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A-kinase anchoring protein (AKAP) 79/150 is a scaffold protein found in dendritic spines that recruits the cAMP-dependent protein
kinase (PKA) and protein phosphatase 2B– calcineurin (CaN) to membrane-associated guanylate kinase (MAGUK)-linked AMPA recep-
tors (AMPARs) to control receptor phosphorylation and synaptic plasticity. However, AKAP79/150 may also coordinate regulation of
AMPAR activity with spine structure directly through MAGUK binding and membrane-cytoskeletal interactions of its N-terminal tar-
geting domain. In cultured hippocampal neurons, we observed that rat AKAP150 expression was low early in development but then
increased coincident with spine formation and maturation. Overexpression of human AKAP79 in immature or mature neurons increased
the number of dendritic filopodia and spines and enlarged spine area. However, RNA interference knockdown of AKAP150 decreased
dendritic spine area only in mature neurons. Importantly, AKAP79 overexpression in immature neurons increased AMPAR postsynaptic
localization and activity. Neither the AKAP79 PKA nor CaN anchoring domain was required for increasing dendritic protrusion numbers,
spine area, or AMPAR synaptic localization; however, an internal region identified as the MAGUK binding domain was found to be
essential as shown by expression of a MAGUK binding mutant that formed mainly filopodia and decreased AMPAR synaptic localization
and activity. Expression of the AKAP79 N-terminal targeting domain alone also increased filopodia numbers but not spine area. Overall,
these results demonstrate a novel structural role for AKAP79/150 in which the N-terminal targeting domain induces dendritic filopodia
and binding to MAGUKs promotes spine enlargement and AMPAR recruitment.

Introduction
Dendritic spines are minute protrusions on neuronal dendrites
that mediate most excitatory synaptic connections in the brain
(Yuste and Bonhoeffer, 2004; Matus, 2005). Spines contain a spe-
cialized structure below the postsynaptic membrane called the
postsynaptic density (PSD) that is a network of scaffold and sig-
naling proteins linked to NMDA receptors (NMDARs), AM-
PARs, and filamentous actin (F-actin) (Kim and Sheng, 2004;
Tada and Sheng, 2006). Spine structure regulation is important
for synaptic development and function, and spine abnormalities
are characteristics of many human neurological and psychiatric
disorders. In early development, synapses contain NMDARs but
few AMPARs with filopodia and stubby spines predominating,
whereas mature neurons contain mostly thin or large
mushroom-shaped spines (Yuste and Bonhoeffer, 2004; Matus,
2005). Developmental maturation of spines is regulated by actin

polymerization and recruitment of PSD scaffolds and AMPARs
(Lamprecht and LeDoux, 2004; Yuste and Bonhoeffer, 2004; Ma-
tus, 2005; Tada and Sheng, 2006). Spine size correlates with AM-
PAR number such that increases in spine size and synaptic
strength occur together during development (Matsuzaki et al.,
2001). Importantly, NMDAR-dependent long-term potentiation
(LTP) that increases synaptic AMPAR activity also rapidly stim-
ulates new spine formation and existing spine enlargement,
whereas long-term depression (LTD) that decreases synaptic
AMPAR activity causes spine shrinkage and elimination (Lam-
precht and LeDoux, 2004; Matsuzaki et al., 2004; Nägerl et al.,
2004; Okamoto et al., 2004; Zhou et al., 2004).

PSD scaffold proteins play key roles in modifying synaptic
structure and function. In particular, membrane-associated
guanylate kinase (MAGUK) scaffold proteins regulate spine
numbers, spine size, and AMPAR synaptic strength during devel-
opment and plasticity (Migaud et al., 1998; El-Husseini et al.,
2000; Schnell et al., 2002; Rumbaugh et al., 2003; Stein et al., 2003;
Ehrlich and Malinow, 2004; Nakagawa et al., 2004b; Béïque et al.,
2006; Elias et al., 2006; Schlüter et al., 2006; Cuthbert et al., 2007;
Ehrlich et al., 2007; Kim et al., 2007; Xu et al., 2008). Another
scaffold that binds MAGUKs and is implicated in AMPAR regu-
lation during plasticity is A-kinase anchoring protein (AKAP)
79/150 (Colledge et al., 2000; Gomez et al., 2002; Tavalin et al.,
2002; Smith et al., 2006; Lu et al., 2007, 2008; Tunquist et al.,
2008). AKAP79/150 is localized to PSDs through its N-terminal
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targeting domain that binds phosphatidylinositol-4,5,-
bisphosphate (PIP2), F-actin, and cadherin adhesion molecules
(Dell’Acqua et al., 1998; Gomez et al., 2002; Gorski et al., 2005).
AKAP79/150 anchors protein kinase A (PKA) and calcineurin
(CaN) to promote regulation of neuronal AMPAR phosphoryla-
tion and activity during LTP and LTD (Tavalin et al., 2002; Hoshi
et al., 2005; Lu et al., 2007, 2008; Tunquist et al., 2008). In partic-
ular, negative regulation of AKAP79/150 and AMPAR spine lo-
calization occurs concomitantly with AMPAR dephosphoryla-
tion, actin depolymerization, and spine shrinkage during LTD;
therefore, AKAP79/150 may also control spine structural plastic-
ity (Gomez et al., 2002; Gorski et al., 2005; Smith et al., 2006;
Horne and Dell’Acqua, 2007). Here, we demonstrate that
AKAP79/150 regulates dendritic spine formation and morphol-
ogy in developing hippocampal neurons through its targeting
and MAGUK binding domains but surprisingly not its PKA and
CaN anchoring domains.

Materials and Methods
Mammalian cDNA expression vectors. The pEC/G/YFPN1 (Clontech)
vectors encoding C-terminal cyan/green/yellow fluorescent protein (C/
G/YFP) fusions of PSD95, AKAP79 wild type (WT), and AKAP79 mu-
tants (1–153, 1–315, �109 –315, �CaN, and �PKA) were described pre-
viously (Dell’Acqua et al., 2002; Gomez et al., 2002; Oliveria et al., 2003;
Gorski et al., 2005). pSilencer and pSilencer–sh150RNAi constructs were
provided by John Scott (University of Washington, Seattle, WA) and
have been characterized previously for efficient knockdown of rat
AKAP150 while allowing rescue with human AKAP79 [not recognized by
the short-hairpin RNA interference (shRNAi)] in cultured rat hip-
pocampal neurons in our laboratory and others (Hoshi et al., 2005; Ol-
iveria et al., 2007). For additional evidence showing effective knockdown
of AKAP150 by pSilencer–sh150RNAi in both day in vitro 0 (DIV0)–
DIV12 and DIV14 –DIV16 neurons, see supplemental Figure 2 (available
at www.jneurosci.org as supplemental material).

Primary culture and transfection of rat hippocampal neurons. Neurons
were cultured as described previously (Gomez et al., 2002; Smith et al.,
2006). Briefly, the hippocampus was dissected from postnatal day 0 (P0)
to P2 Sprague Dawley rats and dissociated in papain. For imaging and
electrophysiology experiments, neurons were plated at medium density
(150,000 –225,000 cells/ml) on glass-bottom 35 mm plates or glass cov-
erslips coated with poly-D-lysine and laminin (Discovery Labware; BD
Biosciences). For immunoblotting analysis of total protein expression,
neurons were plated at high density (500 –750,000 cells/ml) and grown
4 –20 d in vitro. For chronic Amaxa nucleofector transfection, P0 –P2
neurons were resuspended at 600,000 –900,000 cells per transfection,
electroporated with 4 –12 �g of each cDNA or the sh150RNAi construct,
plated at medium density, and grown to DIV11–DIV13. For acute Lipo-
fectamine 2000 transfection (Invitrogen), medium-density neurons
grown to DIV14 were transfected with 4 –12 �g of each cDNA and/or the
sh150RNAi construct and then grown to DIV16.

