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Abstract

Tra�  cking and biophysical properties of AMPA receptors (AMPARs) in the brain depend 
on interactions with associated proteins. We identify Shisa6, a single transmembrane 
protein, as a stable and directly interacting bona � de AMPAR auxiliary subunit. Shisa6 
is enriched at hippocampal postsynaptic membranes and colocalizes with AMPARs. � e 
Shisa6 C-terminus harbors a PDZ domain ligand that binds to PSD-95, constraining 
mobility of AMPARs in the plasma membrane and con� ning them to postsynaptic 
densities. Shisa6 expressed in HEK293 cells alters GluA1 and GluA2-mediated currents 
by prolonging decay times and decreasing the extent of AMPAR desensitization, while 
slowing the rate of recovery from desensitization. Using gene deletion, we show that 
Shisa6 increases rise- and decay times of hippocampal CA1 mEPSCs. Shisa6-containing 
AMPARs show prominent sustained currents, indicating protection from desensitization. 
Accordingly, Shisa6 prevents synaptically trapped AMPARs from depression at high 
frequency synaptic transmission.

Introduc� on
Fast excitatory synaptic transmission in the adult brain is predominantly mediated 
by AMPA-type glutamate receptors (AMPARs). � e strength of glutamatergic 
transmission can be adjusted in an activity-dependent manner by di� erent mechanisms 
in pre- and postsynaptic elements181,182, postsynaptic plasticity being largely determined 
by regulation of both the number and gating properties of AMPARs27,60,183–187. Post-
translational modi� cations and protein interactions enable activity-dependent plasticity 
underlying learning, memory, and synapse turnover10,188–190. Identi� cation of additional 
components of native brain-derived AMPAR complexes has revealed a wide variety of 
mostly transmembrane proteins that directly interact with AMPARs151. � ese proteins 
can potentially act as auxiliary subunits of AMPARs and a� ect channel kinetics, 
tra�  cking, surface mobility, and activity-dependent regulation of these processes. Well-
established AMPAR auxiliary subunits include the Transmembrane AMPA receptor 
Regulatory Proteins (TARPs)158,172, the Cornichon homologs (CNIH-2 and CNIH3)163, 
and the recently identi� ed Cystine-Knot AMPA receptor Modulating Protein 
(CKAMP44)165,180, o�  cially named Shisa9177 (Supplementary Fig. 1). Both TARPs and 
Cornichons decrease deactivation and desensitization rates of the activated AMPAR, 
and promote synaptic targeting. Overexpression in CA1 of CKAMP44/Shisa9 increases 
the AMPAR deactivation time constant, slows down recovery from desensitization, and 
decreases AMPAR short-term plasticity165. In contrast to CKAMP44/Shisa9165,191, which 
is expressed most prominently in the hippocampus dentate gyrus (DG), Shisa6 is highly 
expressed throughout the hippocampus, in DG as well as CA regions192. Although Shisa6 
is part of the AMPAR immunoprecipitated complex151, it is as yet unknown whether 
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Shisa6 interacts directly with AMPARs, and whether it a� ects AMPAR channel kinetics 
and/or surface expression. Here we demonstrate that Shisa6 is an auxiliary subunit of 
the AMPAR, which traps these receptors at postsynaptic sites through interaction with 
PSD-95/DLG4. By altering biophysical properties of AMPARs, Shisa6 keeps AMPARs 
in an activated state in the presence of glutamate, preventing full desensitization and 
synaptic depression.

Methods

Animals
Mice were bred in the facility of the VU University Amsterdam. Mice were group-
housed in standard type 2 Macrolon cages enriched with nesting material on a 12/12-
h rhythm (lights on at 7:00 AM). � e housing area had a constant temperature of 
23±1°C and a relative humidity of 50±10%. Food and water was provided ad libitum. 
All the experiments were performed between 9:00 AM and 5:00 PM. Protein samples 
and RNA were prepared from 8–14 week old male and female C57BL/6J mice, derived 
from Charles River. Immunoprecipitations were performed on hippocampi of 8–14 
week old male and female WT vs. KO mice. Electrophysiology on CA1 neurons was 
performed on 8–12 week old males. All experiments were performed in accordance to 
Dutch law and licensing agreements using a protocol approved by the Animal Ethics 
Committee of the VU University Amsterdam. All our protocols have been performed 
in accordance with the recommendations of the European directive EU-2010-63 for 
the raising, care and termination of animals. In Bordeaux the maintenance of animals 
was supervised by the Pole in vivo (PIV) facility. For generation of Shisa6 KO mice, see 
Supplementary data.

(Real-Time) Polymerase Chain Reacti on
Primers – Primers for PCR and real-time PCR were generated using Primer3.0. � e � nal 
sets of primers are listed in Supplementary Table 2. 
RNA isolation and cDNA synthesis – RNA from several tissues was extracted as 
previously described193. (See supplementary information) 
PCR for exon 3 – PCR reactions on two WT samples were generated with Ex1-Ex6 
primers (Supplementary Table 2) with 0.5 U Phusion (New England Biolabs) in a 50-µL 
reaction using the HF bu� er according to the manufacter’s protocol (see supplementary 
information). 
Real-time qPCR – Real-time qPCR reactions were performed as previously described193 
(see supplementary information).
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Immunoblot analysis

Protein samples were dissolved in SDS sample-bu� er (Laemmli), heated to 96°C for 
5 min, and loaded onto a 4–15% Criterion TGX Stain-Free Precast gel (Bio-Rad). 
� e gel-separated proteins were imaged with the Gel-Doc EZ system (Bio-Rad), 
directly transferred onto PVDF membrane and probed with various antibodies (see 
supplementary information). Scans were acquired with the Odyssey Fc system (Li-Cor), 
and analyzed using Image Studio 2.0 software (Li-Cor). Immunoblot band intensities 
were normalized to the total amount of protein loaded, as quanti� ed using Image Lab 
3.0 software (Biorad).
 
Subcellular fracti onati on
Subcellular fractions were prepared as described previously19 with some modi� cations. 
See supplementary information.

Precipitati on of protein-complexes from mouse hippocampus
As described in the Supplementary information.

Co-precipitati on from HEK293 cells
All steps were performed at 4°C, with the exception of elution (RT). For protein 
extraction, HEK293 cells (ATCC) were washed with PBS, resuspended in lysis-bu� er 
(1% Triton X-100, 150 mM NaCl, 25 mM HEPES, and EDTA-free Complete protease 
inhibitor (Roche), and incubated for 1 h with gentle mixing. � e supernatant was cleared 
of non-soluble debris by two consecutive centrifugation steps at 20,000x g for 20 min. 
Anti-� ag antibody was added to the supernatant, incubated O/N, and immobilized to 
Protein A/G agarose beads (Santa Cruz). � e agarose beads were washed 4 times with 
lysis bu� er, and bound proteins were eluted by incubation with Laemmli sample bu� er.

Yeast Two-Hybrid
A direct two-hybrid assay was performed in PJ69-2A yeast cells (Clontech) between 
the WT cytoplasmic domain of the exon 3 containing form of Shisa6 (Shisa6-cd WT, 
amino acids 202-557) or the truncated mutant thereof (Shisa6-cd ∆EVTV)(both 
contained within the pBD-Gal4 vector (Stratagene)), and PSD-95 (amino acids 39-
262 of NP_031890.1, encoding PDZ domains 1 and 2) (contained within the pACT2 
vector (Clontech)) as described19. Empty pBD-Gal4-WT and pACT2-WT vectors were 
used as matching controls. Cell-growth was recorded after 4 days of stringent nutritional 
selection (-Leu, -Trp, -His, -Ade). Methods as described19.

Dissociated hippocampal neuronal cultures
Hippocampal neurons derived from 18-day old rat embryos of either sex were cultured 
following the Banker protocol194. Brie� y, dissociated neurons were plated on poly-L-
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lysine coated glass coverslips at a density of ~18,000 cells/cm2 and co-cultured over an 
astroglial feeder layer in Neurobasal medium supplemented with B27.

Immunocyto- and histochemistry 
For culture staining, anti-GluA2 and anti-� ag antibodies were applied on live neurons 
(DIV16) which were then � xed in 4% paraformaldehyde and permeabilized with 
0.2% Triton X100 prior to incubation with anti-PSD-95. � en, cells were rinsed and 
incubated with appropriate Alexa-conjugated secondary antibodies (Invitrogen)(See 
supplementary information for details). Images of triple-stained neurons were obtained 
by epi� uorescence microscopy (Leica, DM5000). For slice staining, we used the method 
of Yoneyama et al. (2004)195.

Single nanoparti cle tracking of surface AMPARs
� e experimenter was blind to the construct used, which was revealed after analysis. 
For endogenous GluA2 QD tracking, rat hippocampal neurons were incubated with 
monoclonal antibody directed against N-terminal extracellular domain of GluA2 
subunit for 10 min followed by 5 min incubation with QDs 655 Goat F(ab’)2 anti-
mouse IgG (Invitrogen). QDs were detected by using a mercury lamp and appropriate 
excitation/emission � lters. Images were obtained with an interval of 50 ms and up 
to 1000 consecutive frames. Signals were detected using a CCD camera (Quantem; 
Roper Scienti� c). QD recording sessions were processed with the Metamorph software 
(Universal Imaging Corp.). � e instantaneous di� usion coe�  cient, D, was calculated 
for each trajectory, from linear � ts of the � rst 4 points of the mean square displacement 
versus time function using MSD(t) = <r2> (t) = 4Dt. � e two dimensional trajectories of 
single molecules in the plane of focus were constructed by correlation analysis between 
consecutive images using a Vogel algorithm. QD-based trajectories were considered 
synaptic if colocalized with Homer 1C dendritic clusters for at least � ve frames. 

