yet prevent additional delivery of
GluR1 to maintain potentiation following cLTP. To this end, we
used spinning-disc confocal microscopy to monitor exocytosis
from dendritic recycling endosomes using a TfR reporter tagged
on its extracellular domain with the pH-sensitive GFP variant
SEP (SEP-TfR) (Park et al., 2006; Kennedy et al., 2010). The
fluorescence of SEP-TfR is quenched when it resides in the acidic
lumen of endosomes but rapidly becomes fluorescent when it is
exocytosed to the plasma membrane and higher extracellular pH.
Discrete flashes of SEP-TfR exocytosis were detected in dendrites
of 79WT (Fig. 10E,G) or C36,129S-mCherry neurons (Fig.
10F,H) during 0 – 4 min of continuous imaging. C36,129S ex-
hibited a 
3.5-fold increase in basal exocytosis rate over 79WT
(Fig. 10 I). The elevated recycling exocytosis for C36,129S could
promote the increases in basal GluR1 synaptic localization we
observe and prevent decreases in overall GluR1 surface levels
(Fig. 10B,C) even when receptors are lost from synapses with
cLTP stimulation (Fig. 9C,E,F). During a subsequent 4 – 8 min of
cLTP stimulation, the rate of SEP-TfR exocytosis increased 
2.5-
fold above baseline for 79WT (Fig. 10E,G,J) similar to previous
studies (Park et al., 2006; Kennedy et al., 2010). However, cLTP
was not able increase SEP-TfR exocytosis in C36,129S-expressing
neurons (Fig. 10F,H,J), consistent with the impaired GluR1 sur-
face delivery that we observed above (Fig. 10A,B). Overall, our
findings indicate that preventing AKAP79 palmitoylation by the
C36,129S double mutation interferes with normal regulation of
endosomal recycling that is required for control of AMPAR syn-
aptic localization, spine size, and synaptic strength (Fig. 10K).

Discussion
Using a combination of biochemical and fluorescence imaging
methods, we characterized a novel role for S-palmitoylation in en-
dosomal targeting of AKAP79/150. Importantly, using additional
imaging and electrophysiological recordings, we showed that this
dynamic posttranslational modification modulates activity-
dependent dendritic spine targeting of AKAP79/150, endosome re-
cycling, spine enlargement, and AMPAR potentiation (Fig. 10K).

Palmitoylation and mechanisms of endosome targeting
A striking observation we made was that C36,129S was absent
from endosomes but not the plasma membrane in both COS7
cells and hippocampal neuron dendrites. Unpalmitoylated re-
combinant AKAP79 N-terminal fragments can bind directly to
vesicles containing PI4,5P2 with weaker binding to PI4P

(Dell’Acqua et al., 1998); thus, it is likely that the substantial
negative charge provided by PI4,5P2 enriched at the plasma
membrane allows even unpalmitoylated AKAP basic domains to
engage in strong electrostatic interactions. This AKAP plasma
membrane targeting may also be aided by binding to cortical
F-actin at sites enriched in PI4,5P2 (Gomez et al., 2002; Horne
and Dell’Acqua, 2007). Accordingly, a recent study found that
PI4,5P2 depletion removed depalmitoylated, but not palmitoy-
lated, AKAP79 from HEK-293 cell plasma membranes (Delint-
Ramirez et al., 2011). While late endosomes contain PI3,5P2 and
some late recycling endosomes contain PI4,5P2, early endosomes
that precede trafficking to these compartments primarily contain
PI3P (Nicot and Laporte, 2008). Thus, unpalmitoylated AKAP
may be lost from early endosomes due to insufficient electrostatic
interactions. In addition, lipid raft sorting of palmitoylated
AKAP may be necessary for its initial endocytosis from the
plasma membrane.