Immunocytochemistry. Cultured hippocampal neurons were fixed and
immunostained as described previously (Smith et al., 2006). Briefly, cells
were fixed in 3.7% formaldehyde/PBS, permeabilized in 0.2% Triton
X-100 in PBS, and blocked overnight in PBS/10% BSA at 4°C. For im-
munostaining with NR1, cells were washed in cold PBS, followed by
fixing in 4% paraformaldehyde at 4°C for 4 min. Cells were permeabil-
ized using 100% methanol for 2 min at �20°C and incubated overnight
in PBS/10% BSA at 4°C. Primary antibodies were incubated for 2 h at
room temperature in PBS/10% BSA as follows: 1:1000 rabbit anti-
AKAP150, 1:200 mouse anti-PSD95 (Affinity BioReagents), 1:100 rabbit
anti-GluR1 (Millipore Bioscience Research Reagents), 1:100 rabbit anti-
GluR2/3 (Millipore), 1:100 mouse anti-NR1 (BD Biosciences Pharmin-
gen), 1:400 mouse anti-bassoon (Stressgen), and 1:500 rabbit anti-
vesicular GABA transporter (vGAT) (Synaptic Systems). After
incubation, cells were washed in PBS, followed by PBS/10% BSA and
incubated with fluorescent secondary antibody conjugates [goat anti-
rabbit- or goat anti-mouse Texas Red (1:250) or Alexa647 (1:500) (In-

vitrogen)] for 1 h at room temperature. Coverslips were washed in PBS/
10% BSA, PBS, and water before mounting on glass slides in ProLong
mounting media (Invitrogen).

Fluorescence microscopy and quantitative digital image analysis. Imag-
ing of neurons was performed on an inverted Zeiss Axiovert 200M with
100� plan-apo/1.4 numerical aperture objective, 175 W xenon illumi-
nation (Sutter Instruments), Coolsnap CCD camera (Princeton Instru-
ments), and SlideBook version 4.0 – 4.2 software (Intelligent Imaging
Innovations) as described previously (Gorski et al., 2005; Smith et al.,
2006). Living neurons were maintained at 33°C and �5% CO2 during the
entire imaging period. For detection of indirect immunofluorescence or
direct fluorescence of C/G/YFP, three-dimensional z-stack images of x–y
planes with 0.5 �m steps were collected. Images were deconvolved to the
nearest neighbor to generate confocal x–y sections. Two-dimensional
maximum intensity projection images were generated to better represent
a complete picture of dendrites and spines and used for quantitative
mask analysis (see below).

Quantification of fluorescent images was performed in SlideBook ver-
sion 4.0. For dendritic spine area, masks were drawn to cover the entire
spine head and exclude the spine shaft. Area in pixels was then deter-
mined for each spine head and converted to area in square micrometers.
Dendritic protrusion (spines and filopodia) density was determined by
using the ruler tool to measure a length of dendrite and count the number
of dendritic protrusions in that length. Density was then expressed as a
measure of protrusions per 10 �m of dendrite. For immunocytochem-
istry, a dendrite mask was generated by using the segment function to
label the G/C/YFP transfected neuron and eliminate areas of the image
outside of the transfected neuron. Each fluorescence channel was gated
to produce a puncta mask using 1.5� the mean intensity in the dendrite
mask, followed by use of the AND function to define puncta within the
dendrite mask. Puncta were then separated manually using the eraser
tool. For the synaptic colocalized puncta masks (GluR1/PSD95; GluR2/
3/PSD95; NR1/GluR1), a new mask was generated after puncta separa-
tion using the AND function to combine the dendrite puncta masks of
each channel. To determine puncta density, the ruler tool was used as
described above, and the number of puncta was counted and expressed as
a measure of puncta per 10 �m of dendrite. For all imaging experiments,
multiple neurons from two to five separate cultures per condition were
analyzed.

Hippocampal protein expression time course assays. Samples were col-
lected either in vivo by dissecting the whole hippocampus from Sprague
Dawley rats at P0 –P28 or in vitro by harvesting high-density hippocam-
pal neuron cultures from 6 cm dishes at DIV4 –DIV20. Samples were
suspended in 1% SDS, 1 mM EDTA, and 10 mM Tris, pH 8, and sonicated.
Protein concentrations were determined using the Bio-Rad protein assay
kit. Proteins were resolved on Tris-SDS gels and transferred in 20%
methanol to nitrocellulose. Primary antibodies were incubated with the
membranes for a minimum of 90 min before detection with horseradish
peroxidase-coupled secondary antibodies (Bio-Rad) followed by en-
hanced chemiluminescence (West Pico Chemiluminescent Substrate or
West Dura Extended Duration Chemiluminescent Substrate; Pierce-
Fisher). Anti-AKAP150 was a gift from Dr. Yvonne Lai (Icos, Bothel,
WA). Anti-GluR1, GluR2/3, and tubulin antibodies were from Millipore,
and anti-PSD95 was from Affinity BioReagents. Immunoreactivity was
detected using an Alpha Innotech imaging system. The ratio of immu-
noreactivity observed was calculated using the AlphaEase software. After
initial antibody detection, the membranes were stripped using Restore
stripping buffer (Pierce-Fisher), followed by several washes in Tris-
buffered saline plus Tween 20 and a single wash in blotto. A second set of
antibodies was applied as described above. Semiquantitative Western
blot analysis of protein concentration for each time point was performed
as described previously (Smith et al., 2006). Briefly, a five-point standard
curve of hippocampal total protein was included on each gel. The inte-
grated density values for each antibody were plotted to generate a stan-
dard curve then used determine to unknown protein concentrations.
Final values were expressed as a percentage of the protein concentration
for the last time point.

Immunoprecipitation of AKAP79 –MAGUK complexes from HEK293
cells. Immunoprecipitations from HEK293 cells were performed as de-
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scribed previously (Gomez et al., 2002; Gorski et al., 2005). Briefly,
HEK293 cells were transfected by calcium phosphate at 60 –70% conflu-
ency with pEGFPN1–AKAP79WT or AKAP79 mutant cDNA with or
without pGW–mycPSD95 cDNA (Colledge et al., 2000) at 5–10 �g/con-
struct. Cells were solubilized in a 1% Triton X-100 lysis buffer and incu-
bated overnight at 4°C with 10 �g of anti-GFP or rabbit IgG control.
Immunoprecipitation was detected by immunoblotting for endogenous
synapse-associated protein 97 (SAP97) using pan-anti-PSD–MAGUK
(1:1000; Millipore) or mycPSD95 using 9E10 –anti-myc (1:1000; Santa
Cruz Biotechnology). Chemiluminescence was detected using an Alpha
Innotech imager.

Recordings of miniature EPSCs. Whole-cell voltage clamp recordings of
spontaneous miniature EPSCs (mEPSCs) were performed at room tem-
perature (20 –25°C) at �70 mV holding potential. Electrodes were pulled
on a horizontal puller (Sutter Instruments) to have resistance of 2–7 M�
when filled with intracellular solution containing the following (in mM):
130 CsMeSO4, 20 CsCl, 10 HEPES, 0.5 EGTA, 2 Na2-ATP, 0.2 Na3-GTP,
and 3 MgCl2, pH 7.25 with CsOH. Coverslips with plated neurons were
placed in extracellular solution comprising the following (in mM): 150
NaCl, 3 KCl, 10 HEPES, 10 D-glucose, 0.001 TTX, 0.05 picrotoxin, 2
MgCl2, and 2 CaCl2, pH 7.4 with NaOH. Transfected neurons were iden-
tified by G/YFP fluorescence. Tight-seal (�10 G�) whole-cell recordings
of membrane currents were amplified and filtered (5 kHz) using an
Axopatch 200 (Molecular Devices), digitized at 20 kHz (Digidata; Mo-
lecular Devices), and displayed on a personal computer running pClamp
(Molecular Devices) with series resistance (�20 M�) monitoring; re-
cordings with changes �10% were discarded. Offline detection and anal-
ysis of individual mEPSCs interevent interval (frequency) and peak cur-
rent (amplitudes) were measured with MiniAnalysis Program
(Synaptosoft), binned, averaged and plotted as cumulative probability
distributions with purpose-written software; typically, 200 –3000 events
per neuron were analyzed. For these experiments, n is number of neu-
rons, and two to five separate cultures per transfectant were used.

Statistical analysis. Comparisons with control for group data was per-
formed in Prism (GraphPad Software) using one-way ANOVA, followed
by Dunnett’s or Bonferroni’s post hoc analysis or in Excel (Microsoft
Corporation) or Prism for pairwise comparisons with control using Stu-
dent’s t test or Mann–Whitney test as indicated in figure legends. Data are
expressed as mean � SEM error bars in all figures. Cumulative distribu-
tions were compared using the Kolmogorov–Smirnoff (K–S) test as in-
dicated in the figure legends. Significance is reported as p � 0.05.

