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Synaptic SAP97 Isoforms Regulate AMPA Receptor
Dynamics and Access to Presynaptic Glutamate

Clarissa L. Waites,'* Christian G. Specht,'* Kai Hartel,? Sergio Leal-Ortiz,' David Genoux,’> Dong Li,?

Renaldo C. Drisdel,’> Okun Jeyifous,' Juliette E. Cheyne,> William N. Green,’ Johanna M. Montgomery,> and

Craig C. Garner!

'Department of Psychiatry and Behavioral Sciences, Nancy Pritzker Laboratory, Stanford University, Palo Alto, California 94304-5485, 2Department of
Physiology, University of Auckland, Auckland, New Zealand, and *Department of Neurobiology, University of Chicago, Chicago, Illinois 60637

The synaptic insertion of GluR1-containing AMPA-type glutamate receptors (AMPARS) is critical for synaptic plasticity. However,
mechanisms responsible for GluR1 insertion and retention at the synapse are unclear. The synapse-associated protein SAP97 directly
binds GluR1 and participates in its forward trafficking from the Golgi network to the plasma membrane. Whether SAP97 also plays a role
in scaffolding GluR1 at the postsynaptic membrane is controversial, attributable to its expression as a collection of alternatively spliced
isoforms with ill-defined spatial and temporal distributions. In the present study, we have used live imaging and electrophysiology to
demonstrate that two postsynaptic, N-terminal isoforms of SAP97 directly modulate the levels, dynamics, and function of synaptic
GluR1-containing AMPARs. Specifically, the unique N-terminal domains confer distinct subsynaptic localizations onto SAP97, targeting
the palmitoylated a-isoform to the postsynaptic density (PSD) and the L27 domain-containing 3-isoform primarily to non-PSD, peri-
synaptic regions. Consequently, a- and BSAP97 differentially influence the subsynaptic localization and dynamics of AMPARs by
creating binding sites for GluR1-containing receptors within their respective subdomains. These results indicate that N-terminal splicing
of SAP97 can control synaptic strength by regulating the distribution of AMPARs and, hence, their responsiveness to presynaptically

released glutamate.

Introduction

The activity-dependent insertion and removal of AMPA-type
glutamate receptors (AMPARs) at the postsynaptic density
(PSD) appears to underlie neuronal plasticity, providing a mo-
lecular basis for learning and memory (Bredt and Nicoll, 2003;
Malenka and Bear, 2004). Of particular interest are mechanisms
regulating the synaptic recruitment and anchoring of the GluR1
subunit of AMPARSs, because of its demonstrated importance for
the expression of long-term potentiation (Malinow and Malenka,
2002; Boehm et al., 2006; Ehrlich et al., 2007). However, func-
tional redundancy among the numerous AMPAR-binding part-
ners and the inability to accurately define the spatial and tempo-
ral context in which specific interactions occur have made these
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mechanisms unclear (Barry and Ziff, 2002; Ehrlich et al., 2007;
Shepherd and Huganir, 2007; Zift, 2007).

One identified binding partner of GluR1 is SAP97, a member
of the discs-large family of membrane-associated guanylate ki-
nases (Leonard et al., 1998; Cai et al., 2002; von Ossowski et al.,
2006). However, SAP97’s role in the trafficking and synaptic lo-
calization of AMPARSs is controversial. Supporting a possible role
in synaptic transmission, overexpression of SAP97 has been
shown to enhance AMPAR miniature EPSC frequency (Rum-
baugh et al., 2003) or amplitude (Nakagawa et al., 2004) and
shRNA-mediated knockdown to reduce AMPAR surface expres-
sion and EPSC amplitude (Nakagawa et al., 2004). However,
other studies have reported that overexpression or loss of SAP97
had no effect on AMPAR-mediated neurotransmission (Klocker
et al., 2002; Schnell et al., 2002; Ehrlich and Malinow, 2004;
Schliiter et al., 2006). This issue is further complicated by a study
showing that SAP97 only interacts with GluR1 during its forward
trafficking to the plasma membrane (Sans et al., 2001), suggesting
that SAP97 acts on GluR1 solely in steps before its synaptic insertion.

Much of this controversy stems from the molecular diversity
of SAP97, created by extensive alternative splicing, and a general
lack of knowledge about the subcellular distributions and func-
tions of individual isoforms (Montgomery et al., 2004). Alterna-
tive splicing occurs between the N-terminal L27 domain and the
first PDZ domain of SAP97 and/or between its SH3 and guany-
late kinase domains (see Fig. 1 A) (Miiller et al., 1995; Mori et al.,
1998; McLaughlin et al., 2002). A recent study reported the exis-
tence of yet another isoform, termed aSAP97, in which the pro-
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totypic N-terminal L27 domain is replaced with a putative pal-
mitoylation motif (see Fig. 1 A) (Schliiter et al., 2006), conferring
significant structural and functional redundancy with PSD-95
(Topinka and Bredt, 1998). For instance, overexpression of
aSAP97 was shown to enhance the synaptic levels of AMPARs
and to compensate for the shRNA-mediated loss of PSD-95 in
organotypic slices (Schliiter et al., 2006). However, this study did
not explore whether «SAP97 physically directed the insertion or
the retention of these receptors within the PSD. Intriguingly, the
L27 domain-containing B-isoform of SAP97 does not share these
properties (Miiller et al., 1995; Lee et al., 2002; Schliiter et al.,
2006), indicating that splicing endows SAP97 isoforms with dif-
ferent characteristics. An obvious missing piece of the puzzle is
when and where SAP97 isoforms interact with GluR1 and
whether they only function at trafficking steps before the synaptic
recruitment of AMPARs, as suggested previously (Sans et al.,
2001; Esteban, 2007).

In the present study, we have sought to resolve this contro-
versy by evaluating the spatial and kinetic properties of two
N-terminal SAP97 isoforms and by studying their effects on the
distribution, dynamics, and function of synaptic GluR1-
containing AMPARs. Our data show that a- and BSAP97 are
localized within distinct domains of dendritic spines, where they
influence not only the cell-surface accumulation and exchange
kinetics of GluR1-containing AMPARs, but also the access of
these receptor to synaptic glutamate. Thus, our data suggest that
a- and BSAP97 can directly influence the recruitment, kinetics,
and function of synaptic AMPARs within the PSD.

Materials and Methods

Hippocampal culture

Rat primary hippocampal cultures were prepared using a modified
Banker culture protocol (Banker and Goslin, 1998). Briefly, neurons
from embryonic (E18-E19) Sprague Dawley rat hippocampi were disso-
ciated in 0.05% trypsin and plated at a density of 165 cells/mm? on
poly-L-lysine-coated coverslips. One hour after plating, coverslips were
inverted over a glial feeder layer and maintained in Neurobasal medium
with B27 and 2 mm GlutaMAX (Invitrogen).

Expression constructs

BSAP97 containing the I1b, I3, and I5 domains was fused at its C termi-
nus with enhanced green fluorescent protein (EGFP) and subcloned into
the Xbal/EcoR I backbone of the lentiviral vector pPFUGW (Lois et al.,
2002) to generate the plasmid pFU-rSAP9713-EG (EMBL accession
number AM710297; http://www.ebi.ac.uk/embl) for expression of
BSAP97-EGFP. aSAP97-EGFP and ASAP97-EGFP are constructed
similarly but have alternative N termini: aSAP97-EGFP starts with the
palmitoylation sequence MDCLCIVTTK; ASAP97-EGFP lacks this se-
quence and begins with exon 2 (MKYRY...). The expression constructs
for rat aSAP97-EGFP, aSAP97-EGFP with short hairpin to PSD-95
(sh95), and EGFP-BSAP97 with sh95 were gifts from Robert Malenka
(Stanford University, Stanford, CA) (Schliiter et al, 2006). An
N-terminally tagged EGFP—BSAP97 construct (pFU-EG-rSAP9713, ac-
cession number AM710296) was used as control in the PSD-95 knock-
down experiments. Monomeric cherry (mCh)-tagged GluR1 was created
by inserting mCh between a GluR6 signal peptide and the N terminus of
GluR1 in the lentiviral vector pPFUGW. The pFUGW-based constructs
were used for transfection or to generate lentivirus for infection of pri-
mary neurons. Viruses were produced as described previously (Leal-
Ortiz et al., 2008) (see also supplemental Methods, available at www.
jneurosci.org as supplemental material). Neurons were infected at day in
vitro (DIV) 0-2 and used for experiments between DIV 14-17.