Fluorescence lifeti me imaging microscopy experiments
� e experimenter was blind to the construct used, which was revealed after analysis. 
FLIM experiments were performed at 37°C using an incubator box with an air heater 
system (Life Imaging Services) installed on an inverted Leica DMI6000B (Leica 
Microsystem) spinning disk microscope and using the LIFA frequency domain lifetime 
attachment (Lambert Instruments) and LI-FLIM software. Cells were imaged with a 
HCX PL Apo 100x oil NA 1.4 objective using an appropriate GFP � lter-set. Cells 
were excited using a sinusoidally modulated 1-W 477 nm LED (light-emitting diode) 
at 40 MHz under wild-� eld illumination. Emission was collected using an intensi� ed 
CCD LI2CAM camera (FAICM, Lambert Instruments). � e phase and modulation 
were determined from a set of 12 phase settings using the manufacturer’s software LI-
FLIM software. Lifetimes were referenced to a 1-mM solution of � uorescein in saline 
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(pH 10) that was set at 4.00 ns lifetime. Following FLIM measurements, cells were 
excited using a 100 mW 491nm DPSS laser (Calypso, Cobolt) for GFP imaging and a 
100-mW 561 nm DPSS lasers (Jive, Cobolt) for imaging, and imaged with a HCX PL 
Apo CS 63x oil NA 1.4 objective. Signals were recorded with a back-illuminated Evolve 
EMCCD camera (Photometrics). Acquisitions were done with the software MetaMorph 
(Molecular Devices).

HEK293 cell transfecti on and cover slipping 
HEK293 cells were transfected with plasmid DNA (0.8 µg) using Polyethylenimine 
(PEI) (25 kDa linear, Polysciences) and incubated for 24–48 h after transfection. 
Cells were passaged at least 3 h prior to transfection in DMEM media (Gibco), 10% 
FBS (Invitrogen), 1% Penicillin-Streptomycin (Gibco, Life Technologies) in 2.5 cm 
dishes. Cells were 60–70% con� uent when transfected. � ree h prior to recording, cells 
were transferred to coverslips that were coated with 100 µg/mL Poly-L-Lysine (Sigma 
Aldrich). To ensure consistency in the culture, we used HEK293 cells that were passaged 
no more than 24 times.

Electrophysiological recordings from HEK293 cells 
See Supplementary data.

Electrophysiology in acute hippocampal brain slices
Mice were decapitated and the brain was removed from the skull in ice-cold slice solution 
containing (in mM): 126 NaCl, 3 KCl, 10 D-glucose, 26 NaHCO3, 1.2 NaH2PO4, 0.5 
CaCl2 and 7 MgSO4. Acute horizontal hippocampal slices were cut with a thickness of 
300 µm using a vibratome (Microm HM 650 V) in ice-cold slice solution and transferred 
to standard aCSF for a recovery period of at least 1 h prior to recordings.  
 Glass electrodes of 3–5 MΩ resistance were used for all whole-cell recordings from 
acute brain slices and pulled using borosilicate glass (OD 1.5mm, ID 0.86mm; Harvard 
Apparatus). Slice recordings were performed using standard aCSF (see above) at 32°C. 
During all experiments, the experimenter was blind to the genotype of the animal. 
Input/access resistances were monitored throughout the recordings. Unless indicated 
otherwise, used salts were purchased at Sigma Aldrich and drugs were purchased at 
Abcam. � e experimenter was blind to the genotype used, which was revealed after 
analysis. Input resistance changes were monitored throughout the recordings. Our 
average input resistance for CA1 pyramidal cells was around 165 MΩ. Cells with input 
resistance changes above 20% within a recording were discarded before analysis. Our 
typical access resistance was around 10 MΩ. Cells with access resistances above 20 MΩ 
were not used for analysis. 
Miniature EPSCs: CA1 pyramidal cells were patched using electrodes of 3–5 MΩ 
resistance � lled with intracellular solution containing (in mM): 125 Cs-Gluconate, 5 
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CsCl2, 4 NaCl, 10 HEPES, 0.2 EGTA, 2 K-Phosphocreatine, 2 Mg-ATP, 0.3 GTP 
and 4% Biocytin (Molekula GmbH) (pH 7.3, 290 osm). Slices were superfused with 
standard aCSF that was supplemented with 1 µM Tetrodotoxin (TTX) and 10 µM SR-
95531 (Gabazine).
Short-Term Plasticity: Whole-cell recordings of CA1 pyramidal cells were achieved using 
intracellular solution containing: 125 Cs-Gluconate, 5 CsCl2, 4 NaCl, 10 HEPES, 
0.2 EGTA, 2 K-Phoshocreatine, 2 Mg2-ATP, 0.3 GTP and 4% Biocytin (pH 7.3, 290 
osm). CA1 pyramidal cells were stimulated in the stratum radiatum of the hippocampus 
around 80–150 µm distance to the soma at dendrite proximal locations. Dendrites were 
visualized using Alexa488 (Life Technologies) in the intracellular recording solution. 
Electrical stimulation was performed inputs using an extracellular stimulation electrode 
of 2–3 MΩ resistance � lled with standard aCSF. Moderate stimulation intensity was 
assessed during an I/O protocol at the beginning of each recording. Synaptic changes 
were recorded in response to 10 pulse presynaptic stimulation at frequencies between 2 
Hz and 50 Hz at a holding potential of –70 mV. Slices were superfused with standard 
32°C aCSF which was supplemented with 10 µM SR-95531 (Gabazine). NMDAR 
currents were measured as indicated above in the additional presence of 2 µM NBQX 
voltage clamped at –30 mV. NMDAR were blocked by the addition of 20 µM APV to 
visualize the nature of the remaining current.

Stati sti cs
Data are presented as mean±SEM or medians±interquartile range (IQR) de� ned as 
the interval between 25%–75% percentile. All tests were two-sided. Replicates were 
biological in nature.

Cell-imaging – Normally distributed data sets were compared using the paired Student’s 
test and unpaired Student’s t-test. Statistical signi� cance (Prism 4.0 (GraphPad)) 
between more than two normally distributed datasets was tested by one way ANOVA 
variance test followed by a Newman-Keuls test to compare individual pairs of data. 
Non-Gaussian data sets were tested by non-parametric Mann-Whitney test. 

Electrophysiology – Data was analysed using custom made Matlab (Mathworks) software 
and MiniAnalysis (Synaptosoft) for the analysis of mEPSCs. Rise times were measured as 
the time that it took to get from 20% to 80% of the maximal amplitude. Current decays 
are reported as Decay time (90–10 %) when stated, otherwise the desensitization time 
constant that was determined by � tting double exponential curves, is reported. Statistical 
signi� cance was assessed using Graphpad Prism 5 software (GraphPad Software). A 
Student’s t-test was applied when data passed the Kolmogorov-Smirnov test for normality. 
If not, signi� cance was determined using a Mann-Whitney U test. Signi� cance of short-
term-plasticity data was assessed using a 2-way ANOVA with Bonferroni post-hoc testing.
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Results

Shisa6 is expressed at hippocampal synapses
Shisa6 shares high sequence identity with the established AMPAR-associated protein 
CKAMP44/Shisa9 (Fig. 1a), and features the Shisa family’s signature cysteine-rich 
motif, a single-pass transmembrane region, and a type-II PDZ ligand-motif (EVTV) 
at the C-terminal tail of the intracellular domain (Supplementary Fig. 1). Real-time 
PCR indicated abundant expression of the Shisa6 gene in the brain (Supplementary 
Fig. 1). In situ hybridization analysis196 revealed expression in the cerebellar Purkinje 
layer and the hippocampal CA1–3 and dentate gyrus regions, with the latter both in the 
polymorphic (hilus) and granular layer. In the hippocampus, we detected a single Shisa6 
transcript form containing the alternatively spliced exon 3 (Supplementary Fig. 1). A 
Shisa6 knockout (KO) mouse was generated (Supplementary Fig. 2). Immunoblotting 
with a Shisa6-speci� c antibody (Supplementary Fig. 2), showed highly enriched 
expression of Shisa6 in the hippocampus and cerebellum (Fig. 1b). � e Shisa6 protein 
in hippocampus was found to be glycosylated. Treatment with PNGase-F reduced the 
observed molecular weight of Shisa6 from ~73 kDa to ~59 kDa (Supplementary Fig. 2), 
with the latter being in agreement with the 58.7 kDa predicted for the mature form of 
exon3-containing Shisa6. Cellular immunostaining comparing WT and KO mice shows 
dendritic staining within the hippocampus (Fig. 1c). In CA1, CA3 and the polymorphic 
DG, Shisa6 is clearly expressed in the dendritic regions, such as CA1 stratum oriens 
and stratum radiatum (Fig. 1c,d), CA3 stratum oriens and stratum lucidum, and the 
DG polymorphic layer (Supplementary Fig. 3), the latter of which is known to express 
AMPARs as well197. Dendritic staining can be observed to a lesser extent in the dendrites 
of the DG molecular layer (Supplementary Fig. 3). Shisa6 colocalizes with PSD-95, a 
sca� olding protein localized to the PSD (Fig. 1d), as well as with GluA2 (Fig. 1e) in the 
CA1 region.