Regulation of palmitoylation by neuronal activity
AKAP150 palmitoylation was regulated by seizure activity in vivo
and by plasticity-inducing stimuli in cultured neurons. We ob-
served that kainate seizures rapidly increased AKAP150 palmi-
toylation and localization to lipid rafts with PSD-95. This
AKAP150 movement into postsynaptic rafts could involve
palmitoylation-dependent delivery via endosomes. Interestingly,
distribution of the nonraft TfR, which would be co-delivered
from endosomes with AKAP150, did not change with kainate,
consistent with studies showing that TfR is exocytosed with
GluR1 in spines but is not retained there (Kennedy et al., 2010).
In cultured neurons, NMDA-cLTD that moved AKAP from
spines rapidly decreased palmityolation, whereas cLTP that re-
cruited AKAP to spines rapidly increased palmitoylation. Several
other neuronal proteins, including PSD-95, exhibit activity-
dependent palmityolation (El-Husseini et al., 2002). A number of
DHHC-PAT family members including DHHCs 2, 3, 5, 7, 8, and
15 catalyze PSD-95 palmitoylation (Fukata and Fukata, 2010).
Many PATs are Golgi-localized proteins that palmitoylate newly
synthesized membrane proteins; however, DHHC5/8 are plasma
membrane localized (Greaves et al., 2010), present in dendrites
(Thomas et al., 2012), and have C-terminal PDZ ligands that bind
PSD-95 and GRIP1 (Li et al., 2010; Thomas et al., 2012). Inter-
estingly, DHHC5 knock-out mice have learning and memory
impairments (Li et al., 2010), and DHHC8 mutations in mice
and humans are linked to schizophrenia (Mukai et al., 2004,
2008). Last, DHHC2 is localized to recycling endosomes in
neuroendocrine cells (Greaves et al., 2011) and is recruited to
dendritic spines to palmitoylate PSD-95 when activity de-
creases (Noritake et al., 2009). It will be important to investi-
gate whether any of these PATs regulate AKAP79/150
palmityolation and how it is regulated through control of PAT
enzymatic activity or proximity.

Potential roles for AKAP79/150 in regulation of dendritic
endosome trafficking
The dominant interfering effects of C36,129S on cLTP-induced
spine enlargement, GluR1 regulation, and recycling exocytosis
indicate that exclusion of AKAP79 from endosomes interferes
with trafficking regulation required for potentiation. Our obser-
vations of C36,129S impacts on TfR and GluR1 trafficking indi-
cate that the AKAP signaling complex could function in both
general control of endosome trafficking and specific control of
AMPARs. CaN triggers AMPAR endocytosis during LTD (Beattie
et al., 2000), PKC regulates AMPAR synaptic incorporation in

4

(Figure legend continued.) recycling and GluR1 synaptic localization. Depalmitoylated AKAP is
present only in the extrasynaptic plasma membrane where it still may promote basal GluR1
phosphorylation. Palmitoylated AKAP and phosphorylated GluR1 are delivered to spines at
extrasynaptic locations by recycling endosome exocytosis during cLTP and then recruited into
the PSD. AKAP is removed from the PSD and depalmitoylated to uncouple it from both the
plasma membrane and endosomes following cLTD. GluR1 is dephosphorylated and removed
from the extrasynaptic membrane by endocytosis. Additional roles for PLC-catalyzed PI4,4P2

hydrolysis and CaN-dependent actin depolymerization in AKAP79/150 spine removal are not
depicted. Error bars indicate SEM.

7134 • J. Neurosci., May 23, 2012 • 32(21):7119 –7136 Keith, Sanderson et al. • AKAP Palmitoylation in Endosome Trafficking