Transfection

Cultured neurons were transfected by calcium phosphate precipitation
at DIV 7-9 and used for experiments at DIV 12-14. Briefly, for each
coverslip, 2 ug DNA and 7.5 ul of 2 M CaCl, in 60 ul volume was added
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dropwise to 60 wl 2X HBS (274 mm NaCl, 10 mm KCl, 1.4 mm Na,HPO,,
15 mMm glucose, 42 mm HEPES, pH 7.1), incubated for 20 min, then
added to cultured neurons in 1 ml conditioned medium containing 10
uM CNQX and 50 um APV. After a 20 min incubation at 37°C, neu-
rons were rinsed 3 X with 2 ml prewarmed HBSS and transferred back
into culture dishes.

Immunocytochemistry

Neurons were fixed and processed for immunofluorescence as described
previously (Leal-Ortiz et al., 2008). The following primary antibodies
were used: VGLUT1 (1:200; gift from Dr. Richard Reimer, Stanford Uni-
versity, Stanford, CA), GluR1 (1:50; Calbiochem), SAP97 (1:500; Affinity
BioReagents), PSD-95 (1:200; Affinity BioReagents), GluR3 (1:100; Mil-
lipore Bioscience Research Reagents), and red fluorescent protein (RFP;
1:500; MBL International). All secondary antibodies and phalloidin were
from Invitrogen. Images were acquired on a Zeiss Axiovert 200M with
100X and 40X objectives (1.3 NA; Zeiss Plan Neofluar) and FITC and
resorufin filter sets (Chroma Technology) using a Hamamatsu digital
camera (ORCA-ER) and OpenLab software (Improvision). For high-
resolution confocal imaging, a Zeiss laser-scanning confocal microscope
(Axiovert 100M) with a 63X oil-immersion objective (1.40 NA; Zeiss
Plan Apochromat) and Zeiss laser-scanning microscopy 510 software 3.2
were used. Excitation wavelengths were 488, 543, and 633 nm, and fluo-
rescence was acquired using 500-530 nm bandpass and 560 and 650 nm
long-pass filters for EGFP, Alexa 568, and Alexa 647, respectively. Laser
power, amplifier gain, and offset were adjusted to accommodate the
entire dynamic range of the signal.

Quantification of cell-surface GluR1 accumulation was done using
OpenView software (written by N. Ziv). For each neuron analyzed, en-
dogenous GluR1 puncta that colocalized with a-, 8-, or ASAP97-EGFP
in dendritic spines were identified and their intensities measured. Inten-
sity values for all puncta were averaged, corrected for background fluo-
rescence, and divided by the averaged intensities of dendritic GluR1
puncta from untransfected neurons (also background subtracted) within
the same field of view to obtain relative synaptic expression levels. For
comparison of surface versus total mCh—GluR1, intensity values for sur-
face GluR1 puncta that colocalized with a-, B-, or ASAP97-EGFP in
dendritic spines (labeled with RFP primary antibodies followed by Alexa
647 secondary antibodies) were measured, averaged, and divided by the
values for total mCh—GluR1.

Palmitoylation assay

Palmitoylation of aSAP97 was assessed using a recently developed
method (Drisdel and Green, 2004; Drisdel et al., 2006). See supplemental
Methods, available at www.jneurosci.org as supplemental material, for
details of this procedure.

Immunogold electron microscopy

Hippocampal cultures were fixed and processed for immunogold elec-
tron microscopy (EM) as described previously (Micheva et al., 2003). See
supplemental Methods, available at www.jneurosci.org as supplemental
material, for details of this procedure. EM images were acquired with a
JEM-1230 electron microscope (JEOL) at 80 kV accelerated voltage using
a Gatan 791 charge-coupled device camera. Image acquisition and quan-
tification of SAP97 isoform localization was performed by an experi-
menter blind to the isoform expressed. For each construct (a- and
BSAP97-EGFP), more than 60 images were acquired, and only synapses
exhibiting clear ultrastructure (i.e., presynaptic vesicles apposed to a
PSD) and immunogold labeling were included in the quantification. At
these sites, the contrast was adjusted to allow clear visualization of indi-
vidual silver-enhanced gold particles. Under these conditions, the num-
ber of silver-enhanced gold particles clearly associated with the PSD
(located within 0—50 nm of the outline of the PSD) or outside of the PSD
(50-700 nm from the PSD in synaptic spines) were tabulated, expressed
as fraction of total dendritic spine labeling, and compared for a- and
BSAP97 isoforms.

Live imaging

All live-imaging experiments were performed on a custom-built (by S.
Smith and N. Ziv) scanning confocal microscope as described previously
(Leal-Ortiz et al., 2008).
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Table 1. Curve fitting of FRAP data
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a(/) 7, (min) 7, (min) X df
aSAP97—GFP, lentivirus 0.20 = 0.01 29+04 71+10 6.7 16
[3SAP97—GFP, lentivirus 0.58 = 0.05 2205 3414 11.6 16
ASAP97—GFP, lentivirus 0.72 =0.03 0.6 = 0.1 10 £2 2.6 16
mCh—GIuRT (plus «SAP97—GFP) 0.35*0.03 1.5*+04 26+6 10.1 16
mCh—GluR1 (plus 3SAP97—GFP) 0.54 = 0.06 14+04 2410 9.9 16
mCh—GIuR1 (plus ASAP97—GFP) 0.70 = 0.06 1204 26 =17 8.1 9
Parameters were extracted as described by Tsuriel et al. (2006). Parameters include two recovery time constants (7, and 7 ,) and the relative size of the fast (a) and the slow pool (1 — a). The fitted curves are in agreement with the

experimental data, as judged by a y 2 test; /, fractional amount; df, degrees of freedom.

FM4-64 loading. FM4-64 loading was performed as described previ-
ously (Leal-Ortiz et al., 2008). Briefly, presynaptic boutons were labeled
with 10 um FM4-64 dye (Invitrogen) by electrical stimulation (10 Hz;
60 s) and washed for ~5 min before imaging.

Triton extraction. For live extraction, neurons were perfused with 0.5%
Triton X-100 in Tyrode’s solution for 1 min. Images were acquired be-
fore and after Triton perfusion.

Latrunculin treatment. Cultured neurons were incubated in medium
containing 10 uM latrunculin A for 5 h and fixed.

Fluorescence recovery after photobleaching analysis. SAP97-EGFP
puncta were bleached to ~20% of their initial fluorescence by multiple
scanning passes (15-20) of a high intensity laser beam (488 nm wave-
length) at high magnification. The fluorescence recovery was imaged for
30 min, every 30 s for the first 7 min after bleaching and every 5 min
thereafter. Similarly, fluorescence recovery after photobleaching (FRAP)
was performed on mCherry-tagged GluR1 with a 514 nm laser line.

2-Bromopalmitate treatment. Neuron cultures were incubated in me-
dium containing 10 uM 2-bromopalmitate overnight (~20 h). FRAP
analysis was then performed in Tyrode’s solution in the presence of 10
M 2-bromopalmitate.

Antibody crosslinking. Before FRAP experiments, coverslips were incu-
bated for 10 min at room temperature with polyclonal anti-RFP antibod-
ies (MBL International; 1:100 in Tyrode’s solution) or anti-GluR1 anti-
bodies (1:50; Calbiochem), briefly washed, and incubated for 10 min
with anti-rabbit secondary antibody (Invitrogen; 1:100). After another
brief wash, coverslips were mounted for FRAP analysis.