Results
AKAP150 protein expression in hippocampal neurons
increases in parallel with PSD95 and AMPAR expression
during early postnatal development
AKAP79/150 is a PSD scaffold protein localized to dendritic
spines that forms complexes with the NMDAR and AMPAR
through binding to the C-terminal Src homology 3 (SH3) and
guanylate kinase (GK) domains of MAGUK family scaffold pro-
teins, including PSD95 and SAP97, which in turn link to gluta-
mate receptors through their N-terminal postsynaptic density
95/Discs large/zona occuldens 1 (PDZ) domains (Colledge et al.,
2000; Gomez et al., 2002). Human AKAP79 and its rodent or-
tholog AKAP150 are both protein products of the AKAP5 gene;
these proteins are highly homologous other than insertion of an
internal repetitive amino acid sequence of unknown function
that is found only in rodents and not in other species, including
humans. AKAP79/150 is the major AKAP isoform present in PSD
fractions and plays a dominant role in controlling postsynaptic
spine localization of PKA (Carr et al., 1992; Glantz et al., 1992;
Smith et al., 2006; Lu et al., 2007; Tunquist et al., 2008). AKAP79/
150 –MAGUK complexes are thought to anchor and target PKA
and CaN in spines to regulate AMPAR activity through phos-
phorylation of the GluR1 subunit and control of receptor traf-
ficking (Coghlan et al., 1995; Colledge et al., 2000; Dell’Acqua et
al., 2002; Tavalin et al., 2002; Hoshi et al., 2005; Snyder et al.,

2005; Smith et al., 2006; Lu et al., 2007, 2008; Tunquist et al.,
2008).

Although it is not known exactly how AKAP–MAGUK com-
plexes initially form, AKAP150 and PSD95 begin to colocalize in
cultured rat hippocampal pyramidal neurons as spinogenesis oc-
curs between 1 and 2 weeks in culture (Gomez et al., 2002). Sim-
ilarly, in rodent hippocampus in vivo, spinogenesis also begins
�1 week after birth (Bonhoeffer and Yuste, 2002; Yuste and Bon-
hoeffer, 2004). To further evaluate the relationship between
PSD95 and AKAP150 during development, we analyzed total
protein expression levels in rat hippocampus from P0 to P28. We
observed a relatively low level of AKAP150 expression from P0 to
P8, followed by a significant increase in expression at P12 com-
pared with P0, and then relatively stable elevated expression levels
from P16 to P28 (Fig. 1A,B). This increasing pattern of AKAP150
expression during development approximately paralleled in-
creases in expression observed for PSD95 and AMPAR GluR1
and GluR2/3 subunits between P12 and P28 (Fig. 1A,B). We next
examined protein expression levels in cultured dissociated hip-
pocampal neurons to determine whether in vitro development
parallels in vivo development. AKAP150, PSD95, GluR1, and
GluR2/3 protein expression levels were evaluated in hippocampal
neurons grown from DIV4 to DIV20. Similar to the hippocam-
pus in vivo, PSD95 and AKAP150 showed relatively low expres-
sion at DIV4 –DIV8 and then significantly higher expression at
DIV12–DIV20 compared with DIV4 (Fig. 1C,D). Both GluR1
and GluR2/3 expression as a percentage of DIV20 levels were
already substantial at DIV4 (Fig. 1C,D). GluR1 then showed a
significant increase in expression for DIV8 –DIV20 compared
with DIV4 levels, but GluR2/3 did not show any significant in-
creases. Thus, AMPAR subunit expression during in vitro devel-
opment appears to be somewhat accelerated compared with in
vivo. Nonetheless, the parallel increases in AKAP150 and PSD95
expression during development observed here and the increase in
AKAP150 colocalization with PSD95 during spinogenesis previ-
ously observed (Gomez et al., 2002) both suggest that AKAP150
may regulate spine and excitatory synapse development.

Regulation of dendritic spine development by AKAP79
overexpression in hippocampal neurons
As mentioned above, spines, including filopodial spine precur-
sors, undergo dramatic changes in morphology during develop-
ment, and this change is regulated by actin polymerization and
recruitment of PSD proteins. Dynamic regulation of spine mor-
phology also occurs during LTP and LTD; therefore, mechanisms
regulating spinogenesis might also be important in synaptic plas-
ticity. AKAP79/150 is an important modulator of NMDAR-
dependent LTP and LTD, and its localization to spines and bind-
ing to MAGUKs is dynamically regulated coincident with
dendritic spine structure in LTD (Gomez et al., 2002; Snyder et
al., 2005; Smith et al., 2006; Horne and Dell’Acqua, 2007; Lu et al.,
2007, 2008; Tunquist et al., 2008). We therefore wanted to deter-
mine whether AKAP79/150 can modulate dendritic spine devel-
opment and morphology by overexpressing human AKAP79 in
rat cultured hippocampal neurons early during spinogenesis
(DIV0 –DIV12) when there is low endogenous AKAP150 expres-
sion (Fig. 1C,D). Neurons were transfected at DIV0 with equal
amounts of CFP-tagged AKAP79WT, various AKAP79 mutants,
or CFP alone (negative control) with YFP to fill the cytoplasm of
dendrites and spines (Fig. 2A). Previous work by others showed
that overexpression of PSD95 during this time period leads to an
increase in spine number and area (El-Husseini et al., 2000;
Prange et al., 2004); therefore, expression of CFP-tagged PSD95
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with YFP filler was included as a positive control (Fig. 2A). Using
fluorescence microscopy, CFP and YFP were imaged in dendrites
of living transfected neurons at DIV11–DIV13 (Fig. 2B) (for
larger images of multiple dendrites, see supplemental Fig. 1,
available at www.jneurosci.org as supplemental material) and
evaluated for dendritic protrusion density and spine head area,
including both spines with well formed heads and filopodia in
protrusion density counts (Fig. 2C–G). We found that, relative to
CFP/YFP controls, both AKAP79WT and PSD95 increased pro-
trusion density per 10 �m of dendrite (Fig. 2B,G) and enlarged
spines as seen in cumulative probability plots shifted toward
larger spine areas (Fig. 2C) and increased mean spine area values
(Fig. 2F).

Next, we determined what AKAP79 domains were responsible
for the observed increases in dendritic spine area and protrusion
number. We began by imaging AKAP79 mutants with deletions
of the PKA binding site (�PKA), the CaN binding site (�CaN),
both the PKA and CaN binding sites (1–315), and the targeting
domain alone (1–153) (Fig. 2A,B). When compared with the
C/YFP negative control, the �PKA and �CaN constructs still
showed a significant increase in both dendritic spine area (Fig.
2D,F) and protrusion density (Fig. 2G). This suggested that ef-
fects of AKAP79 overexpression on dendritic spines did not re-
quire PKA or CaN anchoring. Interestingly, the targeting domain
alone (1–153) was sufficient to increase protrusion density (Fig.
2G) but did not increase spine area when compared with controls
(Fig. 2E,F). We also noticed that the additional protrusions on

neurons expressing (1–153) were mostly filopodial, with few
spines showing development of large heads (Fig. 2B). These re-
sults indicate that the ability of AKAP79 to increase spine area is
located in a region between the end of the targeting domain (153)
and the beginning of the CaN binding site (315) that may be
involved in MAGUK binding (Tavalin et al., 2002; Oliveria et al.,
2003). To extend this analysis, we expressed 1–315, a construct
that contains this potential MAGUK binding site but lacks PKA
and CaN binding (Fig. 2A), and observed an increase in dendritic
spine area and protrusion density similar to AKAP79WT (Fig.
2B,E–G), further implicating the potential MAGUK binding do-
main as the region of AKAP79/150 responsible for increasing
spine size.