 � e subcellular distribution of surface Shisa6 was further explored by 
immuno� uorescence staining of inducible Flag-Shisa6 expression in Shisa6 KO 
primary hippocampal neurons at 16 days in vitro (DIV16), as our antibody to native 
Shisa6 did not label primary neuronal cultures with su�  cient speci� city. After live 
staining for Flag-Shisa6 and endogenous GluA2, neurons were permeabilized with 
Triton-X100 and stained for endogenous synaptic PSD-95 (Fig. 2a,b). Flag-Shisa6 
staining is highly enriched at dendritic spines and synaptic sites identi� ed by PSD-95 
staining, along with GluA2 (Fig. 2b inset). A moderate level of extrasynaptic staining 
was also observed for Shisa6, GluA2 and PSD-95 as evidenced by line scans drawn 
along spine-like dendritic protrusions and dendrites (Fig. 2c). Altogether, Flag-Shisa6, 
GluA2 and PSD-95 display a high level of colocalization and enrichment at post-
synapses. In agreement, subcellular fractionation of hippocampal proteins revealed 
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Figure 1. Shisa6 is a type-I transmembrane protein enriched in hippocampal dendrites. a) Shisa6 is closely 
related to the AMPAR auxiliary subunit Shisa9, featuring a signal pep� de (SP; 30 amino acids), extracellular 
domain with conserved cysteine-rich mo� f, single transmembrane region (TM), and intracellular domain 
with PDZ-ligand mo� f (EVTV). Exon4 (Ex4) is an alterna� ve-splice region in Shisa9, whereas this is Exon3 
(Ex3; 32 amino acids) in Shisa6 (Supplementary Fig. 1). The predicted molecular weight of the two mature 
Shisa6 protein variants is 58.7 and 55.3 kDa, although these have been erroneously assigned a mature mass 
of 52 kDa previously14. The exon-structure is indicated above the protein structure by alterna� ng light-dark 
grey boxes. b) Shisa6 is highly enriched in the hippocampus and cerebellum as measured in crude synap� c 
membrane frac� ons. Diff erent molecular weights (~73, ~66, and ~59 kDa; arrow heads) of the Shisa6 protein 
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that Shisa6 is highly enriched in the Triton-X100-insoluble postsynaptic density 
(PSD) fraction, in which it co-puri� ed with PSD-95, GluA2 and GluN2A (Fig. 2d). 

Shisa6 interacts with AMPARs
Next, we addressed whether Shisa6 is an AMPAR-interacting protein. First, we 
investigated the presence of Shisa6 in native hippocampal AMPAR protein-complexes, 
by immunoprecipitation from the DDM-extracted crude synaptic membrane fraction 
using an antibody speci� c for AMPAR subunit GluA2. Indeed, Shisa6 is contained 
within GluA2-complexes, and absent in the IgG control (Fig. 2e). Immunoprecipitation 
of native Shisa6 protein-complexes from hippocampus con� rmed the stable association 
between Shisa6 and GluA2 (Fig. 2e). In addition, it identi� ed GluA1 and GluA3 
subunits as part of the Shisa6 protein complex (Fig. 2e, Supplementary Table 1). 
 We then investigated whether the interaction between Shisa6 and the AMPAR 
is subunit speci� c by co-expression of Shisa6 with AMPAR subunits GluA1, GluA2, 
GluA3 and kainate receptor subunit GluK2 in heterologous HEK293 cells. GluA1, 
GluA2, GluA3 and GluK2 were each expressed individually as monomeric receptors 
in the presence or absence of Flag-Shisa6. Immunoblot analysis revealed that GluA1, 
GluA2, and GluA3 were co-immunoprecipitated with Flag-Shisa6 (Fig. 2f ). GluK2 was 
not pulled-down with Flag-Shisa6. In conclusion, Shisa6 binds to AMPAR subunits 
GluA1-3, with similar preference for each of these subunits, but not to kainate receptor 
subunits. Finally, immunoprecipitation of native Shisa6 complexes from hippocampal 
synaptic membranes, followed by mass spectrometry, validated our previous � ndings, 
and in addition identi� ed the proteins TARP γ-8, PRRT1, SAP102 and PSD-95 from 
the established AMPAR-interactome14 as associated with Shisa6 (Supplementary Table 
1). However, these interactors were observed with modest spectral counts and found to 
be absent in Shisa6-GluA1/2 complexes derived from HEK293 cells, suggesting that 
these proteins are not required for the interaction between Shisa6 and the AMPAR. 

Nati ve Shisa6 interacts directly with PSD-95.
Given that Shisa6 colocalizes synaptically with AMPARs, we tested whether it can direct-
ly interact with the organizers of the postsynaptic density, i.e., PDZ-containing proteins. 
First, we identi� ed all PDZ-containing proteins within immuno-isolated hippocampal 
Shisa6 protein complexes, thereby identifying the sca� olding protein PSD-95 (Dlg4) as a 

are apparent. The ~48 kDa signal is not specifi c to Shisa6 (see Supplementary Fig. 2). Lower panel depicts 
the loading control, i.e., total crude synap� c membrane protein. For complete blots, see Supplementary 
Fig. 9. c) Immunohistochemistry of WT and Shisa6 KO brain slices showing Shisa6 (green) expression in the 
hippocampus (upper panels), and in dendrites of the CA1 (lower panels; zoom-in). DAPI is shown in blue. 
d) Zoom-in of CA1 staining in WT brain slices shows enrichment of Shisa6 (green) in dendrites, where it co-
localizes with PSD-95 (red); DAPI is shown in blue. Cell layers of the CA1 are shown (Str.or, stratum oriens; 
Str.pyr, stratum pyramidale; Str.rad, stratum radiatum). e) Zoom-in of CA1 dendrites shows Shisa6 (green) 
colocaliza� on with GluA2 (red). Inset shows a 2-fold enlargement.
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and PSD-95. a) Triple-immunofl uorescence staining of a cultured Shisa6 KO neuron (DIV16), expressing 
inducible Flag-tagged Shisa6 for 18 h, for surface expressed Flag-Shisa6 (green), endogenous surface GluA2 
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Shisa6, GluA2 and PSD-95 immunofl uorescence intensi� es at synap� c sites. d) Biochemical frac� ona� on 
(homogenate (H), crude synap� c membranes (P2; with and without microsomes (M)), synaptosomes (SS), 
synap� c membranes (SM) and postsynap� c density frac� on (PSD; Triton X-100 insoluble frac� on) of mature 
mouse hippocampus reveals an enrichment of Shisa6 in the PSD together with GluA2, GluN2A (NR2A), 
PSD-95, and dis� nct from the presynap� c marker Synaptophysin (Syp). e) Immunoblot analysis of na� ve 
hippocampal immunoprecipitated GluA2 complexes reveals the co-precipita� on of Shisa6 (upper panel). 
Immunoblot analysis of immunoprecipitated Shisa6 complexes confi rms the interac� on with GluA2, and 
iden� fi es GluA1 and GluA3 as addi� onal interac� on partners (lower panel). No signal was obtained in the 
Shisa6 KO. The input controls represent 3% of the total lysate. f) Flag-Shisa6 (~61 kDa) binds directly to 
homomeric GluA1, GluA2 and GluA3 receptors, while having minimal affi  nity for GluK2, as shown by co-
precipita� on from HEK293 cells, using a Flag an� body. The input controls represent 2% of the total lysate. 
For complete blots, in addi� on to those with higher exposure, see Supplementary Figure 9.
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˂ Figure 3. Shisa6 interacts with PSD-95 in vitro and in living hippocampal neurons. a) PSD-95 is associated 
with Shisa6 in na� ve hippocampal protein complexes upon immunoprecipita� on of Shisa6, and was found 
as the most prominent PDZ-containing interactor (Supplementary Table 1). The input controls represent 
3% of the total lysate. For complete blots, in addi� on to those with higher exposure, see Supplementary 
Figure 9. b) Direct two-hybrid assay of the C-terminal part of Shisa6 (amino acids 202–557; Shisa6-cd), or 
with a dele� on of the last 4 amino acids (Shisa6-cd∆EVTV), with the fi rst two PDZ domains of PSD-95. Empty 
vectors (PBD-WT, pACT-WT) were used as controls. Strong cell growth was observed for the Shisa6-cd + 
PSD-95 condi� on, indica� ng a direct interac� on. Condi� ons without successful bait-prey (protein-protein) 
interac� on yielded non-growing yeast cells (red color). c) FRET design: The eGFP inserted in PSD-95 between 
PDZ domains 2 and 3 is in close proximity with the mCherry inserted on the intracellular C-terminal domain 
of Shisa6 when the two proteins are bound, and eGFP can transfer its energy to the mCherry (yellow 
arrow). d) Sample images of neurons expressing PSD-95::eGFP (n=8; N=248 spines) and Shisa6::mCherry 
(n=10; N=248 spines) or Shisa6∆EVTV::mCherry (n=8; N=442 spines). Scale bar is 20 µm. e) Sample images 
showing dendrites with dendri� c spines (le� ) and the same images in which each pixel is color coded with 
its corresponding eGFP life� me value (right). Scale bar is 1 µm. f) Life� me of eGFP (mean±SEM) is decreased 
(ANOVA: spines, F(2,935)=72.54, P<0.0001; dendri� c sha� s, F(2,131)=7.97, P=0.0005) in spines (upper 
panel) and dendri� c sha� s (lower panel) of neurons expressing Shisa6::mCherry. This eff ect is not observed 
in neurons expressing Shisa6∆EVTV::mCherry. Post-hoc Newman-Keuls test: ** P<0.010, *** P<0.001.