Data analysis/curve fitting. For each time point, t, FRAP intensity val-
ues of all puncta were expressed relative to baseline fluorescence before
bleaching (I,,,.). To control for the continuous photobleaching during
image acquisition, the intensity of bleached puncta (1,/1,,,.) was normal-
ized against that of nonbleached puncta (I, /I, o) at the same time
point and in the same field of view according to the following equation:

_ It : Inb,pre
= .
Ipre ‘ Inb,t

To allow us to calculate the means of the recovery traces for each condi-
tion, the FRAP data were further normalized to the first value after pho-
tobleaching (¢ = 0; set to zero):

F,— F,
Fnorm = F _ F()’
pre

where F, . is the normalized relative fluorescent intensity, F, the inten-

sity at time, £, F,, at time ¢ = 0, and F,,,. = 1, the intensity before photo-

bleaching. The normalized recovery data are summarized in supplemen-

tal Table S1, available at www.jneurosci.org as supplemental material.
Curves were fitted to the mean experimental data according to the

following equation as described previously (Tsuriel et al., 2006):

f(t):a-(l—e'%)+(1—a)-<1—e"?tz),

where 7, and 7, are two recovery time constants and a and (1 — a) are the
relative fraction of fluorescence in the two components (Table 1). The
theoretical parameters a, 7, and 7, were extracted through minimizing
the sum of squared residuals, using a macro written in Excel (by N. Ziv).

Whole-cell patch-clamp recordings

EPSC measurements. Whole-cell recordings were performed to exam-
ine miniature and evoked EPSCs at DIV 11-14 on dissociated hip-
pocampal pyramidal neurons that had been transfected with a-, 8-,
ASAP97-EGFP. For control recordings, miniature and evoked EPSCs
were recorded from neurons expressing soluble EGFP; these did not
differ from untransfected neurons (data not shown). Cultures were
perfused at room temperature at a rate of 2 ml/min with artificial CSF
(ACSF: 119 mMm NaCl, 2.5 mm KCl, 1.3 mm MgSO,, 2.5 mm CaCl,, 1
mm Na,HPO,, 26.2 mm NaHCO,, 11 mwm glucose). For mediated
EPSCs (mEPSCs), ACSF also contained 1 um TTX and 100 uMm picro-
toxin. Neurons were visualized by infrared differential interference
contrast microscopy and held in voltage-clamp mode at —65 mV
(Multiclamp; Axon) and low-pass filtered at 2 kHz. Presynaptic neu-
rons were held in current clamp and induced to fire action potentials
by brief injection of depolarizing current (typically 20-50 pA for 20
ms). Series resistance (Rs) was monitored throughout the duration of
the recording and data excluded if Rs increased >20%. Internal solu-
tion consisted of the following: 120 mM potassium gluconate, 40 mm
HEPES, 5 mm MgCl,, 0.3 mM NaGTP, 2 mm NaATP, 5 mm QX314
(postsynaptic cell only), pH 7.2 with potassium hydroxide. For mEP-
SCs, data were acquired continuously until a minimum of 100 mEP-
SCs were recorded. mEPSC events were detected with MiniAnalysis
(Synaptosoft; version 6.0.3). Since the mEPSC amplitude distribution
did not follow a normal distribution, the nonparametric Kolmogor-
ov—Smirnov test (Van der Kloot, 1991) was used to determine the
probability of a significant difference between current amplitudes
measured in control and SAP97-transfected neurons. Evoked
AMPAR-mediated EPSCs were measured as described previously
(Montgomery et al., 2001; Montgomery and Madison, 2002). Baseline
EPSCs in response to presynaptic action potential firing were col-
lected at 0.1 Hz. Online data acquisition and offline analysis or
AMPAR-mediated EPSCs was performed with pClamp (Clampex
v9.2). Statistical significance of changes in AMPAR EPSC amplitudes
was tested using the Student’s ¢ test, with the level of significance set at
p <0.05.

Focal application of AMPA. Exogenous AMPA (1 mM) was applied
from a micropipette 200 um from the dendrites of a- or BSAP97-EGFP-
transfected neurons with a picospritzer (pressure 2 bar; pulse 200 ms).
The peak amplitudes of the total surface AMPA receptor-mediated cur-
rents were measured by whole-cell patch clamp as detailed above. To
verify that the exogenous AMPA was not saturating the total surface
receptors and therefore preventing any increase in AMPA currents being
measured, an additional application of AMPA was applied closer to the
dendrites at the completion of each experiment.

Results

Synaptic localization of N-terminal SAP97 isoforms

Critical to defining the functional relationship between SAP97
and GluR1 is the precise cellular context in which this interaction
occurs. Previous studies have shown that endogenous SAP97 is
found throughout the somatodendritic compartment and within
dendritic spines (Valtschanoff et al., 2000; Aoki et al., 2001; Sans
et al., 2001; Rumbaugh et al., 2003; Regalado et al., 2006). How-
ever, as most neurons express multiple SAP97 isoforms
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the N-terminal isoforms a- and BSAP97
containing the same set of additional in-

PSAPI7 PDZ POZ RDZ SHa GUK serts (I1b/13/15) (Fig. 1 A).
aSAP97 . In mature hippocampal cultures in-
Hab 13 1215 14 fected with lentivirus on the day of plating
(DIV 0), both isoforms had punctate den-
a dritic distributions (Fig. 1B). However,
oSAP97-GFP T— whereas aSAP97-EGFP was highly en-
BSAP97-GFP — riched in dendritic spines, the B-isoform
ASAP97-GFP was found both in spines and more dif-
b 13/15 GFP fusely throughout dendritic shafts and cell
bodies (Fig. 1B,C; supplemental Fig.
B S2 A, B, available at www.jneurosci.org as
aSAP97-GFP pSAP97-GFP supplemental material). To verify that a-

F-actin VGLUT1 merged

FM4-64

o - - -
o _ _ _
5pum

Figure1.

F-actin VGLUT1 merged

Subcellularlocalization of c- and BSAP97 isoforms. A, Schematic domain organization of SAP97. «- and B-isoforms

and BSAP97-EGFP puncta in spines rep-
resented synapses, fixed neurons were
stained with antibodies against a presyn-
aptic marker (VGLUT1) and phalloidin
to label filamentous actin (F-actin) (Fig.
1B). This revealed that the majority of
SAP97-EGFP puncta were synaptic. More-
over, live labeling of synaptic vesicles with
the styryl dye FM4-64 demonstrated that
most a- and BSAP97-EGFP puncta were
juxtaposed to functional presynaptic bou-
tons (Fig. 1C). These data are consistent with
a postsynaptic spiny localization of both
SAP97 isoforms.

Exchange kinetics of & and 3SAP97 in
dendritic spines

To evaluate whether the differences in sub-
cellular distribution between o- and
BSAP97-EGFP reflected functional differ-
ences, we examined their dynamic behav-
iors within spines using FRAP. Here, the
recovery of bleached a- or BSAP97-EGFP
puncta was monitored for a 30 min period
(Fig. 2 A). Strikingly, the two isoforms exhib-
ited dramatically different recovery rates,
with <50% of aSAP97-EGFP fluorescence

merged

differ in their N termini, with the former containing a palmitoylation motif (cysteine residues (3 and (5) and the latter an L27
domain. Alternatively spliced sequences (I1a, I1b, 12, 13, 14, 15) are indicated. EGFP-tagged constructs used in this study (containing I1b, 13,
and I5 inserts) are depicted below. B, Lentiviral expression of ce- and 3SAP97—EGFP in primary hippocampal neurons (DIV 16). Higher
magnification insets (4.5 um width) show colocalization of cv- and BSAP97—EGFP with phalloidin in spines (red) and the presynaptic
vesicle marker VGLUT1 (blue). €, Colocalization of ce- and 3SAP97—EGFP puncta with FM4-64-labeled synaptic vesicles.

and >80% of BSAP97-EGFP fluorescence
recovering within this time window (Fig. 2 B;
supplemental Table S1, available at www.
jneurosci.org as supplemental material).
These data indicate that «SAP97 is stably as-

(Rumbaugh et al., 2003; Schliiter et al., 2006), and isoform-
specific antibodies are lacking, resolving the spatial distributions
of individual isoforms has proven elusive. Thus, we examined the
distributions of individual EGFP-tagged SAP97 isoforms using
lentivirus infection (Lois et al., 2002) or calcium phosphate trans-
fection for expression in dissociated hippocampal neurons.
These methods enabled expression of SAP97 isoforms at levels
comparable with that of endogenous PSD-95, a closely related
MAGUK protein, without significantly affecting endogenous
SAP97 expression (see supplemental Results; supplemental Fig.
S1, available at www.jneurosci.org as supplemental material). Be-
cause of their potential yet controversial roles in regulating
AMPAR-mediated EPSCs (Sans et al., 2001; Rumbaugh et al,,
2003; Nakagawa et al., 2004; Schliiter et al., 2006), we were spe-
cifically interested in evaluating the localization and dynamics of

sociated with postsynaptic structures while
BSAP97 is much more dynamic.