Identification of the MAGUK binding domain on AKAP79/
150 that is required for regulation of dendritic spine size
To more directly test the hypothesis that the AKAP–MAGUK
interaction is important for spine size regulation, we decided to
characterize an AKAP79�109 –315 deletion mutant that removes
the potential MAGUK binding site while maintaining N-terminal
membrane targeting and C-terminal PKA and CaN anchoring
functions (Dell’Acqua et al., 1998, 2002). To this end, the
MAGUK binding activities of GFP-tagged AKAP79WT, 1–315,
1–153, �109 –315, and GFP alone (negative control) were tested
by coimmunoprecipitation of endogenous SAP97 (Fig. 3A) or
transfected myc-tagged PSD95 (Fig. 3B) from HEK293 cells. Us-
ing an antibody against GFP, AKAP79 –GFP complexes were im-

Figure 1. Expression of AKAP150 increases in parallel with PSD95 and AMPAR subunits during early postnatal development in hippocampal neurons both in vivo and in vitro. A, Representative
immunoblots illustrating an increase in in vivo protein expression levels of AKAP150, PSD95, GluR1, and GluR2/3 during postnatal development at P0 –P28 in the rat hippocampus. Protein samples
were taken from whole hippocampal homogenates with 5 �g of protein loaded for each time point. The same immunoblots were stripped and reprobed with anti-tubulin as a control for equal
protein loading. B, Graph of immunoreactivity levels calculated from immunoblots as shown as in A normalized to P28 expression levels. For each time point, hippocampal tissue from two to four
rats was analyzed in duplicate (P0 –P20, n 	 8; P24 –P28, n 	 4). *p � 0.05; **p � 0.01 by t test to P0. C, Representative immunoblots illustrating an increase in in vitro expression levels of
AKAP150, PSD95, and GluR1 expression levels in cultured hippocampal neurons at DIV4 –DIV20. GluR2/3 starts high at DIV4 and shows a nonsignificant increasing trend ( p 	 0.08) for DIV8 –DIV20.
Ten micrograms of protein was loaded for each time point. D, Graph of immunoreactivity levels calculated from immunoblots as in C normalized to DIV20 expression levels. For each time point,
neurons from two separate culture preparations were analyzed in duplicate (n 	 4). *p � 0.05; **p � 0.01 by t test to DIV4.
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munoprecipitated and immunoblotted to detect SAP97 or my-
cPSD95 binding. Our results showed that AKAP79WT and 1–315
coimmunoprecipitated SAP97 and mycPSD95, whereas the tar-
geting domain 1–153 and internal deletion mutant �109 –315 did
not (Fig. 3A,B). Neither GFP alone nor nonspecific rabbit IgG
immunoprecipitated SAP97 (Fig. 3A) or mycPSD95 (Fig. 3B),
further demonstrating specificity.

These biochemical findings indicate that the AKAP79 153–
315 region that is important for regulating spine enlargement is
also required for MAGUK binding. To confirm that MAGUK
binding is important in regulating spine area, we expressed
Y/GFP-tagged AKAP79WT, �109 –315 that lacks MAGUK bind-
ing, or YFP/CFP alone as the negative control in cultured hip-

pocampal neurons (Fig. 4A,B) (for larger images of dendrites, see
supplemental Fig. 1, available at www.jneurosci.org as supple-
mental material). In contrast to 1–315, �109 –315 showed an
increase in protrusion density (Fig. 4F) but failed to increase
spine area as dramatically as AKAP79WT (Fig. 4C,E) and pro-
duced mainly filopodia (Fig. 4B), further implicating the
MAGUK binding domain in regulation of spine area.

Knockdown of endogenous AKAP150 expression in
hippocampal neurons decreases dendritic spine size later but
not early in spine development
Finally, we evaluated the effect of chronic knockdown of endog-
enous AKAP150 on dendritic spine area and protrusion density

Figure 2. Overexpression of AKAP79 in developing DIV12 cultured hippocampal neurons increases dendritic spine size and protrusion density independent of its PKA and CaN anchoring functions.
A, Diagram of CFP-tagged AKAP79 WT and deletion mutants expressed in cultured hippocampal neurons for analysis of spine regulation. PSD95–CFP served as a positive control, whereas CFP alone
served as a negative control. B, Representative images of dendrites from living cultured hippocampal neurons transfected at DIV0 and imaged at DIV12 expressing the indicated CFP-tagged AKAP79
constructs in A (blue) along with YFP as a cytoplasmic filler (green). Scale bar, 10 �m. C–E, Cumulative distribution plots of the areas of spine heads (in square micrometers) for the indicated
constructs analyzed in B showing that neither the PKA or CaN anchoring domains were required for AKAP79-induced spine enlargement, but the region between residues 153 and 315 was required.
F, Graph of mean spine areas (in square micrometers) for PSD95 (0.5 � 0.02; n 	 384 spines on 23 neurons), AKAP79WT (0.78 � 0.02; n 	 2507 spines on 58 neurons), �CaN (0.69 � 0.02; n 	
948 spines on 19 neurons), �PKA (0.65 � 0.02; n 	 636 spines on 24 neurons), and 1–315 (0.69 � 0.02; n 	 1058 spines on 19 neurons) showing increased spine area when compared with Y/CFP
control (0.36 � 0.01; n 	 1321 spines on 39 neurons), with 1–153 (0.36 � 0.01; n 	 657 spines on 23 neurons) having no effect on spine size. G, Graph of dendritic protrusion density measured
as number of filopodia and spines per 10 �m of dendrite showing that PSD95 (8.7 � 0.4; n 	 57 lengths on 13 neurons), AKAP79 (10.8 � 0.2; n 	 206 lengths on 49 neurons), �CaN (10.7 � 0.2;
n 	 148 lengths on 29 neurons), �PKA (10.8 � 0.2; n 	 169 lengths on 25 neurons), 1–315 (10.5 � 0.3; n 	 135 lengths on 19 neurons, and 1–153 (10.2 � 0.3; n 	 143 lengths on 23 neurons)
increased protrusion density when compared with Y/CFP control (6.3 � 0.2; n 	 219 lengths on 43 neurons). In F and G, **p � 0.01 by ANOVA, and data are graphed as mean � SEM.

Robertson et al. • AKAP79/150-MAGUK Control of Dendritic Spines J. Neurosci., June 17, 2009 • 29(24):7929 –7943 • 7933



in immature developing DIV0 –DIV12
hippocampal neurons using a previously
characterized AKAP150shRNAi plasmid
transfected with YFP (Hoshi et al., 2005;
Oliveria et al., 2007). Importantly, as pub-
lished previously, YFP-positive DIV12
neurons cotransfected on DIV0 with
AKAP150shRNAi consistently showed
greatly reduced AKAP150 dendritic stain-
ing compared with neighboring untrans-
fected neurons (supplemental Fig. 2A,
available at www.jneurosci.org as supple-
mental material). AKAP150RNAi ex-
pressed during DIV0 –DIV12 had no effect
on dendritic spine area or protrusion den-
sity compared with control neurons ex-
pressing YFP alone or pSilencer vector
with YFP (Fig. 4B,D–F). This lack of effect
of AKAP150RNAi on early spine develop-
ment from DIV0 to DIV12 may be ex-
plained by our observation above that
AKAP150 is expressed at relatively low lev-
els before DIV12 and, thus, may not be es-
sential for spine formation but be more im-
portant for regulating spine maturation and morphology later in
development at DIV16–DIV20 when its expression levels are higher
(Fig. 1C,D). Consistent with this predicted role for AKAP150 in
spine maturation, neurons transfected on DIV14 with YFP and
AKAP150shRNAi to acutely knockdown AKAP150 from DIV14 to
DIV16 (Fig. 5A) (for AKAP150 staining confirming knockdown, see
supplemental Fig. 2B, available at www.jneurosci.org as supplemen-
tal material), exhibited a reduction in dendritic spine area (Fig.
5B,C) with no significant change in protrusion numbers (Fig. 5D)
compared with control neurons transfected with pSilencer vector
and YFP. As an additional control for RNAi specificity, acute expres-
sion of AKAP79–YFP, which is resistant to knockdown by
AKAP150shRNAi (Hoshi et al., 2005; Oliveria et al., 2007) not only
rescued the decrease in spine area seen with RNAi knockdown of
AKAP150 in DIV14–DIV16 neurons (Fig. 5B,C) but also increased
both spine area (Fig. 5B,C) and protrusion density (Fig. 5D) relative
to control neurons. However, these positive effects of acute AKAP79
overexpression on spine size and protrusion numbers in the more
mature DIV14–DIV16 neurons were not as large as seen with
chronic overexpression in the immature DIV0–DIV12 neurons.
These differences could be related to the different developmental
ages of the neurons as well as the different time periods of overex-
pression (2 vs 12 d). Nonetheless, these overexpression results along
with the RNAi results suggest that AKAP79/150 is a positive regula-
tor of spine maturation.