prominent PDZ-containing interactor of Shisa6 (Fig. 3a, Supplementary Table 1). Second, 
using a direct yeast two-hybrid assay, we con� rmed that Shisa6 is able to directly interact 
with PSD-95, and that binding is dependent on the C-terminal EVTV domain (Fig. 3b). 
 Based on these results, we developed a FRET (Förster resonance energy transfer) 
approach198 to assess the subcellular localization of the interaction between Shisa6 and 
PSD-95. A FRET pair between PSD-95::eGFP (FRET donor) and Shisa6::mCherry 
(FRET acceptor) was designed (Fig. 3c). Overexpression of PSD-95::eGFP and 
Shisa6::mCherry in cultured hippocampal neurons (Fig. 3d) and Fluorescence Lifetime 
Imaging Microscopy (FLIM) was then used to measure the di� erence of FRET through 
the decrease in eGFP lifetime compared with control neurons overexpressing PSD-
95::eGFP only (Fig. 3e). We observed a robust FRET between PSD-95::eGFP and Shisa6 
WT::mCherry in dendritic spines (Lifetime eGFP in ns; control: 2.381; Shisa6: 2.254; 
P<0.001) and dendritic shaft (control: 2.563; Shisa6: 2.461; P<0.001) of living neurons 
that di� ered from control (P<0.001) (Fig. 3e,f ). Importantly, we observed no di� erence 
in FRET from control upon expression of Shisa6∆EVTV in both these compartments 
(dendritic spines: Shisa6∆EVTV: 2.366; dendritic shaft: Shisa6∆EVTV: 2.538) (Fig. 
3e,f ). � us, Shisa6 interacts with PSD-95 in dendritic spines and the dendritic shaft via 
a binding on the PDZ domains of PSD-95.

Shisa6 reduces AMPAR-mobility based on its PDZ-ligand moti f
Shisa6 is interacting with the AMPAR and binds synaptically enriched PDZ-containing 
sca� old proteins such as PSD-95 through its C-terminal EVTV motif. Since PSD-95 is 
a rather stable protein199 Shisa6 might stabilize AMPARs at PSD-95 enriched domains 
such as synapses. To assess this, we tracked in real-time the movement of native GluA2-
containing AMPARs at the surface of cultured hippocampal rat neurons (DIV12) using 
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quantum dots (QDs) coupled to speci� c antibodies directed against the extracellular 
domain of GluA2 (Fig. 4). We expressed Homer1C-GFP to label synaptic compartments 
either alone (control), or with Shisa6. 
 As previously described92,200, AMPARs exhibit di� erent surface di� usion 
movements, ranging from immobile to di� using freely, and trapped within con� ned 
domains. Representative trajectories from GluA2 showed that Shisa6 signi� cantly 
decreases GluA2 mobility (Fig. 4a), in both synaptic (Fig. 4b; di� usion coe�  cient 
(µm2/s): control, 0.0128 (±0.0005/0.049 IQR) Shisa6, 0.0006 (±0.0001/0.008 IQR); 
P<0.0001) and extrasynaptic compartments (Fig. 4c; control, 0.0378 (±0.002/0.114 
IQR); Shisa6, 0.0034 (±0.0002/0.115 IQR) P<0.0001). � e frequency distribution of 
GluA2 trajectory di� usion coe�  cients revealed that expression of Shisa6 decreased the 
pool of mobile receptors while increasing the immobile pool (Fig. 4d–f ). After expression 
of Shisa6, the immobile fraction (57.94%±4.35) was higher than in control conditions 
(35.58%±2.85, P<0.001) (Fig. 4d). In conclusion, expression of Shisa6 decreases GluA2 
surface mobility in both the extrasynaptic and synaptic compartments.
 To study the impact of interactions with PDZ-containing proteins, we performed 
GluA2 di� usion experiments in neurons expressing Shisa6 with the last four amino acids 
deleted (Shisa6∆EVTV) (Fig. 4b–f ). Expression of Shisa6∆EVTV increases the mobility 
of GluA2 compared with WT Shisa6 both in the synaptic (Fig. 4b; di� usion coe�  cient 
(µm2/s): 0.0082 (±0.0002/0.041 IQR) P<0.001) and extrasynaptic compartments (Fig. 
4c; 0.0363 (±0.0008/0.11 IQR) P<0.001) bringing it to non-transfected control levels. 
Furthermore, the proportion of immobile receptors in the presence of Shisa6∆EVTV was 
not signi� cantly di� erent from control cells (Fig. 4d; 42.95%±4.72; P=0.191) and lower 
than cells expressing WT Shisa6 (P=0.025), (Fig. 4d; F(2,75)=9.69, P=0.0002). � is 
e� ect was similarly apparent on the frequency plot of di� usion coe�  cient distribution 
(Fig. 4e). Finally, the cumulative distribution curve comparing the distributions of the 
two experimental and control situations (Fig. 4f ) showed that expression of Shisa6 
immobilizes GluA2-containing AMPARs via an interaction through its PDZ ligand-
binding motif.

Shisa6 modulates AMPAR fast kineti cs in HEK293 cells
Since Shisa6 and the AMPAR are partners of the same hippocampal protein complex, 
they interact in vitro, and Shisa6 traps AMPARs synaptically in neurons, we examined 
whether Shisa6 a� ects biophysical properties of AMPARs. AMPAR-mediated currents 
were measured in response to glutamate applications in the presence and absence of 
Shisa6 in HEK293 cells. Expression of Shisa6 in HEK293 cells by itself did not give 
rise to a glutamate-induced current upon glutamate application (Supplementary Fig. 4). 
Co-expression of Shisa6 and AMPAR subunits prolonged the decay time of homomeric 
GluA1 currents, homomeric GluA2 currents, as well as GluA1-GluA2 heteromeric 
AMPAR currents, induced by a 1-ms glutamate application (Fig. 5a,b; Supplementary 
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Fig. 4). AMPAR current rise times remained unchanged in the presence of Shisa6. Unlike 
other AMPAR modulatory proteins201, Shisa6 did not alter the recti� cation properties 
of heteromeric and homomeric AMPARs (Supplementary Fig. 4). In addition, Shisa6 
did not alter properties of GluK2 kainate receptors (Supplementary Fig. 5).

Shisa6 aff ects AMPAR slow kineti cs in HEK293 cells
Since AMPAR decay time is prolonged by Shisa6 and deactivation and desensitization 
are closely related processes, we next investigated whether Shisa6 modulates AMPAR 
currents in response to prolonged desensitizing glutamate application (1 s, 1 mM) in 
HEK293 cells (Fig. 5c,d). In the presence of Shisa6, both heteromeric GluA1-GluA2 
and homomeric GluA1-containing AMPARs displayed slower desensitization kinetics 
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Figure 4. Shisa6 decreases AMPAR mobility through its PDZ-binding consensus sequence. a) Representa� ve 
trajectories of quantum dot (QD)-GluA2 membrane diff usion in control hippocampal neurons (blue) or in 
hippocampal neurons expressing Shisa6 protein (red). b,c) Median diff usion of GluA2 subunits in control 
(Crtl) hippocampal neurons (blue) or in neurons expressing Shisa6 (red) or Shisa6∆EVTV (green). Displayed 
are results for the synap� c domain (b), labelled by Homer1c-GFP (control n=311 QDs; Shisa6 n=133 QDs; 
Shisa6∆EVTV n=171 QDs) and the extrasynap� c domain (c, control, n=2126 QDs; Shisa6, n=865 QDs; 
Shisa6∆EVTV n=1109 QDs), as tested by Kruskal-Wallis test. d) Mean propor� on of immobile QD-GluA2 
in control condi� on (35.58%±2.84, n=35 neurons) or a� er expression of either Shisa6 (57.94%±4.35, n=24 
neurons) or Shisa6∆EVTV (42.95%±4.72, n=19 neurons). Shisa6 increases the immobile pool of receptors, 
whereas expression of Shisa6∆EVTV has no eff ect, as tested by Bonferroni’s mul� ple comparisons test. e) 
Frequency distribu� ons of the diff usion coeffi  cient calculated from the pooled synap� c and extrasynap� c 
trajectories of QD-GluA2 in control or a� er expression of Shisa6 or Shisa6∆EVTV. Expression of Shisa6∆EVTV 
increases the diff usion coeffi  cient to values comparable to the control condi� ons (see b,c). f) Cumula� ve 
distribu� on of the diff usion coeffi  cient of QD-GluA2 in control neurons (blue) or in neurons expressing Shisa6 (red) 
or Shisa6∆EVTV (green), with those for Shisa6 being signifi cantly diff erent (P<0.001; Kruskal-Wallis test) from 
those for control. All values were obtained from 4 independent experiments. All tests: * P<0.050, *** P<0.001.
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(Fig. 5d, Supplementary Fig. 4; desensitization τ (ms) GluA1-GluA2: 4.78±0.16 vs. 
6.02±0.43, P=0.014) and reduced desensitization, observed as an enhanced steady-state 
conductance in response to 1-s applications of glutamate (Fig. 5d, Supplementary Fig. 4; 
% of peak conductance; GluA1-GluA2, 4.59±0.04 vs. 12.25±2.28, P<0.001). AMPAR 
current rise times remained unchanged for both receptor types (Fig. 5d; Supplementary 
Fig. 4). 
 We next investigated whether Shisa6 a� ects recovery from desensitization of 
heteromeric GluA1-GluA2 AMPARs using 2 consecutive 1-ms glutamate (1 mM) 
applications with variable interval (Fig. 5e,f ). Shisa6 slowed down recovery from 
desensitization, showing an increase in the time constant of recovery (τrecovery GluA1-
GluA2, 63.78±4.64 ms vs. 107.47±9.63 ms, P<0.001).