To further explore these kinetics, the recovery curves were
fitted using a model that assumes two exponential compo-
nents of recovery with individual time constants 7, as de-
scribed previously (Tsuriel et al., 2006). The theoretical pa-
rameters T,, T,, and a (the relative amount of fluorescence in
the fast component 7,) were extracted by minimizing the sum
of the squared residuals (Table 1). According to this analysis,
aSAP97-EGFP recovery was characterized by a very slow
component (7, = 71 min) representing 80% of the entire
fluorescence, whereas BSAP97-EGFP had a larger fast compo-
nent of recovery (7, = 2.2 min/58%), and the time constant of
its slow component (7, = 34 min/42%) was faster than that of
aSAP97 (Fig. 2B, Table 1). Together, these data demonstrate
that within dendritic spines, @- and BSAP97 have strikingly
distinct kinetic exchange properties.
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N-terminal domains of SAP97 define its

kinetic properties within spines

The more restricted synaptic localization
and slower exchange rate observed for
aSAP97 compared with BSAP97 could be
attributable to the presence of its putative
palmitoylation domain and/or to the lack
ofthe L27 domain. To distinguish between
these possibilities, we examined the local-
ization and exchange kinetics of an
N-terminal deletion mutant (ASAP97-
EGFP) lacking both the initial 10 aa resi-
dues of aSAP97 (including its putative
palmitoylation motif) and the initial 106
residues (including the L27 domain) of
BSAPY7 (Fig. 1 A). Lentiviral expression of
ASAP97-EGFP revealed an expression
pattern similar to that of BSAP97-EGFP,
with diffuse somatodendritic labeling and
punctate labeling of spines (Fig. 3A). As
with «- and B-isoforms, dendritic
ASAP97-EGFP puncta colocalized with
F-actin, VGLUT1, and FM4-64, demon-
strating that neither N-terminal sequence
was required for the synaptic targeting of
SAP97 (Fig. 3B; supplemental Fig. 2C,
available at www.jneurosci.org as supple-
mental material). This finding is consis-
tent with previous studies showing that the
I3 insert is essential for the synaptic local-
ization of SAP97 (Rumbaugh et al., 2003).
However, using FRAP analysis, we found
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Figure 2.  Synaptic exchange kinetics of a- and BSAP97 isoforms. A, Images of FRAP of a- and BSAP97—EGFP puncta
(indicated by arrowheads) on dendrites. B, Fluorescence recovery of c- (gray) and 3SAP97—EGFP (black) puncta, normalized to
the average intensity of unbleached puncta in the same field of view and set to values between 0 and 100 (see Materials and
Methods). Error bars depict == SEM (n = 18). Curves were fit to the experimental data as described in Materials and Methods.

ASAP97-EGFP puncta to have very fast
exchange kinetics, exhibiting near com-
plete fluorescence recovery within 5 min (Fig. 3C,D, Table 1) (7,
= 0.6 min/72%). Although these kinetics are significantly slower
than those of freely diffusing protein (i.e., soluble EGFP), which
recovers within seconds (Tsuriel et al., 2006), they indicate that
ASAP97 is highly dynamic and that the N-terminal sequences are
necessary for establishing more stable interactions with postsyn-
aptic structures.

The slower exchange kinetics of BSAP97 compared with
ASAP97 are probably the consequence of its association with
other synaptic/cytoskeletal proteins through the L27 domain
(Wu et al., 1998; Karnak et al., 2002; Lee et al., 2002; Wu et al.,
2002; Nakagawa et al., 2004). In contrast, based on sequence
homology with the N terminus of PSD-95, the slow exchange
kinetics of «SAP97 likely result from palmitoylation of the con-
served cysteine residues at positions 3 and 5 (Fig. 1 A). To test this
hypothesis, we performed two experiments. First, we directly as-
sessed palmitoylation of aSAP97-EGFP in human embryonic
kidney (HEK) cells using a technique whereby palmitoylated cys-
teine residues are biotinylated after cleavage of the palmitate
group with hydroxylamine (Drisdel and Green, 2004; Drisdel et
al., 2006). As shown in Figure 3E, aSAP97 is clearly palmitoy-
lated, whereas 3- and ASAP97 exhibit no palmitoylation. Second,
we measured the fluorescence recovery of a- and BSAP97-EGFP
puncta in neurons that had been incubated overnight with the
palmitoylation inhibitor 2-bromopalmitate. This treatment dra-
matically increased the exchange rate of «SAP97 without signif-
icantly affecting that of BSAP97 (Fig. 3F,G). Together, these ex-
periments indicate that palmitoylation leads to the slow exchange
kinetics of aSAP97—EGFP.

Subsynaptic localization and biochemical properties of a-,

B-, and ASAP97

The observed differences in FRAP exchange kinetics of a-, 3-,
and ASAP97-EGFP suggest that each construct has distinct bind-
ing properties and/or localizations within dendritic spines. To
visualize their subsynaptic localizations, we initially compared
the expression patterns of a- and BSAP97-EGFP within single
spines to that of PSD-95, a known component of the PSD, by
light-level immunofluorescence microscopy (Fig. 4A). Although
aSAP97 precisely colocalized with PSD-95 puncta, BSAP97 had a
broader distribution, often appearing to encircle PSD-95 puncta
(Fig. 4A). Although limited by the optical resolution of light
microscopy, these findings suggest that a- and BSAP97 may lo-
calize to distinct subdomains within spines.

To confirm this hypothesis, we analyzed the biochemical
properties of a-, B-, and ASAP97-EGFP at single synapses by
assessing their extractability with 0.5% Triton X-100 during a
live-imaging experiment (Fig. 4 B). Many PSD and cytoskeletal-
associated proteins are insensitive to this treatment, whereas cy-
toplasmic and membrane-associated proteins are solubilized and
washed out (Sharma et al., 2006). By comparing the SAP97—
EGFP fluorescence intensity of individual synaptic puncta before
and after extraction, we were able to estimate the insoluble frac-
tion of each SAP97 construct. As expected from our FRAP exper-
iments, the majority (~60%) of «SAP97—-EGFP was Triton resis-
tant, suggesting an association with lipids and proteins within the
PSD (Fig. 4B). In contrast, only ~30% of BSAP97-EGFP and
<10% of ASAP97-EGFP were Triton resistant. These data indi-
cate that approximately one-third of BSAP97 is associated with
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Figure 3.

Role of N-terminal domains for the kinetic properties of SAP97. A, Lentiviral expression of the deletion mutant ASAP97—EGFP in hippocampal neurons. B, Colocalization of ASAP97—

EGFP with phalloidin (red) and VGLUT1 (blue). €, Images depicting fluorescence recovery of ASAP97—EGFP puncta. D, FRAP quantification of ASAP97—EGFP (black; n = 13), «SAP97—EGFP (dashed
red; data from Fig. 2 B), and 3SAP97—EGFP (dashed blue; from Fig. 2 B). E, Western blot of HEK cell lysates from untransfected cells (control) and those transfected with -, B-, or ASAP97—EGFP,
probed with anti-GFP antibodies to detect total protein (bottom) or streptavidin-conjugated HRP to label Biotin-BMCC [1-biotinamido-4-(4'-[maleimidoethyl-cyclohexane]-carboxamido) butane]
(top). Only oSAP97—EGFP is biotinylated after hydroxylamine (NH,0H) treatment, indicating palmitoylation of its N-terminal cysteine residues. F, Images depicting fluorescence recovery of
«SAP97—EGFPin the presence of 2-bromopalmitate. G, FRAP curves of a- and BSAP97—EGFP plus 2-bromopalmitate (red solid, n = 23; blue solid, n = 28, respectively), or untreated (dashed lines;

same data as D and Fig. 2 B).

the cortical cytoskeleton and/or the PSD, whereas a majority of
ASAP97 is associated with neither. Intriguingly, the Triton-
resistant fractions of a-, B-, and ASAP97-EGFP paralleled the
fractional amounts in their slow kinetic pools (80, 40, and 30%,
respectively) (compare Fig. 4B, Table 1).