Regulation of AMPAR recruitment to synapses by AKAP79
expression in hippocampal neurons
As mentioned previously, normal postsynaptic development in-
volves recruitment of F-actin and AMPARs to excitatory synapses
containing NMDARs, leading to maturation of dendritic spines
and increased synaptic strength (Matus, 2000; Matsuzaki et al.,
2001; Lamprecht and LeDoux, 2004). Thus, it is possible that the
increase in spine area caused by AKAP79 overexpression may
lead to increased AMPAR recruitment and synaptic strength. Ac-
cordingly, we performed immunocytochemistry to evaluate ef-
fects of chronic AKAP79 expression on AMPAR localization in
DIV0 –DIV12 transfected neurons. We also evaluated the effect
of AKAP79 on PSD95 localization to determine whether the

change in spine area and dendritic protrusion number is regu-
lated through increased PSD95 clustering. Our evaluation of
AMPAR localization was limited to AKAP79WT, 1–315 that lacks
PKA and CaN anchoring but contains MAGUK binding, and
�109 –315 that lacks MAGUK binding but contains PKA and
CaN anchoring, compared with YFP alone controls, because
these constructs resulted in the most interesting effects on den-
dritic spine area and protrusion density observed above.
AKAP150RNAi was also evaluated as an additional condition.
First, the effect of AKAP79 on AMPAR total puncta density was
evaluated in neurons immunostained for GluR1 (Fig. 6A) (for
larger images of dendrites, see supplemental Fig. 3, available at
www.jneurosci.org as supplemental material) or GluR2/3 (Fig.
6B). We found that AKAP79WT and 1–315 increased total
GluR1 puncta density, whereas only 1–315 increased GluR2/3
total puncta density along dendrites compared with YFP alone
controls (Fig. 6C). In contrast, �109 –315 had no effect on total
GluR1 puncta density but slightly decreased total GluR2/3 total
puncta density (Fig. 6C). Consistent with the lack of effect of
spine size and density observed above at DIV12, knockdown of
endogenous AKAP150 during DIV0 –DIV12 had no effect on
either GluR1 or GluR2/3 total puncta density when compared
with YFP control (Fig. 6C).

Next, we evaluated the effect of AKAP overexpression on AM-
PAR synaptic puncta density as defined by colocalization with
PSD95 puncta. AKAP79 and 1–315 significantly increased GluR1
synaptic puncta density, whereas �109 –315 had no effect com-
pared with YFP controls (Fig. 6D). Both 1–315 and AKAP79 also
increased, whereas �109 –315 slightly decreased, GluR2/3 synap-
tic puncta density, although these changes for GluR2/3 were not
as large as those seen for GluR1 with AKAP79 and 1–315 (Fig.
6D). AKAP150RNAi had no impact on synaptic GluR1 or
GluR2/3 localization (Fig. 6D). These results indicate that the
differential effects of AKAP79WT and 1–315 compared with
�109 –315 on spine area correlate with differential effects on AM-
PAR localization as well. We also evaluated the effect of AKAP79
expression on PSD95 puncta density. Overexpression of AKAP79
slightly increased total PSD95 puncta density along dendrites,
whereas 1–315 and �109 –315 did not show any significant

Figure 3. AKAP79 residues 153–315 are required for MAGUK binding. Immunoprecipitation (IP) of whole-cell extracts from
HEK293 expressing the indicated GFP-tagged AKAP79 WT and mutants or GFP alone (negative control) using anti-GFP (specific) or
nonimmune IgG (nonspecific) as indicated. A, Immunoblotting (IB) for SAP97 and AKAP79 (A) or mycPSD95 and AKAP79 –GFP (B)
showed specific coimmunoprecipitation of endogenous SAP97 or mycPSD95 with AKAP79 constructs containing residues 153–
315 but not with those constructs lacking this region. Note that, in B, 1–153–GFP migrates at the same molecular weight as the
IgG heavy chain of the precipitating anti-GFP antibody [indicated by (IgG)]; thus, it is difficult to see the precipitating 1–153–GFP
in the anti-GFP IP lane.
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changes in PSD95 puncta density when compared with control.
These results suggest that changes in PSD95 localization are un-
likely to account for all of the effects of AKAP79 expression on
spine area and AMPAR localization (Fig. 6E). Finally, consistent
with the AMPAR staining results, AKAP150 RNAi from DIV0 to
DIV12 had no effect on PSD95 puncta density compared with
control (Fig. 6E).

Regulation of AMPAR synaptic strength by AKAP79
expression in hippocampal neurons
AMPAR localization in spines can be within the synaptic cleft,
extrasynaptic, or contained within internal vesicles. Only AM-
PARs located within the synaptic cleft are activated during syn-

aptic transmission, whereas AMPARs located in extrasynaptic
regions are thought to laterally diffuse in and out of the synaptic
cleft, and AMPARs contained within internal vesicles are inserted
into the membrane as part of normal receptor cycling and turn-
over and in response to LTP induction (Schnell et al., 2002; Park
et al., 2004; Ashby et al., 2006; Boehm et al., 2006; Brown et al.,
2007; Ehlers et al., 2007; Yudowski et al., 2007). Although our
immunostaining data showed that overexpression of AKAP79
constructs altered AMPAR localization, it could not tell us
whether there was also an impact on the number of active AM-
PARs within the synaptic cleft.

To evaluate AMPAR function in neurons overexpressing
AKAP79 constructs, we recorded mEPSCs. Spontaneous

Figure 4. An AKAP79 internal deletion mutant that lacks the MAGUK binding domain increases protrusion density but does not increase dendritic spine area in DIV12 hippocampal neurons. A,
Diagram of YFP-tagged AKAP79WT and the �109 –315 MAGUK binding site deletion mutant expressed in cultured hippocampal neurons for analysis of spine regulation along with knockdown of
endogenous rat AKAP150 by RNAi. YFP/CFP alone and the pSilencer RNAi empty vector served as negative controls. B, Representative images of dendrites from living cultured hippocampal neurons
transfected at DIV0 and imaged at DIV12 expressing the indicated YFP-tagged AKAP79 constructs in A (green) along with CFP or YFP as a cytoplasmic filler (blue). Scale bar, 10 �m. C, Cumulative
distribution plots of the areas of spine heads (in square micrometers) for the indicated conditions analyzed in B showing that the MAGUK binding region of AKAP79 that is deleted in the �109 –315
construct was required for AKAP79-induced spine enlargement; D, AKAP150RNAi had no effect in DIV0 –D12 neurons. E, Graph of mean spine area (in square micrometers) for �109 –315 (0.43 �
0.01; n 	 842 spines on 16 neurons) showing only a very small enlargement of spine area compared with AKAP79WT (from Fig. 2) and Y/CFP control (from Fig. 2). AKAP150RNAi (0.33 � 0.02; n 	
496 spines on 11 neurons) and the pSilencer RNAi empty vector control (0.38 � 0.01; n 	 600 spines on 12 neurons) had no effect on spine area. F, Graph of dendritic protrusion density measured
as number of filopodia and spines per 10 �m of dendrite showing that AKAP79 (from Fig. 2) and �109 –315 (10.2 � 0.3; n 	 136 lengths on 29 neurons) increased protrusion density when
compared with Y/CFP control (from Fig. 2). Neither AKAP150 knockdown by RNAi (6.4 � 0.2; n 	 89 lengths on 12 neurons) nor pSilencer RNAi empty vector control (6.5 � 0.2; n 	 105 lengths
on 15 neurons) had any effect on protrusion density. In E and F, *p � 0.05, **p � 0.01 by ANOVA, and data are graphed as mean � SEM.
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AMPAR-mediated mEPSCs were re-
corded from neurons transfected with
YFP-tagged AKAP79WT, �109 –315,
1–315, or YFP alone (Fig. 7A). Our results
showed that AKAP79WT and 1–315 trans-
fected neurons increased mEPSC ampli-
tudes (Fig. 7A,B,D) with no or little effect,
respectively, on mEPSC frequency (Fig.
7A,C,E) when compared with neurons ex-
pressing YFP alone. In contrast, �109 –
315-expressing cells showed no change in
amplitude (Fig. 7A,B,D) but exhibited a
dramatic decrease in frequency (Fig.
7A,C,E). These results suggest that the
ability of AKAP79 and 1–315 to increase
dendritic spine area correlates with in-
creased AMPAR postsynaptic strength. In
contrast, the �109 –315 mutant greatly re-
duced mEPSC frequency, indicating a
probable loss of active synapses relative to
the YFP alone control.