Shisa6 alters AMPAR current kineti cs in hippocampus slices
To test whether Shisa6 a� ects AMPAR function in the hippocampus, we recorded 
AMPAR spontaneous miniature EPSCs (mEPSCs) in CA1 pyramidal cells in acute 
hippocampal slices of Shisa6 WT and KO mice (Fig. 6a-d). In WT pyramidal neurons, 
both the rise- and decay kinetics of mEPSCs were slower than in KO (rise time 
(ms): 1.10±0.03 vs. 0.98±0.03, P=0.013; decay time (ms): 5.43±0.36 vs. 4.27±0.15, 
P=0.007). � ere was no signi� cant di� erence in mEPSC amplitude and frequency (Fig. 
6d, Supplementary Fig. 6). Immunoblotting of the hippocampal synaptic membrane 
fraction from Shisa6 WT and KO mice revealed no di� erence in the number of 
(subunits of ) the AMPAR, NMDAR, PSD-95, TARPs or CKAMP44/Shisa9 present 
at the synapse (Supplementary Fig. 6). � ese � ndings show that the presence of Shisa6 
speci� cally alters the kinetics of AMPAR synaptic currents.
 We next investigated whether the Shisa6 e� ects on AMPARs play a role in short-
term synaptic plasticity and prolonged exposure to glutamate in the hippocampus in CA1 
pyramidal cell dendrites. To that end, we � rst tested the e� ect of prolonged glutamate 
application by local glutamate uncaging on hippocampal (CA1) dendrites in Shisa6 
WT and KO mice. CA1 pyramidal cell dendrites were visualized by adding Alexa-488 
to the patch solution. A small, localized pu�  of Rubi-glutamate was applied to dendrites 
1 s before uncaging with light. Light-induced currents were completely abolished by 
DNQX (10 µM). In the local glutamate uncaging experiments (Supplementary Fig. 
7), light-induced AMPAR currents were large (100 – 500 pA) and had rise times that 
were about 5 times slower than synaptic currents (cf. Fig 5a,b). Light-induced AMPAR 
currents typically lasted hundreds of milliseconds, with a decay time constant of about 
150 ms (Supplementary Fig. 7), most likely re� ecting the time course of glutamate 
clearing. In Shisa6 KO animals, decay times of light-induced AMPAR currents were 
reduced to half of the decay times in WT animals (Supplementary Fig. 7), whereas rise 
times did not change. Given the slow time course of the light-induced AMPAR currents, 
the di� erence in decay time most likely results from reduced AMPAR desensitization 



39

Chapter 2 Shisa6 traps AMPA receptors at postsynap� c sites and prevents their desensi� za� on during synap� c ac� vity

21
2
3
4
5
6
7

0.2
0.4
0.6
0.8
1.0
1.2
1.4

a b

GluA1/2 (n=22)
GluA1/2 & Shisa6 (n=20)

R
is

e 
tim

e 
(m

s)

0

D
ec

ay
 ti

m
e 

(m
s)

0
GluA1/2 GluA1/2

Shisa6
GluA1/2 GluA1/2

Shisa6

**

1 nA

5 ms

Glu: 1 ms 

0

0.5

1.0

1.5

2.0

2.5

R
is

e 
tim

e 
(m

s)

0
2
4
6
8

10
12
14
16 ***

St
ea

dy
 to

 p
ea

k 
no

rm
. (

%
)

0

1

2

4

3

5

6

7 *

D
es

en
si

tiz
at

io
n 
τ 

(m
s)

1 nA

500 ms

Glu: 1 s

GluA1/2 GluA1/2
Shisa6

GluA1/2 GluA1/2
Shisa6

GluA1/2 GluA1/2
Shisa6

GluA1/2 (n=22)
GluA1/2 & Shisa6 (n=20)

c

50 ms
0.5 nA

e f

R
ec

ov
er

y 
(%

)

0

20

40

60

80

100

120

Time (ms)
0 500 1000 3000

GluA1/2 (n=9) GluA1/2 & Shisa6 (n=9)

0

40

80

0 50 100 150 200
Time (ms)

R
ec

ov
er

y 
(%

)

KS: P<0.001

d

0

40

80

120

GluA1/2 GluA1/2
Shisa6

R
ec

ov
er

y 
τ 

(m
s)

***

Figure 5. Shisa6 decreases AMPAR deac� va� on rate and desensi� za� on rate, enhances the steady-
state current and slows recovery from desensi� za� on. a) Peak-scaled example traces of whole-cell 
recording from HEK293 cells expressing heteromeric AMPAR channels in the absence (grey) or presence 
(red) of Shisa6. Currents were evoked by direct applica� on of 1 mM glutamate during 1 ms. b) Bar graphs 
(mean±SEM) summarize changes in rise � me (1.06±0.06 vs. 1.20±0.06 ms, P=0.101), and decay � me 
(4.50±0.28 vs. 5.81±0.35 ms, P=0.005) of AMPAR currents mediated by heteromeric AMPARs in HEK293 cells 
in the presence and absence of Shisa6. c) Peak-scaled example trace of whole-cell recordings from HEK293 
cells expressing a heteromeric AMPAR channel in the absence (grey) or presence (red) of Shisa6. Currents 
were evoked by direct applica� on of 1 mM glutamate during 1 s. d) Bar graphs (mean±SEM) summarize 
changes in rise � me (1.60±0.08 vs. 2.04±0.12 ms, P=0.072), desensi� za� on � me constant and steady-state 
AMPAR-mediated currents. * P<0.050, ** P<0.010, *** P<0.001 (t-test). e) Example trace of repeated 1-ms 
glutamate applica� on from HEK293 cells expressing a heteromeric AMPAR channel in the absence (grey) or 
presence (red) of Shisa6. f) Recovery of desensi� za� on (two 1-ms glutamate applica� on with inter-pulse 
interval of 20, 50, 100, 200, 300, 400, 500, 750 1000, 3000 ms) from HEK293 cells expressing a heteromeric 
AMPAR channel in the absence (grey) or presence (red) of Shisa6. Inset (le� ) shows recovery up to 200 ms. 
In the presence of Shisa6, recovery is slower, yielding an increase in τrecovery (right inset). *** P<0.001. 
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Figure 6. Shisa6 prolongs synap� c AMPAR currents and reduces synap� c depression. a) Example traces 
of mEPSC recordings from CA1 pyramidal cells of KO animals and WT li� ermates. b,c) Superimposed 
spontaneous synap� c currents (b), and average synap� c currents (c) of Shisa6 KO animals and WT 
li� ermates. d) Bar graphs (mean±SEM) of Shisa6 KO and WT animals (n=19 cells per genotype, from 4 WT 
and 4 KO animals) represent rise � me and decay � me of mEPSCs, showing that both parameters are aff ected 
ex vivo. Amplitude was not signifi cantly aff ected (16.21±0.52 vs. 14.73±0.65 pA, P=0.085). e) Superimposed 
example traces of whole-cell recordings voltage clamped at –70 mV from CA1 pyramidal neurons of Shisa6 
KO (blue) animals and WT li� ermates (black) in response to 50-Hz s� mula� on of synap� c inputs from 
Schaff er collateral fi bers. f-h) Pulse ra� os of electrically-evoked EPSCs from CA1 pyramidal neurons (at –70 
mV) of Shisa6 KO (from 5 animals) animals and WT li� ermates (from 6 animals) at 2 (f), 20 (g) and 50 (h) Hz. 
At 20 Hz there was a trend for genotype eff ect (Gen, F(1,450)=3.52, P=0.067), and a signifi cant eff ect of � me 
(F(9,450)=17.81, P<0.001), as well as a genotype x � me interac� on (Gen-� me, F(9,450)=3.91, P<0.001). The 
50-Hz trains revealed a signifi cant genotype eff ect (F(1,243)=7.33, P=0.012), � me eff ect (F(9,243)=39.87, 
P<0.001) and a genotype x � me interac� on (F(9,243)=6.29, P<0.0001). Cell numbers used are indicated. * 
P<0.050 (Bonferroni post-hoc test).
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by Shisa6 in WT animals. Interestingly, AMPAR-mediated currents elicited by rapid 
glutamate application to nucleated patches of CA1 pyramidal cells did not di� er 
between WT and Shisa6 KO (Supplementary Fig. 7). � is suggests that Shisa6 does 
not functionally regulate somatic AMPARs, in agreement with our observation that cell 
bodies do not stain for Shisa6 (Fig. 1 and 2).
 Secondly, we tested whether Shisa6-induced modi� cations of AMPAR function 
a� ect frequency-dependent short-term synaptic plasticity. We stimulated Scha� er 
collaterals at di� erent frequencies during whole-cell recordings from CA1 pyramidal 
neurons to repeatedly activate glutamatergic inputs to these neurons, while blocking 
GABARs with gabazine (Fig. 6e). With only two stimulation pulses, we did not observe 
signi� cant di� erences in the paired-pulse ratios at any stimulation frequency (Fig. 6f–h). 
With stimulation trains of 10 pulses at low frequencies (2 Hz; Fig. 6f ), we also did 
not observe a change in synaptic depression. However, at 20 and 50 Hz stimulation, 
Shisa6 KO synapses displayed stronger depression than WT synapses (Fig. 6g,h). To 
exclude the possibility of an underlying presynaptic mechanism, we tested depression 
of synaptic NMDAR currents with the same stimulation protocol, while inhibiting 
AMPAR currents with NBQX (Supplementary Fig. 8). We did not � nd di� erences in 
NMDAR-mediated current kinetics, neither in responses between WT and Shisa6 KO 
synapses at any of the stimulation frequencies. � is suggests that in WT glutamatergic 
synapses, AMPAR currents maintain larger amplitudes during repeated synaptic 
activation. Enhanced synaptic depression observed in Shisa6 KO synapses most likely 
resulted from enhanced levels of AMPAR desensitization. � ese � ndings identify a role 
of Shisa6 in maintaining glutamatergic synaptic transmission during repeated synaptic 
activity.