We next examined whether the localization of «-, 8-, and
ASAP97-EGFP was dependent on the actin cytoskeleton. We
found that acute (15 min) depolymerization of F-actin with la-
trunculin A had no effect on any of the three constructs, indicat-
ing that their localizations are not directly dependent on the dy-
namic assembly of F-actin (supplemental Results; supplemental
Fig. S3B, available at www.jneurosci.org as supplemental mate-
rial). Since dendritic spines also contain an actin/spectrin cortical
cytoskeleton that is more resistant to F-actin destabilization, we
evaluated whether a 5 h latrunculin treatment, known to disrupt
this pool of actin (Reuver and Garner, 1998; Allison et al., 2000;
Rumbaugh et al., 2003), altered the synaptic associations of a-,
B-, and ASAP97 molecules. Here, we found a reduction of both
B- and ASAP97-EGFP fluorescence, whereas aSAP97-EGFP
puncta remained mostly unaffected (Fig. 4C; supplemental Fig.
S3C, available at www.jneurosci.org as supplemental material),
again indicating that a- and BSAP97 are associated with bio-
chemically distinct compartments within dendritic spines.

To more closely examine the subsynaptic distributions of a-
and BSAP97, we performed silver-enhanced immunogold EM of
neurons expressing - or BSAP97-EGFP (Fig. 4 D; supplemental
Results; supplemental Fig. S4, available at www.jneurosci.org as

supplemental material). Quantitative analysis of EM micro-
graphs revealed that within spines, ~50% of silver-enhanced
gold particles labeling aSAP97-EGFP were associated with the
PSD, whereas only ~30% of gold particles labeling BSAP97—
EGFP could be detected at the PSD (Fig. 4E). In contrast, the
majority (~70%) of gold particles labeling BSAP97-EGFP ap-
peared at other locations, most commonly near the spine plasma
membrane or within the cytoplasm, that were often adjacent to
the PSD (Fig. 4D, E; supplemental Fig. S4, available at www.
jneurosci.org as supplemental material). These data are consis-
tent with other immuno-EM studies showing that L27 domain
containing SAP97 isoforms have a predominantly peripheral
PSD distribution (Aoki et al., 2001; DeGiorgis et al., 2006). To-
gether with the biochemical assays, these results indicate that
aSAP97 is a core component of the PSD, whereas BSAP97 has a
broader, primarily non-PSD distribution within spines.

SAP97 isoform-specific regulation of GluR1 targeting and
exchange kinetics

SAP97 directly binds the AMPAR subunit GluR1 (Leonard et al.,
1998; Cai et al., 2002) (see also supplemental Results; supplemen-
tal Fig. S5A, B, available at www.jneurosci.org as supplemental
material) and promotes its cell-surface localization (Sans et al.,
2001). We therefore examined whether the distinct biochemical
and kinetic properties of a- and BSAP97-EGFP differentially
affected the synaptic localization and dynamics of GluRI. Ini-
tially, we examined the cell-surface levels of endogenous GluR1
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in transfected neurons expressing a- or
BSAP97-EGFP. Here, we found that both
isoforms significantly increased the accu-
mulation of surface GluR1 on spines com-
pared with untransfected cells or those
expressing ASAP97 (Fig. 5A, B). Further-
more, ratios of cell-surface to total GluR1
at spines were similar for both isoforms
(aSAPI7 ratio, 0.66 = 0.05; BSAPI7 ratio,
0.70 *= 0.03), suggesting that neither
SAP97 isoform increased the intracellular
retention of AMPARs within spine heads.
No such increases in spine accumulation
were observed for the GluR3 subunit of
AMPARs, indicating that a- and BSAP97-
EGFP specifically influence the localiza-
tion of GluRl (supplemental Results;
supplemental Fig. S5C, available at www.
jneurosci.org as supplemental material).
This data show that both «- and
BSAP97 can recruit GluR1 to the postsyn-
aptic plasma membrane. However, it is
unclear whether these isoforms act by
chaperoning GluR1-containing receptors
into and out of spines or by providing
docking sites at the postsynaptic plasma
membrane. To address this question, we
examined the dynamic properties of
GluR1 in the presence of a- and BSAP97.
Neurons were cotransfected with recom-
binant GluR1 tagged at its N terminus with
monomeric Cherry (mCh—GluR1) and ei-
ther soluble EGFP or a-, 8-, or ASAP97—
EGFP using calcium phosphate precipita-
tion. Compared with lentivirus infection,
this approach did not significantly alter the
localization or exchange kinetics of
SAP97-EGFP isoforms (supplemental Fig.
S6A; supplemental Table S1, available at
www.jneurosci.org as supplemental mate-
rial) yet provided an efficient means of co-
expressing SAP97-EGFP and mCh-GluR1
for live imaging. Like endogenous GluR1,
mCh—GluR1 exhibited a diffuse somato-
dendritic pattern with little enrichment in
dendritic spines when expressed alone or
in combination with EGFP or ASAP97-
EGFP (Fig. 5C). However, when coex-
pressed with a- or BSAP97, mCh-GluR1
acquired a punctate, synaptic distribution,
indicating its recruitment to spines (Fig.
5C,D). These data suggested that mCh—
GluR1 behaved similarly to its endogenous
counterpart with respect to SAP97-
mediated localization. To confirm that
synaptically recruited mCh-GluR1 was

<«

S4, available at www.jneurosci.org as supplemental mate-
rial). E, Quantification of immunogold labeling of c- and
BSAP97—EGFP at the PSD (<50 nm distance) and in non-PSD
regions (50 -700 nm).
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Figure 5.

SAP97 isoform-specific regulation of GIuR1 exchange kinetics. 4, Dendrites of neurons transfected with ac-, 8-, or ASAP97—EGFP (green; left) and stained with antibodies against

endogenous cell-surface GIuRT (red; middle). B, Surface GIuR1 levels at SAP97—EGFP puncta relative to the GIuRT intensity in untransfected neurons from the same fields of view (left bar graph;
means == SEM; n = 5 cells for each condition). €, High-magnification images of dendritic spines from neurons cotransfected with mCh—GIuR1 (red; middle) and -, B-, or ASAP97—EGFP (green;
left). D, mCh—GluR1 fluorescence intensity at SAP97—EGFP puncta or spines expressing soluble EGFP (left bar graph; means == SEM; n = 48 puncta from 6 neurons). E, FRAP curves for - (red), 3-
(blue), and ASAP97—EGFP puncta (black) in neurons cotransfected with mCh—GIuR1 (n = 12 puncta from = 6 cells). F, Fluorescence recovery of mCh—GIuR1 puncta in neurons cotransfected with
soluble EGFP (green), ac- (red), B- (blue), or ASAP97—EGFP (black; n = 12 puncta from = 6 cells per construct). G, FRAP of BSAP97—EGFP puncta coexpressingmCh—GluR1 under control conditions
(black), after crosslinking with anti-RFP antibody (blue) or after crosslinking of endogenous surface GluR1 (gray; n = 10 puncta from = 7cells per condition). H, FRAP of mCh—GluR1 puncta after
crosslinking of surface GIuR1 on neurons expressing c- (red; n = 8 puncta from 4 cells) or BSAP97—EGFP puncta (blue; n = 10 puncta from 5 cells).

also localized to the plasma membrane, we labeled surface mCh—
GluR1 using anti-RFP antibodies (which recognize this spectral
variant of RFP). Quantification of cell-surface versus total mCh—
GluR1 in individual dendritic spines expressing a- and BSAP97
revealed that, similar to endogenous GluR1, the ratios of surface to
total protein were nearly identical for both constructs (aSAP97 flu-
orescence intensity ratio, 1.54 = 0.27; BSAP97 ratio, 1.67 * 0.30).