LTP (Boehm et al., 2006), and PKA promotes AMPAR recycling
and exocytosis to favor LTP (Ehlers, 2000; Esteban et al., 2003; Oh
et al., 2006). The effects of CaN, PKA, PKC, and other kinases on
AMPAR localization are in part due to regulation of GluR1 phos-
phorylation, although additional mechanisms such as phosphor-
ylation of the AMPAR-associated protein Stargazin are involved
(Esteban et al., 2003; Tomita et al., 2005; Boehm et al., 2006; Man
et al., 2007; He et al., 2009; Lee et al., 2010; Opazo et al., 2010).
More directly, AKAP79/150-CaN anchoring is required for LTD
regulation of AMPAR currents and endocytosis in cultured neu-
rons and slices (Tavalin et al., 2002; Hoshi et al., 2005; Bhattacha-
ryya et al., 2009; Jurado et al., 2010), and AKAP binding to
PSD-95 is required for LTD in cultured slices (Xu et al., 2008) and
enhancement of spine maturation in developing cultured neu-
rons (Robertson et al., 2009). Importantly, characterization of
acute hippocampal slices from PKA anchoring-deficient
AKAP150D36 knock-in mice revealed deficits in LTD and LTP
involving PKA regulation of GluR2-lacking receptors (Lu et al.,
2007, 2008). Thus, expression of C36,129S likely delocalizes one
or more of these proteins away from endosomes (as seen in Fig. 6)
to alter trafficking regulation. AKAP150RNAi also effected regu-
lation of spine size and AMPAR activity, but not to the same
extent as C36,129S, which was unable to increase or maintain
AMPAR activity with cLTP. This greater effect of mutant expres-
sion is not surprising considering that RNAi suppression is likely
incomplete after 	48 h and AKAP150 knock-out mice have nor-
mal LTP under the same conditions that AKAP150D36 mice
show impairments (Lu et al., 2007; Weisenhaus et al., 2010).
Thus, there are clearly different impacts of reducing all AKAP
functions versus eliminating anchoring of one signaling partner
or eliminating palmityolation to alter localization.

AKAP79/150 palmitoylation and control of basal synaptic
activity and potentiation
Another prominent feature of C36,129S was the large increase in
basal mEPSC activity through a combination of new synapse for-
mation and postsynaptic unsilencing by Ca 2�-permeable GluR1-
containing AMPARs. Acute AKAP150RNAi also increased basal
mEPSC activity, in accordance with increases in basal AMPAR
transmission previously seen with AKAP150RNAi in cultured rat
hippocampal slices and with AKAP150 knock-out in mouse hip-
pocampal slices (Jurado et al., 2010; Lu et al., 2011). However,
these previous studies found differential involvement of an-
chored CaN versus PKA in basal transmission regulation, but as
mentioned above, both the acute and chronic effects of AKAP150
suppression or knock-out are complicated because multiple and
opposing activities are eliminated at the same time including
those that relieve inhibitory constraints on basal transmission,
such as CaN (Jurado et al., 2010), and those that remove positive
modulators of intrinsic excitability, such as PKA downregulation
of A-type K� currents (Lin et al., 2011), which could lead to
homeostatic increases in basal transmission. As mentioned
above, the failure of C36,129S to associate with lipids rafts likely
excludes it not only from endosomes but also from the PSD,
leading to localization only in the extrasynaptic plasma mem-
brane where it may increase basal GluR1 activity through PKA
and PKC phosphorylation pathways that control surface delivery
and synaptic incorporation (Boehm et al., 2006; Oh et al., 2006;
He et al., 2009; Lin et al., 2009). In any case, the positive effects of
C36,129S on basal AMPAR activity are not maintained after
cLTP, as shown by mEPSC silencing, impaired GluR1 and SEP-
TfR exocytosis, and GluR1 synaptic loss. Overall, it appears that
palmitoylated AKAP79 normally applies brakes to endosome re-

cycling and GluR1 synaptic incorporation that are then removed
by cLTP stimulation (Fig. 10K); C36,129S is not able to apply
these brakes but consequently cannot respond to stimulation. In
addition, it is possible that interactions of AKAP79/150 that
acutely stabilize it and AMPARs in the PSD during cLTP, such as
linkage to PSD-95, require AKAP palmityolation and lipid raft
association. In any case, our overall findings add significantly to
recent studies that highlight the emerging role of palmitoylation
of synaptic proteins in controlling neuronal functions that are
central to synaptic plasticity mechanisms and neurological dis-
ease processes.
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