Discussion
We identi� ed Shisa6 as an intrinsic auxiliary subunit of AMPAR complexes in the 
mammalian brain with unique characteristics compared with the CKAMP44/Shisa9 
member of this family (Supplementary Table 3). Physical association of Shisa6 with the 
pore-forming GluA proteins modulates receptor properties by slowing synaptic AMPAR 
current activation and desensitization. Shisa6 traps AMPARs at the post synapse in 
vivo, slows desensitization kinetics and favors a sustained open state upon prolonged 
activation. Together, these processes reduce short-term synaptic depression. 
 Shisa6 quali� es as a bona � de auxiliary subunit of the AMPAR according to criteria 
as outlined by Yan et al.202. First, Shisa6 is a non-pore-forming subunit; expression of 
Shisa6 alone in HEK293 cells did not lead to a current when activated with glutamate. 
Second, Shisa6 has a direct and stable interaction with GluA pore-forming subunits; 
immunoprecipitation experiments using an anti-GluA2 antibody detected Shisa6, and 
reverse, anti-Shisa6 antibody showed an interaction between AMPARs and Shisa6, both 
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in vitro and in the brain. � ird, Shisa6 modulates channel properties: both in vitro 
experiments and gene deletion of Shisa6 in vivo led to a� ected kinetics and desensitization 
properties of AMPAR currents. In addition, Shisa6 a� ected AMPAR mobility. Fourth, 
Shisa6 is necessary in vivo: gene deletion of Shisa6 showed a� ected rise and decay times 
of AMPAR currents in the hippocampus, and a� ected AMPAR-dependent short-term 
synaptic plasticity.
 Shisa6 limits AMPAR di� usion and induces strong AMPAR stabilization at 
synaptic sites. Under basal conditions, most AMPARs are not stable at synapses but 
alternate constantly between immobile and mobile states, and mobile AMPAR exchange 
between synaptic and extrasynaptic sites within seconds92,200,203. On average, about 50% 
of synaptic AMPARs are immobile at any given point in time, being concentrated in 
nanoscale clusters, while they are highly mobile in between these clusters204. AMPAR 
surface di� usion and synaptic stabilization are highly regulated by neuronal activity83,93 

and thought to be one of the main mechanisms for activity dependent regulation of 
AMPAR concentration at synapses, a process at the origin of many forms of synaptic 
plasticity205.
 � e precise molecular mechanisms of the activity dependent, reversible AMPAR 
stabilization at synapses is still unclear as it does not seem to directly depend on AMPAR 
subunits92. Rather, AMPAR stabilization at PSDs involves interactions of auxiliary 
subunits with intracellular sca� old proteins. � e best-established example of the 
activity-dependent stabilization of AMPARs is through binding of the C-terminus of 
the auxiliary subunit TARP γ-2 (also called Stargazin) to PSD-95, mediated by CaMKII-
dependent Stargazin phosphorylation83,158,206. At rest, reversible binding between 
Stargazin and PSD-95 allows AMPARs to alternate between di� usive and immobile 
states and synaptic trapping of pre-existing surface receptors through rapid CaMKII-
induced phosphorylation of TARPs is proposed to be one of the � rst events during 
synaptic potentiation83,158,205. Here, we show by using both single molecule tracking of 
AMPAR movement and FRET between Shisa6 and PSD-95 that Shisa6 can also bind 
to PSD-95 and immobilize AMPARs. Interestingly, although Shisa6 is accumulated 
at synaptic sites, it can immobilize AMPARs both at synaptic and extrasynaptic sites, 
most likely through binding to synaptic and extrasynaptic sca� olds. Whereas Stargazin 
is present at saturated levels in the synapse under basal conditions92, only a portion of 
AMPAR interaction sites is occupied by native Shisa6, because Shisa6 overexpression 
still has the capacity to decrease mobility. � e presence of additional Shisa6-AMPAR 
interaction sites in the synapse is substantiated by the absence of a dominant negative 
e� ect of Shisa6-∆EVTV. It is unlikely that Shisa6 competes with Stargazin/TARP for 
AMPAR binding and by doing so would be more e� ective in reducing AMPAR mobility 
than Stargazin/TARP, as one would expect that overexpression of the non-immobilizing 
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Shisa6-∆EVTV protein would also lead to replacement of WT Stargazin/TARP. � is 
condition would mimic that created upon expression of non-functional Stargazin 
leading to a dominant negative e� ect92. As we did not observe an increase in mobility 
compared with the basal/control condition, we conclude that Shisa6 is likely to bind the 
AMPAR complementary to Stargazin/TARP, as has been observed for Shisa9170. � e fact 
that we � nd TARP in the immunoprecipitated complex of Shisa6 is in agreement with 
this. Whether Shisa6-AMPAR binding to PSD-95 is distinctly regulated by neuronal 
activity from TARP-AMPAR binding to PSD-95 will be interesting to determine.
 Shisa6 interacts with AMPAR complexes in the hippocampus that contain TARP 
γ-8, but which do not contain CKAMP44/Shisa9. Interestingly, Khodosevich et al.170 

reported that CKAMP44/Shisa9 and TARP γ-8 coexist on the same AMPAR complexes 
in the dentate gyrus. CKAMP44/Shisa9 is thus not likely to decorate the same AMPAR 
population as Shisa6. � ese � ndings might further underline the di� erential cellular 
function of both proteins even when both are present in the dentate gyrus. Shisa6 slows 
entry of AMPARs into the desensitized state and increases steady state currents in the 
prolonged presence of glutamate. � is may be viewed as stabilization of the open state 
by impairing channel closure probably induced by a conformational process. In that 
respect, Shisa6 is analogous to TARPs and CNIH in its action on AMPARs. � is is 
in contrast with the e� ect of its homolog CKAMP44/Shisa9 that facilitates entry into 
the desensitized state and decreases the steady state current165. Noteworthy, Shisa6 
reduces the rate of recovery from desensitization, similarly to, but to a lesser extent than 
CKAMP44/Shisa9. � e slower rate of recovery from desensitization induced by Shisa6 
that we observed in HEK293 cells seems at odds with the increased synaptic depression 
we observed in the KO. If recovery from desensitization is a dominant factor in synaptic 
depression, then we would have expected Shisa6 to increase synaptic depression. 
However, it did not. In WT animals, we observed much less synaptic depression. It 
is therefore likely that the reduced rate of desensitization and an increased sustained 
AMPAR current induced by Shisa6, as we observed in HEK293 cells, underlies the 
reduced synaptic depression in WT synapses. Whereas deletion of Shisa6 modi� es 
mEPSC kinetics, which is in agreement with Shisa6 overexpression in HEK293 cells, 
deletion of CKAMP44/Shisa9 alters AMPAR mEPSC amplitude and frequency with no 
e� ect on mEPSC kinetics.  
 � e most striking di� erence between Shisa6 and CKAMP44/Shisa9 is that in response 
to trains of synaptic activation, CKAMP44/Shisa9 reduces synaptic facilitation, whereas 
we � nd that Shisa6 reduces synaptic depression. � is indicates that the Shisa6-induced 
slowing down of AMPAR entry in the desensitized state overcomes the Shisa6-induced 
slowing down of recovery from desensitization in controlling short-term synaptic plasticity.
 Although both Shisa6 and CKAMP44/Shisa9 seem to interact with proteins of 
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the post-synaptic density, the exact physiological relevance of this interaction is not yet 
understood. We found that in the presence of Shisa6, AMPARs are restricted in their 
synaptic movement, without changing the number of AMPARs on the synaptic surface. 
Since CKAMP44/Shisa9 was reported to increase the amplitudes of evoked AMPAR 
currents and to promote surface expression in overexpressing cells170, these � ndings 
indicate a role in the surface tra�  cking of CKAMP44/Shisa9 decorated AMPARs, with 
as yet unknown e� ect on membrane mobility of AMPARs.
 We showed previously that AMPAR surface mobility is key to recovery from 
frequency-dependent synaptic depression at glutamatergic synapses by allowing the 
exchange of desensitized AMPARs for naive ones62. Activity dependent immobilization 
of AMPARs at synaptic sites leads to increased desensitization of glutamatergic synaptic 
currents during paired-pulse stimulation, resulting in stronger synaptic depression62,83. 
Synapses thus have to face the conundrum that by having more stable AMPARs, for 
example after potentiation, they become sensitive to high frequency induced depression 
due to AMPAR cumulative desensitization. We found that synaptic AMPARs trapped by 
Shisa6 are less desensitized by repeated synaptic activation. � is sustained activated state 
in the presence of glutamate might serve as a Shisa6-mediated mechanism to protect 
synaptic AMPARs from full desensitization upon repeated synaptic activity. Expression 
of Shisa6 thus allows synapses to sustain higher transmission rates by preventing AMPAR 
desensitization.
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< Previous page: Supplementary Figure 1. Shisa6 structure and � ssue expression. a) Schema� c of the 
Shisa family, featuring a signal pep� de (SP; blue), an extracellular domain with conserved cysteine-rich 
mo� f, a single transmembrane region (TM; green), and an intracellular domain with a type-II207 PDZ-ligand 
mo� f (EVTV/=AVTV; red). An alterna� ve spliced exon (Ex; brown) is present in CKAMP44/Shisa9, Shisa6 
and -7, albeit of diff erent size and exon number. Shisa6 and -7 form a subfamily with CKAMP44/Shisa9 
and Shisa8. Shisa4 and Shisa5, as well as Shisa2 and Shisa3 form separate families177. Numbers under the 
protein indicate the beginning and end of the SP, TM and alterna� vely spliced exon domain, and the total 
amino acid length of the protein. The mature predicted molecular weight of each protein (including that 
of the alterna� ve spliced variants) is indicated. b) Sequence alignment of the Cysteine-rich domain found 
in the N-terminal extracellular part of Shisa proteins, containing 8 highly conserved cysteine residues. This 
domain shares no proven similarity to more classical cys� ne-knot mo� fs with 6 cysteine residues found in 
growth factors208,209, toxins210 and cyclo� des211. c) Quan� ta� ve PCR shows that the Shisa6 gene is specifi cally 
enriched within the brain (note the log2-scale), and virtually absent in pancreas and testes. d) RT-PCR on 
cDNA generated from hippocampal RNA using primers fl anking exon 3 of Shisa6. Using this RT-PCR on WT 
mice in duplicate, we observed a single prominent Shisa6 transcript that contains exon 3. Sequence analysis 
of this PCR product confi rmed the presence of exon 3 (black le� ers) between exons 2 and 4 (gray le� ers). 
The amino acid sequence is indicated above the nucleo� de sequence. Importantly, the tryp� c pep� de 
SGGPDLHNFISSGFVTLGR, derived from exon 3 of Shisa6, was iden� fi ed using mass spectrometric analysis of 
na� ve hippocampal Shisa6 complexes (Supplementary Table 1), in three independent immunoprecipita� on 
experiments. The exon 3-less form of Shisa6 (GenBank NM_001034874.3/NP_001030046.1) that has been 
uploaded212,213 was not detected in the hippocampus.