We next used FRAP to examine the dynamic properties of
mCh-GluR1 in the presence of soluble EGFP or a-, -, or
ASAP97-EGFP. In these experiments, mCh—GIuR1 puncta in
dendritic spines were bleached with a 514 nm laser line and the
same puncta subsequently bleached at 488 nm to monitor recov-
ery of the SAP97-EGFP fluorescence. As expected, the exchange
rates of a-, B-, or ASAP97-EGFP in cotransfected neurons were
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very similar to those in lentivirus-infected A
neurons (Fig. 5E; compare with Figs. 2B,
3D and supplemental Table S1, available at
www.jneurosci.org as supplemental mate-
rial). In contrast, mCh—GluR1 fluores-
cence recovery was clearly influenced by
coexpression with a- and BSAP97 iso-
forms (Fig. 5F, Table 1). We found that
aSAP97 had the most profound effect on
GluR1 recovery, with <50% of mCh-
GluR1 fluorescence regained within the <
first 5 min, compared with ~70% in S I_
ASAP97-EGFP-transfected neurons and P
~80% in neurons expressing soluble
EGFP (supplemental Table S1, available at
www.jneurosci.org as supplemental mate-
rial). BSAP97 had an intermediate effect,
with ~60% recovery of mCh—-GluR1 fluo-
rescence within the first 5 min (supple-
mentalTableS1,availableatwww.jneurosci.
org as supplemental material). Curve
fitting revealed that although «-, B-, or
ASAP97-EGFP altered the fractional
amounts of mCh—GluR1 in the fast and
slow pools (aand 1 — g, respectively), they
did not significantly change the rates of ex-
change (7, and 7,) (Table 1). Thus, al-
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SAP97 isoforms.

Our data suggest that a- and BSAP97
can tether cell-surface GluR1 within den-
dritic spines. However, we could not dis-
tinguish between cell-surface and internal
mCh-GluR1 during FRAP experiments.
To examine whether the fluorescence re-
covery of mCh—GluR1 in the presence of
SAP97 isoforms could be attributed to lat-
eral diffusion of surface receptors in the
plasma membrane, we used an antibody
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cross-linking assay designed to immobilize
surface receptors without influencing the
properties of intracellular pools (Ashby et
al., 2006; Bats et al., 2007). Neurons co-
transfected with a- or BSAP97-EGFP and

from primary hippocampal neurons transfected with soluble EGFP (control) or ac-, 3-, or ASAP97—EGFP. B, Cumulative proba-
bility plot of mEPSC amplitudes from these neurons. The Kolmogorov—Smirnov test determined a significant effect of «- and
BSAPI7—EGFP ( p < 0.001) but not ASAP97—EGFP on mEPSC amplitudes. Arrowheads indicate the maximum mEPSC ampli-
tudes. C, Histogram depicting the same mEPSC amplitude data (400 mEPSC events per construct). Note the right shift of the
histogram for neurons expressing a:SAP97—EGFP and the left shift for those expressing BSAP97—EGFP. D, Evoked EPSC sample
traces from postsynaptic neurons transfected with cc- and BSAP97—EGFP and untransfected controls (10 superimposed sweeps

mCh-GluR1 were preincubated sequen-
tially with polyclonal rabbit anti-RFP and
anti-rabbit secondary antibodies, to cross-
link surface mCh—GluR1 before FRAP experiments. This treat-
ment had no effect on SAP97 exchange, as assessed by BSAP97—
EGFP recovery after either endogenous or mCh—GIuR1 cross-
linking with GIluR1 or RFP antibodies, respectively (Fig. 5G).
However, cross-linking essentially abolished the exchange of
mCh-GluR1 in the presence of both SAP97 isoforms (Fig. 5H;
supplemental Fig. S6 B, available at www.jneurosci.org as supple-
mental material). Although we cannot rule out the possibility
that this procedure affects other aspects of GluR1 exchange such
as exo/endocytosis rates, it does provide an indication that the

per condition). E, Quantification of AMPAR EPSC amplitudes (means == SEM; n = 10 paired recordings).

observed fluorescence recovery is attributable to lateral diffusion
of cell-surface receptors. Moreover, these cross-linking experi-
ments provide further evidence that SAP97 and GluR1 do not
transit as a complex within spines, as virtually eliminating the
mobility of GluR1 had no affect on SAP97 dynamics.

SAP97 isoform-specific regulation of miniature and evoked
AMPAR EPSCs

We next examined whether, in line with their effects on GluR1
localization and dynamics, - and BSAP97 also influenced
AMPAR function in dissociated hippocampal neurons. To this
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end, miniature AMPAR mEPSCs were recorded from neurons
transfected with a-, B-, or ASAP97-EGFP constructs or with
soluble EGFP for control (Fig. 6 A-C; supplemental Table S2,
available at www.jneurosci.org as supplemental material). As ex-
pected, soluble EGFP had no effect on mEPSC amplitude or fre-
quency compared with untransfected cells (data not shown).
Similarly, overexpression of ASAP97-EGFP did not change
mEPSC amplitude or frequency compared with the control con-
dition (Fig. 6 A, B) (control amplitude: 15.3 * 0.27 pA, frequen-
cy: 1.20 = 0.25 Hz, n = 6; ASAP97 amplitude: 16.0 = 0.34 pA,
frequency: 1.23 *£ 0.54 Hz, n = 8). However, expression of
aSAP97-EGFP significantly increased mEPSC amplitude above
control levels (18.4 = 0.7 pA; n = 5), whereas, unexpectedly,
BSAP97-EGFP significantly decreased the mEPSC amplitude
(13.7 = 0.17 pA; n = 7).

To confirm this surprising result, we examined the effects of
a-and BSAP97 on synaptically evoked AMPAR-mediated EPSCs
(Fig. 6 D, E; supplemental Table S2, available at www.jneurosci.
org as supplemental material). Paired whole-cell recordings were
performed between pyramidal neurons in dissociated hippocam-
pal cultures, with the postsynaptic cell expressing soluble EGFP,
a-, or BSAP97-EGFP. Consistent with our mEPSC analysis, we
found that the amplitudes of evoked EPSCs were significantly in-
creased in pyramidal neurons expressing aSAP97-EGFP relative to
uninfected controls (472 * 128 pA, n = 13 paired recordings; con-
trol: 256 = 40 pA, n = 23 paired recordings, p < 0.05) and signifi-
cantly decreased in those expressing BSAP97-EGFP (87 = 17 pA,
n = 10; p < 0.01). These data demonstrate that «SAP97-EGFP
increases the number of functional AMPARs within the PSD, as
reported previously (Rumbaugh et al., 2003; Schliiter et al., 2006),
whereas BSAP97-EGFP unexpectedly decreases this number.

In a previous study, we showed that postsynaptic BSAP97
overexpression could increase the size of adjacent presynaptic
boutons via transsynaptic signaling (Regalado et al., 2006). It thus
seemed possible that the observed electrophysiological pheno-
types could be caused by differential effects of a- and BSAP97 on
presynaptic size and/or function. However, we found these iso-
forms to have identical effects on juxtaposed presynaptic bou-
tons, with both a- and BSAP97-EGFP significantly increasing
the size of the total recycling pool of synaptic vesicles as assessed
by FM4-64 uptake (see supplemental Results; supplemental Fig.
S8, available at www.jneurosci.org as supplemental material).
Furthermore, neither isoform altered the synaptic vesicle exocy-
tosis kinetics at juxtaposed boutons, as measured by FM4-64
destaining rates (supplemental Fig. S8, available at www.
jneurosci.org as supplemental material). These data indicate that
transsynaptic effects cannot account for the dramatic differences
in AMPAR EPSC amplitudes seen in neurons expressing a- or
BSAP97.

Another mechanism that could explain our findings is that
BSAP97, through its binding to GluR1, holds AMPARs in an
extrasynaptic domain of the plasma membrane, preventing their
access to the PSD and presynaptically released glutamate. The
non-PSD, perisynaptic localization of BSAP97 observed in this
and other studies is consistent with this idea. To explore this
possibility, we examined the ability of BSAP97 to rescue the phe-
notype produced by knockdown of PSD-95, i.e., the loss of
AMPAR-mediated miniature EPSCs. We reasoned that BSAP97
may localize to extrasynaptic sites because it lacks a palmitoyl-
ation domain and cannot compete with PSD-95 for binding sites
within the PSD. However, in the absence of PSD-95, binding sites
may become available within the PSD, enabling BSAP97 to enter
this compartment, recruit GluR1-containing AMPARs, and thus
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rescue the PSD-95 knockdown phenotype. In line with this
model, a recent study conducted in hippocampal organotypic
slices showed that BSAP97 overexpression was able to rescue the
loss of AMPAR-mediated EPSCs in neurons lacking PSD-95, al-
though BSAP97 overexpression in the presence of PSD-95 had no
effect on AMPAR EPSCs (Schliiter et al., 2006).