AKAP79 expression does not alter the
number or balance of excitatory versus
inhibitory presynaptic terminals in
hippocampal neurons
Although changes in AMPAR mEPSC am-
plitudes are usually indicative of postsyn-
aptic modifications, effects on frequency
can be either presynaptic or postsynaptic.
Thus, we wanted to investigate how �109 –
315 caused a decrease in mEPSC fre-
quency. First, we evaluated the AKAP79
constructs for changes in the number of
presynaptic terminals making synapses on
dendrites of the transfected neurons using
the generic presynaptic marker bassoon
and found that none of the AKAP79 con-
structs had any effect on the total number
of presynaptic terminals (Fig. 8A,C). As
an additional control, we evaluated
whether AKAP79 had any effect on inhib-
itory synapses identified by staining for the
vGAT. Others have shown that overex-
pression of PSD95 increases the number of
excitatory synapses at the expense of in-
hibitory synapses by altering neuroligin
localization through binding to its
N-terminal PDZ domains. This PSD95
retrograde communication via neuroli-
gins involves coordinated presynaptic and
postsynaptic changes, leading to a large in-
crease in mEPSC frequency and a decrease
in the frequency of inhibitory synaptic
events (El-Husseini et al., 2000; Prange et
al., 2004; Levinson et al., 2005). Although AKAP79 also predom-
inantly localizes to excitatory synapses and interacts with PSD95,
no increase in mEPSC frequency was observed for any AKAP79
construct; therefore, changes in inhibitory synapses were not
likely to be occurring for AKAP79. Consistent with this predic-
tion, no changes in the density of vGAT-stained synaptic termi-
nals were observed in AKAP79WT-, 1–315-, or �109 –315-
expressing neurons when compared with YFP control (Fig.

8B,D). These results indicate that, whereas AKAP79 regulation of
AMPAR localization and activity depends on MAGUK binding,
AKAP79 does not use the same mechanisms as PSD95 to enhance
AMPAR postsynaptic function. Indeed, the positive effects of
PSD95 on presynaptic development and mEPSC frequency only
required the N-terminal PDZ domains of PSD95 and not the
SH3–GK domains in which AKAP79 binds (El-Husseini et al.,
2000; Prange et al., 2004; Levinson et al., 2005).

Figure 5. Knockdown of AKAP150 expression by RNAi decreases dendritic spine area in more mature DIV16 cultured hip-
pocampal neurons. A, Representative images of dendrites from living cultured hippocampal neurons transfected at DIV14 and
imaged at DIV16 expressing (green) pSilencer RNAi empty vector with YFP (control), AKAP150RNAi with YFP, or AKAP150RNAi
with AKAP79WT–YFP. AKAP79WT–YFP was also coexpressed with CFP as cytoplasmic filler (data not shown). Top panels show
larger images of multiple dendrites. Bottom panels show magnifications of single dendrites. Scale bars, 10 �m. B, Cumulative
distribution plots of the areas of spine heads (in square micrometers) for the indicated conditions analyzed in A showing that
AKAP150RNAi decreases spine area, whereas AKAP79WT rescue expression increases spine area compared with the pSilencer
control in DIV14 –DIV16 neurons. C, Graph of mean spine area (in square micrometers) showing increased spine size for
AKAP150RNAi with AKAP79WT (0.67 � 0.02; n 	 874 spines on 14 neurons) and decreased spine size for AKAP150RNAi (0.38 �
0.01; n 	 684 spines on 10 neurons) compared with pSilencer control (0.55 � 0.01; n 	 603 spines on 10 neurons). D, Graph of
dendritic protrusion density measured as number of filopodia and spines per 10 �m of dendrite showing that AKAP150RNAi
(4.8 � 0.3; n 	 639 lengths on 40 neurons) had no influence on protrusion density compared with pSilencer control (4.8 � 0.3;
n 	 619 lengths on 40 neurons), whereas AKAP79WT with AKAP150RNAi led to an increase (6.3 � 0.3; n 	 488 lengths on 41
neurons). **p � 0.01 by ANOVA compared with pSilencer control; 

p � 0.01 by ANOVA compared with AKAP150RNAi. Data
are graphed as mean � SEM.
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Figure 6. AKAP79 increases AMPA receptor synaptic localization through its MAGUK binding domain. A, Representative images of dendrites from DIV12 neurons expressing the indicated
AKAP79 –YFP constructs, AKAP150RNAi, or YFP alone (green) immunostained for and PSD95 (blue) and GluR1 (red) or GluR2/3 (red) (B). In A and B, colocalization of GluR subunits with PSD95 can
be seen as pink–purple in the merge images. Scale bars, 10 �m. C, Graph of total GluR1 and GluR2/3 puncta density per 10 �m of dendrite length. AKAP79WT increased total GluR1 (10.6 � 0.3;
n 	 205 lengths on 40 neurons) with no effect on total GluR2/3 puncta density (11.0 � 0.4; n 	 147 lengths on 37 neurons) when compared with YFP controls (GluR1, 9.0 � 0.3, n 	 150 lengths
on 30 neurons; GluR2/3, 10.4 � 0.4, n 	 139 lengths on 28 neurons). 1–315 increased both total GluR1 (10.4 � 0.4; n 	 116 lengths on 18 neurons) and GluR2/3 (12.2 � 0.6; n 	 109 lengths
on 18 neurons). �109 –315 had no effect on total GluR1 (9.1 � 0.4; n 	 114 lengths on 16 neurons) and showed a slight decrease in GluR2/3 (8.5 � 0.5; n 	 110 lengths on 18 neurons).
AKAP150RNAi (transfected with YFP) had no effect on total GluR1 (9.1 � 0.3; n 	 129 lengths on 18 neurons) or GluR2/3 (10.9 � 0.6; n 	 96 lengths on 18 neurons). D, Graph of PSD95 colocalized
synaptic GluR1 and GluR2/3 puncta density per 10 �m of dendrite length. AKAP79WT increased synaptic GluR1 (8.6 � 0.3; n 	 205 lengths on 40 neurons) and GluR2/3 (6.7 � 0.3; n 	 147 lengths
on 37 neurons) puncta density when compared with YFP controls (GluR1, 6.7 � 0.3, n 	 150 lengths on 30 neurons; GluR2/3, 5.9 � 0.3; n 	 139 lengths on 28 neurons). 1–315 also increased
synaptic GluR1 (8.7 � 0.4; n 	 116 lengths on 18 neurons) and GluR2/3 (6.9 � 0.3; n 	 109 lengths on 18 neurons). �109 –315 had no effect on synaptic GluR1 (7.0 � 0.4; n 	 114 lengths on
16 neurons) and decreased synaptic GluR2/3 (5.0 � 0.4; n 	 110 lengths on 18 neurons). AKAP150RNAi had no effect on synaptic GluR1 (7.0 � 0.3; n 	 129 lengths on 18 neurons) or GluR2/3
(5.7 � 0.3; n 	 96 lengths on 18 neurons). E, Graph of total PSD95 puncta per 10 �m showing that AKAP79 increased PSD95 puncta density (13.4 � 0.3; n 	 352 lengths on 77 neurons) compared
with YFP control (12.2 � 0.3; n 	 289 lengths on 58 neurons). 1–315 (13.0 � 0.4; n 	 225 lengths on 36 neurons), �109 –315 (11.5 � 0.4; n 	 224 lengths on 34 neurons), and AKAP150RNAi
(12.7 � 0.3; n 	 225 lengths on 36 neurons) had no significant effects. In C–E, *p � 0.05, **p � 0.01 by ANOVA and #p � 0.05 by t test, and data are graphed as mean � SEM.
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Regulation of morphologically silent
synapse numbers by AKAP79
expression in hippocampal neurons
The results from analysis of presynaptic
terminal densities suggested that the
mechanism for �109 –315 decreasing
mEPSC frequency may be related to
postsynaptic alterations instead. One pos-
sibility is that �109 –315 decreases mEPSC
frequency through postsynaptic silencing
resulting from an increase in morphologi-
cally silent synapses that contain
NMDARs with no AMPARs. Synapses
containing only NMDARs are immature
and functionally silent because they are in-
capable of responding to presynaptic re-
lease of glutamate attributable to insuffi-
cient removal of the Mg 2
 block on
NMDARs (Gomperts et al., 1998; Liao et
al., 1999, 2001; Voronin and Cherubini,
2004). We therefore costained neurons ex-
pressing AKAP79 constructs for the NR1
subunit of the NMDAR and GluR1. Con-
sistent with our previous observation of
increased GluR1 localization with PSD95
and increased postsynaptic strength, both
AKAP79WT and 1–315 constructs not
only increased total NR1 puncta density
but also increased the density of NR1/
GluR1 colocalized puncta compared with
YFP controls (Fig. 8E–G). In contrast,
�109 –315 showed no change in total NR1
puncta numbers and exhibited a decrease
in the number of NR1/GluR1 colocalized
puncta, indicating an increase in the num-
ber of morphologically silent synapses in
these neurons, which could contribute to
the observed decrease in mEPSC fre-
quency (Fig. 8E–G).