> Supplementary Figure 2. Genera� on of Shisa6 KO mice and an� body tes� ng. a) Representa� on of Shisa6-
null mouse genera� on: The Shisa6 locus around exon 1, encoding the N-terminal part of the Shisa6 protein 
including the start-site (ATG), with essen� al restric� on sites (red), the 5’-end PCR primer combina� on and 
the 3’-probe (and size of fragment) used for Southern blo�  ng, is shown (top) for the Shisa6tm1a1(Caliper)
CNCR-VUA mouse line, containing the NEO casse� e, the LoxP and FRT sites. The mouse line with the Neo 
casse� e deleted (Shisa6tm1a2(Caliper)CNCR-VUA) and the line with the null-allele (Shisa6tm1b(Caliper)CNCR-
VUA) are indicated. b) Correct homologous recombina� on in ES clones (Shisa6tm1a1(Caliper)CNCR-VUA) was 
checked by PCR (5’-end), genera� ng a 4.5-kB product only in mutant ES clones (indicated by the triangle; le�  
panel), which was confi rmed by sequencing, and by Southern blot (3’-end) a� er BamHI diges� on, genera� ng 
a 18.9-kB fragment in WT and mutants, and a 9.4-kB fragment in mutants (indicated by triangles; right 
panel). c) Specifi city of our in-house raised Shisa6 an� body for immunoblo�  ng was confi rmed by absence 
of signal in hippocampal and cerebellar crude synap� c membrane frac� ons from Shisa6 KO animals. 
Arrowheads indicate the apparent molecular weights of endogenous Shisa6. d) The observed molecular 
weight of hippocampal Shisa6 under reduced and denatured (SDS-PAGE) condi� ons (~73 kDa) was higher 
than expected based on theore� cal protein size alone (predicted mature molecular weight of 58.7 kDa), 
poten� ally due to protein glycosyla� on. Treatment with PNGase-F reduced the observed molecular weight 
substan� ally to a single band of ~59 kDa, confi rming the presence of N-linked glycans on na� ve Shisa6 (for 
complete blots, see Supplementary Fig. 9).
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Supplementary Figure 3. Shisa6 shows specifi c staining in dendrites of the hippocampus. Immunostaining in WT 
brains for Shisa6 (green) and DAPI (blue) in the DG (a–c), and the CA3 (d) regions. a) An overview of the DG is shown. 
b,c), Zoom-in of the polymorphic layer (b) and the molecular layer (c) with comparison of immunostaining in Shisa6 
KO brains. d) Zoom-in of the CA3 area. Scale bars, and cell layers are indicated (PML, polymorphic layer; GCL, granular 
cell layer; MOL, molecular layer; Str.luc, stratum lucidum; Str.pyr, stratum pyramidale; Str.or, stratum oriens).
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Supplementary Figure 4. Shisa6 modulates the kine� cs of heteromeric and monomeric AMPAR currents in 
HEK293 cells. a) Expression of Shisa6 in the absence of an AMPAR (pink; n=3) does not lead to currents when 
s� mulated by 1 s glutamate, indica� ng that Shisa6 is not a pore-forming subunit. b,f) IV-curve of heteromeric 
GluA1/2 (b), and homomeric GluA1-containing (f) AMPAR expressed in HEK293 cells in the presence and 
absence of Shisa6 shows that Shisa6 does not alter rec� fi ca� on of GluA2-containing or GluA2-lacking AMPARs. 
c) Example traces of heteromeric GluA1/2 AMPAR while holding the membrane poten� al from 70 mV to –70 
mV. d,g,i) Peak-scaled example traces of whole-cell recording from HEK293 cells expressing homomeric GluA1 
(d,i) or GluA2 (g) AMPAR channels in absence (black/gray) or presence (red/orange) of Shisa6. Currents were 
evoked by direct applica� on of 1 mM glutamate during 1 ms (d,g), or by direct applica� on of 1 mM glutamate 
during 1 s (i). e,h) For the 1-ms glutamate applica� on, bar graphs (mean±SEM) summarize changes of AMPAR 
currents mediated by homomeric GluA1 (e) or GluA2 (h) AMPARs in HEK293 cells in the presence and 
absence of Shisa6 in terms of rise � me (e, 0.77±0.02 vs. 0.78±0.02 ms; P=0.708; h, 1.49±0.07 vs. 1.74±0.08, 
P=0.051), and decay � me (e, 3.41±0.15 vs. 5.83±0.29 ms; P<0.001; h, 7.94±0.63 vs. 14.30±1.35, P<0.001). j) 
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For the 1-s glutamate applica� on, bar graphs (mean±SEM) summarize changes in rise � me (1.48±0.10 vs. 
1.25±0.09 ms, P=0.230), desensi� za� on � me constant (2.94±0.16 vs. 3.74±0.28, P=0.016), and steady-state 
AMPAR-mediated currents of homomeric AMPARs (5.18±0.91 vs. 11.30±9.25 % of peak current, P=0.004) 
in absence (black) or presence (red) of Shisa6. * P<0.050, ** P<0.010, *** P<0.001 (Student’s t-test).

Supplementary Figure 5. Shisa6 does not alter kainate receptor kine� cs. a) Peak-scaled example traces of 
whole-cell recordings from HEK293 cells expressing GluK2 (GluR6) homomeric receptors in the absence 
(black; n=15) or presence (dark green; n=15) of Shisa6. Currents were evoked by direct applica� on of 1 
mM glutamate during 1 s. b) Zoom-in of panel a to visualize changes in kine� cs of GluK2 (GluR6). c–e) Bar 
graphs (mean±SEM) summarize changes in rise � me (c), decay � me (d), and steady-to-peak ra� o (e) of 
currents mediated by homomeric kainate receptors in HEK293 cells in the presence and absence of Shisa6.