Utilizing constructs that simultaneously express EGFP-tagged a-
or BSAP97 together with a short hairpin RNA to knock down
PSD-95 expression (sh95) (Rumbaugh et al., 2003; Schliiter et al.,
2006), we first verified that PSD-95 levels were effectively lowered in
dissociated hippocampal cultures. We found that these constructs
were highly effective at reducing PSD-95 in neurons whether intro-
duced by lentivirus (Fig. 7A,B) or calcium phosphate transfection
(data not shown). Moreover, the knockdown had no obvious effects
on the expression level, localization, or dynamic properties of coex-
pressed a- or BSAP97 (Fig. 7B,C; see also supplemental Fig. S7,
available at www.jneurosci.org as supplemental material). Finally,
we examined whether synaptic a- and BSAP97 were still able to
promote the cell-surface accumulation of GluR1 in the absence of
PSD-95. Surface immunostaining for GluR1 revealed that this func-
tion was intact for both isoforms (Fig. 7C,D).

We next examined the ability of a- and BSAP97 to rescue the
loss of AMPAR-mediated mEPSCs caused by PSD-95 knock-
down. Miniature EPSCs were recorded from neurons transfected
with constructs expressing sh95 with soluble EGFP, or sh95 with
EGFP-tagged a- or BSAPY7. As reported previously (Rumbaugh
etal., 2003; Schliiter et al., 2006), expression of sh95 alone caused
a near-complete loss of AMPAR-mediated currents (Fig. 7E),
reflected by a dramatic reduction in mEPSC frequency (Fig. 7F)
(control frequency: 1.54 * 0.37 Hz, n = 32; sh95 frequency:
0.13 = 0.11 Hz, n = 14, p < 0.001). This phenotype was rescued
by aSAP97 expression, which restored mEPSC frequency to con-
trollevels (1.15 = 0.42 Hz; n = 12) but not by BSAP97 expression
(0.06 = 0.03 Hz; n = 18; p < 0.001) (Fig. 7E,F).

One explanation for this striking result is that BSAP97 does
not localize to the PSD, even in the absence of PSD-95, but in-
stead sequesters AMPARs in an extrasynaptic domain where the
receptors cannot support synaptic transmission. An alternative is
that BSAP97 impedes the channel conductance of AMPARs and
thus dramatically decreases AMPAR-mediated currents. To dis-
tinguish between these possibilities, we measured the peak am-
plitude of AMPAR currents elicited in a- and BSAP97-EGFP-
transfected neurons by focal application of exogenous AMPA,
which activates both synaptic and extrasynaptic AMPARs. The
presence of inward AMPAR currents in BSAP97-transfected neu-
rons would support the former possibility (i.e., extrasynaptic
AMPAR sequestration), whereas an absence of such currents
would support the latter one (i.e., impaired channel conduc-
tance). Intriguingly, we found that the peak amplitude of AMPA-
induced currents in BSAP97-expressing neurons was signifi-
cantly higher than that seen in aSAP97-expressing neurons
(BSAP97: —232.3 £ 32.6 pA,n = 9; aSAP97: —116.31 * 12.8 pA,
n =29, p < 0.005, f test) (Fig. 7G). Together with the previous
electrophysiology results, this finding indicates that neurons ex-
pressing BSAP97 have greater total numbers of cell-surface
AMPARs, but significantly fewer receptors positioned beneath
neurotransmitter release sites, a concept consistent with the abil-
ity of BSAP97 to retain surface AMPARs in an extrasynaptic/non-
PSD compartment (Fig. 8).

Discussion
We have demonstrated the ability of two synaptic SAP97 iso-
forms to directly regulate the localization and dynamics of
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Figure 7. Isoform-specific rescue of PSD-95 knockdown phenotype. A, Western blot of lysates from dissociated hippocampal neurons infected with lentivirus expressing soluble EGFP for control
(left lane), :SAP97—EGFP plus sh95 (middle lane), or EGFP—BSAP97 plus sh95 (right lane) and immunostained with antibodies against PSD-95 (top) or c-tubulin (bottom). Note the dramatic
reduction of PSD-95 in neurons expressing the sh95 RNAi. B, Dendrites of neurons infected with EGFP—3SAP97 == sh95 (green; left) and immunostained with PSD-95 antibodies (red; middle).
Merged images (right) show that PSD-95 immunoreactivity colocalizes with BSAP97 in dendritic spines of control neurons (top) but is absent from neurons expressing sh95 (bottom). €, Dendrites
of neurons infected with aSAP97—EGFP == sh95 (top) or EGFP—BSAP97 = sh95 (bottom) and immunostained with antibodies to label surface GIuR1 (red). D, Quantification of surface GIuR1
intensity (expressed as spine/shaft ratio == SEM) in neurons infected with «SAP97—EGFP or EGFP—3SAP97 with or without sh95. Expression of sh95 does not significantly alter surface GIuR1 levels
in the presence of either SAP97 isoform. E, Sample mEPSC traces from untransfected control neurons (top) and those coexpressing sh95 together with soluble EGFP (sh95), «SAP97—EGFP, or
EGFP—BSAPI7. F, Quantification of mEPSC frequency data from these cells. The Mann—Whitney Rank sum test determined a significant effect ( p << 0.001) of sh95 and EGFP—3SAP97 plus sh95 but
not aSAP97—EGFP plus sh95, on mini-EPSC frequency. G, Sample traces of inward AMPAR currents induced by focal AMPA application in c- (top) or BSAP97—EGFP (bottom)-transfected neurons.

GluR1-containing AMPARs within spines. The a- and BSAP97
isoforms used in this study share a common 13/I5 insert but have
alternatively spliced N termini and distinct postsynaptic localiza-
tions and kinetic profiles. Furthermore, both isoforms alter the
subsynaptic localization of GluR1 within dendritic spines and in
so doing influence the responsiveness of excitatory synapses to
glutamate.

Role of «SAP97 in the synaptic localization of AMPARs

The expression of aSAP97 (Schliiter et al., 2006) in mouse and
human brain is confirmed by the presence of cDNA sequences in
expressed sequence tag databases (GenBank accession numbers:

DA121908, BY131151, BY124397). Intriguingly, «SAP97 shares
nearly identical N-terminal sequences with PSD-95 and PSD-93
and has correspondingly similar features: palmitoylation of
N-terminal cysteines, PSD localization, and slow exchange kinet-
ics (Craven et al., 1999; Okabe et al., 1999; El-Husseini et al., 2000;
Firestein et al., 2000; Kuriu et al., 2006). Thus, «SAP97 appears to
be a stable component of the PSD.

Multiple protein and lipid interactions likely contribute to the
association of aSAP97 with the PSD. In particular, our experi-
ments suggest a crucial role for palmitoylation in targeting and
anchoring aSAP97 to the PSD. Exactly how this lipid moiety
anchors SAP97 within the PSD is unclear, but presumably, it
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Figure 8. Model of how - and BSAP97 regulate the subsynaptic localization of GluR1-
containing AMPARs. 4, Schematic diagram of an excitatory synapse at steady state. Cell-surface
AMPARs are concentrated at the PSD through their interactions with PSD-95 but can laterally
diffuse to extrasynaptic domains of the spine. B, Excitatory synapse expressing high levels of
«SAP97. This isoform localizes to the PSD, creating additional binding sites for surface AMPARSs
within this domain and restricting their lateral mobility. C, Excitatory synapse expressing high
levels of BSAP97. This isoform localizes to extrasynaptic domains of the spine, creating new
non-PSD binding sites for surface AMPARs and thereby inhibiting their diffusion into the PSD.

tethers the protein to specialized lipid domains, restricting its
lateral mobility and possibly facilitating other protein interac-
tions within this structure (Hering and Sheng, 2003). Similar
findings with a palmitoylated form of GRIP/ABP1 are consistent
with a central role of cholesterol lipids in the synaptic targeting of
proteins to the PSD (Osten et al., 2000; deSouza and Ziff, 2002;
Hering and Sheng, 2003).