Discussion
Our previous studies demonstrated that
AKAP79/150 is targeted to spines through
interactions with structural components
of the postsynaptic membrane and cy-
toskeleton, including PIP2 (Dell’Acqua et
al., 1998), F-actin (Gomez et al., 2002),
cadherins (Gorski et al., 2005), and MAGUKs (Colledge et al.,
2000; Gomez et al., 2002). Furthermore, we reported that local-
ization of AKAP79/150 –PKA complexes to the PSD and associ-
ations with MAGUKs and cadherins are disrupted during
NMDAR LTD through CaN and phospholipase C (PLC) signal-
ing pathways that lead to PIP2 cleavage and actin depolymeriza-
tion in spines (Gomez et al., 2002; Gorski et al., 2005; Smith et al.,
2006; Horne and Dell’Acqua, 2007). These AKAP79/150 target-
ing studies suggested that this protein could play a structural role
in spines; however, until now, AKAP79/150 had not been directly
implicated in controlling spine structure. Here we show in neo-
natal cultured hippocampal neurons that AKAP79 overexpres-
sion increases dendritic protrusion numbers and spine size.
Based on our currents results, we propose a model (Fig. 9) in
which the AKAP79 targeting domain (1–153) is sufficient to in-
crease dendritic protrusions that are mainly filopodia and do not

form active synapse, whereas the MAGUK binding domain is
required for maturation of dendritic protrusions into large, spi-
nous synapses with increased synaptic AMPARs. Importantly,
overexpression of an AKAP79 �109 –315 construct that deletes
the MAGUK binding region acts as a dominant negative by pre-
venting normal synapse maturation through a reduction in AM-
PAR synaptic localization and an increase in NMDAR only silent
synapses.

The targeting domain of AKAP79/150 uses three polybasic
domains to interact with PIP2, F-actin, and cadherins and is suf-
ficient for dendritic plasma membrane and spine localization
(Gomez et al., 2002; Gorski et al., 2005; Horne and Dell’Acqua,
2007). Many other proteins that bind actin, such as cortactin,
�-actinin, drebrin, neurabin, spinophilin, and myosin, have also
been shown to regulate spine morphology and numbers (Hering
and Sheng, 2003; Takahashi et al., 2003; Nakagawa et al., 2004a;

Figure 7. AKAP79 increases AMPA receptor synaptic function through its MAGUK binding domain. A, Sample mEPSC traces
recorded from DIV10 –DIV12 cultured hippocampal neurons expressing YFP control, AKAP79WT, 1–315, and �109 –315 reveal
increased mEPSC amplitudes for AKAP79WT and 1–315 and decreased mEPSC frequency for �109 –315. Calibration: top four
traces, 40 pA, 100 ms; bottom trace, for �109 –315, 40 pA, 500 ms to better show decreased frequency but no apparent changes
in amplitudes. Cumulative distribution plots of mEPSC amplitudes (picoamperes) (B) and frequency (interevent interval in sec-
onds) (C) for YFP control (yellow; n 	 14 neurons), AKAP79WT (black; n 	 11 neurons), 1–315 (red; n 	 6 neurons), and
�109 –315 (green; n 	 7 neurons) measured from transfected hippocampal pyramidal neurons. Analysis by K–S test showed
that AKAP79 ( p 	 1.22 � 10 �14) and 1–315 ( p � 1.53 � 10 �38) significantly increased mEPSC amplitude compared with
YFP control cells. �109 –315 ( p 	 0.725) had no effect on mEPSC amplitude when compared with control. Analysis of mEPSC
frequency by K–S test showed that AKAP79 ( p 	 0.128) had no effect when compared with YFP control. 1–315 ( p 	 1.24 �
10 �4) showed a very slight but significant decrease in frequency, whereas �109 –315 ( p 	 1.44 � 10 �25) caused a very large
and significant decrease in mEPSC frequency. D, Graph of mean mEPSC amplitudes showing that AKAP79 (15.5 � 1.9) and 1–315
(15.1 � 2.5) significantly increased mEPSC amplitude compared with YFP control (11.4 � 0.8), whereas �109 –315 (10.2 �
0.9) had no effect. E, Graph of mean mEPSC frequency showing that AKAP79 (3.3 � 2.7) and 1–315 (4.4 � 1.7) had no significant
effect when compared with YFP control (2.5 � 1.2), whereas �109 –315 (8.2 � 2.8) showed a significant decrease in frequency.
Statistics for D and E, *p � 0.05 by both t test and Mann–Whitney test. Data are graphed as mean � SEM.
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Zito et al., 2004; Osterweil et al., 2005;
Terry-Lorenzo et al., 2005; Ryu et al., 2006;
Schüler and Peti, 2008). In addition, a
number of postsynaptic adhesion mole-
cules, such as ephrins, neuroligins, and
cadherins, control actin-dependent flipo-
dial dynamics, spine morphology, and
synapse development (Togashi et al., 2002;
Abe et al., 2004; Yu and Malenka, 2004;
Elia et al., 2006; Nuriya and Huganir, 2006;
Okuda et al., 2007; Saglietti et al., 2007;
Silverman et al., 2007; Kayser et al., 2008;
Ochiishi et al., 2008; Xie et al., 2008).
F-actin plays a dominant role in regulating
AKAP79/150 spine targeting and binding
to cadherins and MAGUKs (Gomez et al.,
2002; Gorski et al., 2005). Furthermore,
PIP2 controls the activity of number of
proteins that regulate actin polymeriza-
tion/depolymerization and filament cross-
linking, and AKAP79/150 spine targeting
is negatively regulated in coordination
with PLC hydrolysis of PIP2 and actin de-
polymerization in response to NMDAR
activation (Horne and Dell’Acqua, 2007).
Thus, when it is overexpressed in neurons,
the AKAP targeting domain polybasic do-
mains may link to cadherins, cortical
F-actin, and membrane PIP2 to control
any number of processes that could either
promote formation of new filopodia or
stabilize existing filopodia.

Consistent with possible stabilization
of filopodia by the AKAP targeting do-
main, AKAP79 overexpression increased
protrusion numbers to a much greater
extent in immature neurons in which
filopodia are common compared with
mature neurons in which filopodia are
rare and spines predominate. Accord-
ingly, the primary impact of AKAP79
overexpression and AKAP150 knock-
down in more mature neurons was to
regulate dendritic spine size but not pro-
trusion numbers. In addition, whereas
filopodia can serve as spine precursors in
immature neurons, the filopodia in-
duced by AKAP79 did not go on to form
new functional synapses as seen by no
changes in mEPSC frequency or presyn-
aptic marker staining. Indeed, other
proteins mentioned above, such as eph-
rin B receptors, that control filopodia
formation and dynamics as well as syn-
aptic adhesion may be required in addi-
tion to AKAP79 to convert filopodia to
spines with synapses during develop-
ment (Kayser et al., 2008). Thus,
AKAP79/150 expression levels appear to
primarily control the maturation of ex-
isting synapses but not new synapse
formation.

Despite this lack of regulation of basal

Figure 8. An AKAP79 mutant deficient in MAGUK binding increases the number of morphologically silent synapses. A, Repre-
sentative images of dendrites from DIV12 neurons expressing the indicated AKAP79 –YFP constructs or YFP only control (green)
and immunostained for bassoon (pink). The localization of many of the bassoon-labeled presynaptic terminals on AKAP–YFP-
filled spines can be seen as white in the composite images. B, Representative images of dendrites expressing the indicated
AKAP79 –YFP constructs or YFP control (green) immunostained for vGAT (pink). Consistent with the majority of inhibitory syn-
apses being located on dendrite shafts and not spines, very little overlap (white) is seen for AKAP–YFP and vGAT fluorescence in
the composite images. C, Graph of bassoon puncta per 10 �m showed no difference between AKAP79 (16.2 � 0.6; n 	 102
lengths on 13 neurons), 1–315 (16.0 � 0.6; n 	 100 lengths on 11 neurons), �109 –315 (16.0 � 0.6; n 	 100 lengths on 12
neurons), and YFP control (16.0�0.5; n	104 lengths on 12 neurons). D, Graph of vGAT puncta per 10 �m showed no difference
between AKAP79 (10.4 � 0.4; n 	 105 lengths on 12 neurons), 1–315 (9.8 � 0.4; n 	 100 lengths on 12 neurons), �109 –315
(10.3 � 0.4; n 	 100 lengths on 11 neurons), and YFP control (9.4 � 0.4; n 	 100 lengths on 12 neurons). E, Representative
images of dendrites expressing the indicated AKAP79 –YFP constructs or YFP control (green) immunostained for GluR1 (red) and
NR1 (blue). Colocalization of NR1 with GluR1 can be seen as pink–purple in the merge images. Scale bars: A, B, E, 10 �m. F, Graph
of total NR1 puncta per 10 �m showed that AKAP79 (16.5 � 0.6; n 	 118 lengths on 15 neurons) and 1–315 (16.9 � 0.6; n 	
99 lengths on 14 neurons) increased total NR1 puncta density compared with YFP control (13.7 � 0.6; n 	 99 lengths on 10
neurons). �109 –315 (12.7 � 0.5; n 	 145 lengths on 12 neurons) showed no change. G, Graph of NR1 puncta colocalized with
GluR1 puncta per 10 �m showed that AKAP79 (8.3 � 0.4; n 	 118 lengths on 15 neurons) and 1–315 (8.4 � 0.5; n 	 99 lengths
on 14 neurons) increased NR1/GluR1 colocalized puncta density when compared with YFP control (7.0 � 0.5; n 	 99 lengths on
10 neurons). �109 –315 (5.5 � 0.3; n 	 145 lengths on 12 neurons) showed a decrease in NR1/GluR1 puncta density. In C,D and
F,G, *p � 0.05, **p � 0.01 by ANOVA, and data are graphed as mean � SEM.
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synapse numbers, the coordinated positive
regulation of spine maturation and AMPAR
postsynaptic targeting we observed for
AKAP79 still support the proposed roles for
this AKAP in synaptic plasticity. Interest-
ingly, 8-week-old AKAP150 knock-out mice
also have been reported to maintain normal
basal hippocampal spine density and synap-
tic transmission but to exhibit deficits in
LTD and learning and memory (Tunquist et
al., 2008). Spine morphology and structural
plasticity during LTD have not been exam-
ined for these AKAP150 null mice. Likewise,
two other recent studies in culture prepara-
tions found that AKAP79/150 binding to the
PSD95 SH3 domain is required for LTD in-
duction and NMDA-induced AMPAR en-
docytosis but not for maintenance of basal
synaptic transmission (Xu et al., 2008; Bhat-
tacharyya et al., 2009). However, consistent
with our present findings, one of these stud-
ies reported that AKAP150 overexpression
increased basal AMPAR surface expression
in hippocampal neurons (Bhattacharyya et
al., 2009).

Many previous studies have focused on
PKA phosphorylation and CaN dephos-
phorylation of GluR1 subunits and con-
trol of AMPAR activity and localization in
LTP and LTD (Roche et al., 1996; Lee et al.,
1998, 2000, 2003; Banke et al., 2000;
Ehlers, 2000; Tavalin et al., 2002; Esteban
et al., 2003; Oh et al., 2006; Man et al.,
2007). Surprisingly, as most clearly shown
by the 1–315 construct, we found no re-
quirement for the AKAP79 PKA or CaN
anchoring sites in regulating dendritic
protrusion numbers, spine area, AMPAR
synaptic localization, or mEPSCs. The lack
of AKAP79/150 –PKA anchoring require-
ment for enhancement of AMPAR synap-
tic localization and activity might have
been expected based on recent observa-
tions that AKAP150 knock-in mutant
mice lacking the PKA anchoring site ex-
hibit normal basal GluR1 phosphorylation
and CA3–CA1 synaptic transmission (Lu
et al., 2007). Normal basal transmission at
CA1 synapses is also seen in GluR1
Ser845Ala, Ser831Ala mutant mice lacking
the major PKA, and calcium/calmodulin-
dependent kinase II/PKC phosphorylation
sites (Roche et al., 1996; Barria et al., 1997; Lee et al., 2003).
However, a considerable amount of evidence suggests that
AKAP150 –PKA anchoring and AMPAR phosphorylation are
important in controlling LTP and LTD, even if they may not be
for basal transmission. The AKAP150 and GluR1 mutant mice
mentioned above exhibit alterations in LTP and LTD and learn-
ing and memory depending on developmental age and input
from adrenergic pathways (Lee et al., 2003; Hu et al., 2007; Lu et
al., 2007, 2008; Tunquist et al., 2008). In addition, previous stud-
ies have shown that acute disruption of postsynaptic AKAP–PKA
anchoring or inhibition of PKA activity in hippocampal neurons

blocks LTD and causes a rundown in synaptic and agonist-
evoked AMPAR responses likely through activation of an-
chored CaN and AMPAR internalization (Rosenmund et al.,
1994; Kameyama et al., 1998; Tavalin et al., 2002; Hoshi et al.,
2005; Snyder et al., 2005). Thus, we cannot rule out that part of
the dominant-negative actions of the MAGUK binding-
deficient �109 –315 mutant could be through sequestering
PKA and/or CaN away from endogenous AKAP150 –
MAGUK–AMPAR complexes to alter AMPAR phosphoryla-
tion and/or trafficking.

Although the AKAP–MAGUK binding domain of AKAP79

Figure 9. Model for regulation of dendritic spine structure and function by AKAP79/150 binding to MAGUKs. Diagrams of
dendrites showing increases in protrusion density, dendritic spine area, AMPAR synaptic localization with MAGUKs and NMDARs,
and increased mEPSC amplitude with overexpression of AKAP79WT or 1–315 that bind MAGUK proteins (top) compared with a
control dendrite (middle). Alternatively, overexpression of AKAP constructs that lack MAGUK binding such as �109 –315 and the
N-terminal targeting domain (1–153) alone increase protrusion density with no change in dendritic spine area (bottom). Addi-
tionally, �109 –315 decreases synaptic AMPAR localization and mEPSC frequency by increasing the number of NMDAR only silent
synapses.
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was required for the enhancement spine maturation and AMPAR
activity observed here, AKAP79 is not simply mimicking PSD95
or SAP97. In particular, AKAP79 or 1–315 overexpression in-
creased mEPSC amplitudes but not mEPSC frequency, indicating
that the major action of AKAP79 –MAGUK binding was to pro-
mote additional AMPAR recruitment to spines, as confirmed by
our immunostaining data showing increased AMPAR colocaliza-
tion with PSD95 and NR1. These specific postsynaptic actions of
AKAP79 are in contrast to large increases in mEPSC frequency
and coordinated presynaptic and postsynaptic changes observed
when SAP97 or PSD95 are overexpressed in developing neurons
(El-Husseini et al., 2000; Rumbaugh et al., 2003; Prange et al.,
2004; Regalado et al., 2006). Thus, our results indicate that
AKAP79 requires MAGUK binding to modify postsynaptic de-
velopment but does not use all the same effectors as MAGUKs,
which also trigger significant retrograde regulation of presynaptic
development. In conclusion, our data provide strong evidence
supporting a novel structural role for AKAP79/150 in regulation
of dendritic spine morphology through mechanisms elicited by
its N-terminal targeting and internal MAGUK binding domains.
In the future, it will be interesting to further explore how these
two AKAP79/150 structural domains, in addition to the kinase
and phosphatase anchoring domains, contribute to synaptic
plasticity mechanisms and learning and memory.
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