We also examined the impact of «SAP97 on the spatial distri-
bution and function of GluR1-containing AMPARs. Our data
show that «SAP97 overexpression significantly increases the sur-
face expression of synaptic GluR1, as well as miniature and
evoked AMPAR-mediated currents, indicating that aSAP97, like
PSD-95, recruits GluRI1-containing AMPARs into the PSD
(Schnell et al., 2002; Bats et al., 2007). Furthermore, «SAP97
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rescued the loss of AMPAR-mediated EPSCs caused by PSD-95
knockdown in dissociated hippocampal neurons, a behavior also
observed in organotypic slices (Schliiter et al., 2006). These find-
ings point to a significant functional redundancy between
aSAP97 and PSD-95. One notable difference is that the former
interacts directly with GluR1 (Cai et al., 2002), whereas the latter
interacts with AMPAR subunits via a transmembrane AMPAR
regulatory protein (TARP)-dependent mechanism (Tomita et
al., 2003, 2004; Nicoll et al., 2006; Ziff, 2007). Additional experi-
ments are needed to investigate the functional relevance of these
interactions, which could relate to a more fundamental role of
PSD-95 in maintaining synaptic pools of GluR2/3, although this
has not been clearly established (Boehm et al., 2006; Ehrlich et al.,
2007).

Role of BSAP97 in the synaptic localization of AMPARs
BSAP97 is located in a distinct subsynaptic domain from
aSAP97, as demonstrated by FRAP, Triton, and latrunculin ex-
periments and light- and EM-level immunostaining. We found
that a majority of BSAP97 in dendritic spines is associated with
non-PSD structures at the plasma membrane and within the
spine head, in line with previous findings (Aoki et al., 2001; De-
Giorgis et al., 2006). These structures may represent the cortical
actin/spectrin cytoskeleton, consistent with BSAP97’s sensitivity
to Triton and latrunculin and its ability to bind the cortical cy-
toskeletal protein 4.1 (Lue et al., 1994; Rumbaugh et al., 2003).

How does the L27 domain confer a non-PSD yet postsynaptic
distribution on BSAP97? Studies in non-neuronal cells suggest
that the L27 sequence directs BSAP97 to the cortical cytoskeleton
through an interaction with CASK (Wu et al., 1998; Lee et al.,
2002). In neurons, CASK is believed to localize to the plasma
membrane of dendritic spines via an association with the cell-
adhesion protein syndecan (Hsueh et al., 1998), providing a pu-
tative link between BSAP97 and the spine plasma membrane.
Importantly, the L27 domain has also been suggested to facilitate
homo-oligomerization of BSAP97 (Nakagawa et al., 2004). Mu-
tations within this domain increase the exchange of BSAP97
within spines and fail to promote the postsynaptic localization of
AMPARs (Nakagawa et al., 2004), analogous to our experiments
with ASAP97. Together, these data indicate that the L27 domain
is essential for stably anchoring BSAP97 to the synaptic cortical
cytoskeleton and recruiting AMPARSs to the plasma membrane.

We also examined whether BSAP97 regulates the synaptic lo-
calization and function of GluR1-containing AMPARs. As with
aSAP97, overexpression of BSAP97 increased the surface expres-
sion of endogenous and recombinant GluR1 within dendritic
spines. Unexpectedly, we observed a marked decrease in
AMPAR-mediated synaptic transmission in these neurons that
was consistent for both miniature and evoked currents. Further-
more, BSAP97 did not rescue the loss of AMPAR mEPSCs seen in
neurons lacking PSD-95. A possible explanation for these data
was that BSAP97 interfered with AMPAR channel conductance.
However, activation of both synaptic and extrasynaptic AMPARs
via focal AMPA application revealed that peak amplitudes of
AMPA-induced currents were significantly greater in neurons
expressing BSAP97 compared with aSAP97. These results clearly
demonstrate that although BSAP97 strongly promotes the
postsynaptic, cell-surface expression of GluR1-containing
AMPAREs, it binds and sequesters these receptors within an extra-
synaptic domain, preventing their access to synaptic glutamate
(Fig. 8).

Although our data consistently demonstrate that BSAP97
overexpression reduces synaptic AMPAR-mediated currents,
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this had not been reported in previous studies, which either show
an increase in EPSC amplitude (Nakagawa et al., 2004) or mEPSC
frequency (Rumbaugh et al., 2003) or no change at all (Schnell et
al., 2002; Ehrlich and Malinow, 2004; Schliiter et al., 2006). Fur-
thermore, our finding that BSAP97 does not rescue AMPAR-
mediated currents in the absence of PSD-95 is at odds with a
previous study performed in hippocampal organotypic slices
(Schliiter et al., 2006). A likely explanation for these differences is
that the cell-surface levels of GluR1-containing AMPARs vary
widely between hippocampal preparations. In dissociated cul-
tures, GluR1 is readily detectable on the surface of cell bodies and
dendrites, at synaptic and extrasynaptic sites, under both basal
and stimulated conditions (Shi et al., 1999; Adesnik et al., 2005;
Bats et al., 2007; Ehlers et al., 2007; Yudowski et al., 2007). In
organotypic slices, in contrast, the vast majority of GluR1 is lo-
calized intracellularly within dendritic shafts, only moving into
spines during synaptic stimulation (Shi et al., 1999). Based on
previous studies showing a direct interaction between 3SAP97
and GluR1 but not GluR2/3 (Leonard et al., 1998; Cai et al., 2002;
von Ossowski et al., 2006), one would predict that BSAP97 affects
synaptic AMPAR currents under basal conditions in dissociated
cultures but not in organotypic slices. Similarly, the ability of
BSAPI7 to rescue the PSD-95 knockdown may depend on the
subunit composition of cell-surface AMPARs in these two prep-
arations. If the majority of surface receptors are GluR2/3, as in
organotypic slices, BSAP97 may rescue the PSD-95 knockdown
phenotype via an indirect, compensatory mechanism during
AMPAR trafficking, or by facilitating the synaptic retention of
GluR2/3 through TARPs (Barry and Ziff, 2002; Ehrlich et al.,
2007; Shepherd and Huganir, 2007; Ziff, 2007), although this
functionality of BSAP97 has not been explored. However, if the
majority of cell-surface receptors contain GluR1, as in dissociated
cultures, BSAP97 will sequester these receptors in an extrasynap-
tic domain and thus fail to rescue the PSD-95 knockdown
phenotype.

a- and BSAPI7 create docking sites for AMPARs within
postsynaptic compartments

In this study, we have compared the effects of two SAP97 iso-
forms on the synaptic localization and dynamics of the AMPAR
subunit GluR1. Our results show that in cultured neurons, a- and
BSAP97 promote the postsynaptic surface accumulation of
GluR1. Both isoforms also significantly decrease GluR1 ex-
change, with «SAP97 having the more dramatic effect, consistent
with its slower exchange kinetics. Importantly, both isoforms
slow GluR1 exchange by increasing the fraction of tightly bound
mCh—GluR1 rather than altering the rate constants of mCh—
GluR1 exchange (Table 1). Together with our data demonstrat-
ing that BSAP97-EGFP exchange rates are not altered by GluR1
cross-linking, these experiments indicate that a- and BSAP97 do
not shuttle GluR1 into and out of the spine as a complex but
instead create docking sites that serve to transiently tether
AMPARSs in place, similar to what has been observed for PSD-95/
TARP complexes (Bats et al., 2007). Furthermore, in agreement
with several recent reports (Adesnik et al., 2005; Ashby et al.,
2006; Bats et al., 2007), we observed that a majority of GluR1 in
dendritic spines is at the cell surface, suggesting that - and
BSAP97 bind and retain these AMPAR subunits within distinct
cell-surface domains.

In summary, we have developed dynamic imaging strategies
to evaluate the importance of predicted protein—protein interac-
tions. Our data indicate that synaptic isoforms of SAP97 can
directly regulate the levels, dynamics, and subsynaptic localiza-
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tion of GluR1-containing AMPARs. Moreover, as GluR1 has
been implicated in the establishment of long-term potentiation,
our work raises fundamental questions about whether different
SAP97 isoforms affect GluR1 dynamics during synaptic
plasticity.
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