Supplementary Figure 6. Shisa6 dele� on does not alter mEPSC frequency or lead to compensatory eff ects on 
synap� c AMPAR expression. a) Bar graph (mean±SEM) summarize absence of a signifi cant change in mEPSC 
frequency (0.75±0.15 vs. 0.54±0.13 Hz, P=0.290) recorded in CA1 pyramidal neurons in acute hippocampal 
slices of Shisa6 KO and WT li� ermates (n=19 cells per genotype, from 4 WT and 4 KO animals). b) Immunoblots 
from hippocampal synap� c membrane frac� ons from WT and Shisa6 KO mice (n=6 each) do not reveal 
diff erences in abundance of AMPAR (GluA1, P=0.216; GluA2, P=0.924), NMDAR (GluN1, P=0.101; GluN2a, 
P=0.565; GluN2b, P=0.481), PSD-95 (P=0.862), TARPs (γ-2, P=0.545; γ-8, P=0.611) or CKAMP44/Shisa9 
(P=0.379), when expressed as fold change over WT samples. Signal was normalized to total protein level.
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Supplementary Figure 7. Shisa6 aff ects dendri� c AMPAR currents. a) Experimental design used for 
glutamate uncaging. Caged-glutamate (red) was puff ed into the slice onto the dendrites of CA1 pyramidal 
cells. A 532-nm laser (green) was used to uncage glutamate. b) Superimposed example recordings from 
glutamate uncaging experiments of CA1 pyramidal cells of Shisa6 KO animals (n=14 from 5 animals) and 
WT li� ermates (n=17 from 5 animals). Currents were evoked by 10-ms laser uncaging of Rubi-glutamate 
(1 mM). Light-induced currents were completely abolished by DNQX (10 µM; n=3, not shown). c) Bar 
graphs (mean ± SEM) summarize changes in rise � me (WT 5.13±0.096 vs. KO 5.34±0.108 ms, P=0.170) 
and decay � me (142.67±28.93 ms vs. KO, 74.87±9.35 ms, P=0.044) of the AMPAR currents. d) Picture 
of a nucleated patch from a CA1 pyramidal cell. e) Superimposed example recordings from nucleated 
patches of CA1 pyramidal cells of Shisa6 KO animals (n=12 from 3 animals) and WT li� ermates (n=12 from 
5 animals). Currents were evoked by a 1-ms applica� on of 1 mM glutamate. f) Bar graphs (mean±SEM) 
summarize changes in rise � me and decay � me of nucleated patch recordings (rise � me (ms): WT, 
1.18±0.72 vs. KO 1.26±0.07, P=0.8201; decay � me (ms): WT, 8.32±0.66 vs. KO 8.56±0.72, P=0.800). The 
absence of diff erences suggests that Shisa6 does not interact with func� onal AMPARs at the cell soma.

> Next page: Supplementary Figure 8. Shisa6 has no presynap� c eff ect as measured by NMDAR currents. 
a) Diagram showing the recording site and s� mula� on electrode used for s� mula� on of Schaff er collateral 
synapses in the presence of NBQX and Gabazine. b) Example trace recorded from CA1 pyramidal neurons of 
WT animals in absence (black) or presence (brown) of 20 µM APV in response to 50-Hz s� mula� on of synap� c 
inputs from Schaff er collateral voltage clamped at –30 mV. c) Example trace recorded from CA1 pyramidal 
neurons of WT animals (black) or Shisa6 KO (blue) in response to 50-Hz s� mula� on of synap� c inputs from 
Schaff er collateral voltage clamped at –30 mV, showing that rise and decay � mes of NMDAR currents, measured 
in the presence of 2 µM NBQX, are not aff ected in Shisa6 KO (P>0.500). d) Superimposed example traces 
recorded from CA1 pyramidal neurons of Shisa6 KO (blue) animals and WT li� ermates (black) in response to 
50-Hz s� mula� on of synap� c inputs from Schaff er collateral voltage clamped at –30 mV. e–g) Pulse ra� os of 
electrically-evoked EPSCs (at –30 mV) from CA1 pyramidal neurons of Shisa6 KO (blue, n=15 from 4 animals) 
animals and WT li� ermates (n=12 from 5 animals) at 2 (e), 20 (f) and 50 (g) Hz. Cell numbers used are indicated.
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> Supplementary Figure 9. Whole immunoblot compila� on. Whole immunoblots are presented from which 
sec� ons are included in fi gures 1b, 2d, 2e, 2f, 3a, and supplementary fi gure 2d. Sec� ons are outlined by a 
red dashed line. Numbers represent apparent molecular weights in kDa. Black dots indicate the center of 
marker bands, as is demonstrated for supplementary fi gure 2d.
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< Supplementary Table 1. Mass spectrometric analysis of na� ve hippocampal Shisa6 complexes reveals 
associa� on with PDZ domain-containing proteins and established AMPAR interactors. This analysis of na� ve 
Shisa6 complexes, immunoprecipitated from the hippocampi of WT and Shisa6 KO animals (crude synap� c 
membranes; n=3 IPs per genotype), iden� fi ed PSD-95 (Dlg4) as most prominent PDZ domain-containing 
interactor. IP-ed proteins: Shisa6 (dark blue), AMPAR subunits (light blue), established non-PDZ AMPAR-
interac� ng proteins151,180 (dark yellow), PDZ-containing interactors (light yellow). Selec� on criteria were: 
1) For rela� ve protein quan� fi ca� on, all WT samples should have ≥1 unique pep� de found. 2) The average 
WT/KO spectral-count value should be ≥1 (or N/A), indica� ng enrichment in the WT samples. 3) Performing a 
beta-binomial test, enrichment in the WT samples should reach P≤0.01 (green). Failing a par� cular selec� on 
criterion resulted in an exclusion marker (*). Percent coverage, percent of the database protein sequence 

Supplementary Table 2. Sequence of DNA primers used. For PCR experiments to detect the presence or 
absence of exon 3 in Shisa6 or the WT/KO allele of Shisa6, as well as for real-� me PCR, and for detec� on 
of the Shisa6 genotype in animals and neurons, diff erent primer sets were used. The forward and reverse 
primer, as well as the size of the amplicon generated, are indicated.

Supplementary Table 3. Comparison of func� onal signifi cance of Shisa proteins. Ac� ons of Shisa proteins 
expressed in heterologous systems, and as defi ned by virtue of gene dele� on in slices of CA1 (Shisa6) or DG 
(CKAMP44/Shisa9170).
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Supplementary methods
Protein domain predicti on and sequence alignment
The signal sequence was predicted using the online tool SequenceP4.1 (h� p://www.cbs.dtu.dk/services/
SignalP/)214. The predicted molecular weight was determined using the online tools of Expasy (h� p://web.
expasy.org/compute_pi/) and EnCor Biotechnology (h� p://www.encorbio.com/protocols/Prot-MW.htm). 
Sequence alignments were generated with CLC workbench 3.0.

(Real-Time) Polymerase Chain Reacti on
Primers – Primers for PCR and real-� me PCR were generated using Primer3.0. The fi nal sets of primers are 
listed in Supplementary Table 2. 
RNA isolati on and cDNA synthesis – RNA from several � ssues was extracted as previously described193. 
Samples were DNase-I treated according to the manufacturer’s instruc� ons (20 U per μg RNA; Boehringer) 
to remove traces of genomic DNA, which was verifi ed by using intron-specifi c PCR primers (data not 
shown). RNA concentra� on was determined using the NanoDrop ND-1000 spectrophotometer (NanoDrop 
Technologies), and the integrity of RNA was checked by gel electrophoresis (1%-TBE-agarose gel). Random-
primed (25 pmol; Eurofi ns MWG Operon) cDNA synthesis was performed on individual RNA samples (~1 μg 
total RNA).
PCR for exon 3 – PCR products generated were visualized on a 1.75 % TAE gel (Supplementary Fig. 1), and 
sequenced using the forward primer (Supplementary Table 2) in quadruplicate.
Real-� me qPCR – Real-� me qPCR reac� ons (20 μL; ABI PRISM 7700) on pooled � ssue (3 mice) were 
performed using a 96-well format with transcript-specifi c primers (300 nM) on cDNA corresponding to ~20 
ng RNA and SYBR Green reagents (Applied Biosystems)193. Only primer sets (Eurofi ns MWG Operon) with 
proper amplifi ca� on effi  ciency193,215 were used. Cycle threshold (Ct) values were used to calculate the rela� ve 
level of gene expression, where Ct value is the frac� onal cycle number at which the fl uorescent signal of a 
reac� on passes the threshold (reaching intensity above background). Expression level of three housekeeping 
genes (GAPDH, β-ac� n, HPRT) was measured as reference for input. Expression is denoted using normalized 
Ct values on a log2-scale. Let normalized Ct-values be denoted by Ctnormx (where x represents  
expression, y represents the geometric mean of Ct-values of the housekeeping genes, and i represents a 
given sample), Ctnormxi then is given by Ctnormxi = Ctxi – Ctyi. As a bigger Ct-value correlates with a lower 
expression level, for prac� cal purposes, Ctnormxi values were converted into conCtnormxi values, calculated 
as conCtnormxi= –Ctnormxi +15. Due to this conversion, the fi nal posi� ve value of Ct is posi� vely correlated 
with rela� ve gene expression level, which makes the visualiza� on simpler. Rela� ve gene expression levels 
were expressed as conCtnorm-values ±SEM.

DNA expression constructs
pTRCGw-IRES2-EGFP is an adapted version of the pTRCGw plasmid (5.6 kb), which was a kind gi�  from 
Dr. J. Verhaagen (The Netherlands Ins� tute for Neuroscience, Amsterdam, The Netherlands), carrying 
the ampicillin resistance gene, inverted terminal repeats (ITR), human immediate early cytomegalovirus 
promoter (CMV), wood chuck pos� ranscrip� onal regulatory element (WPRE) and mul� ple restric� on sites. 
pTRCGw-IRES2-EGFP was created by inser� on of a Gateway-cloning pDEST recombina� on site (Invitrogen) and 
pIRES-EGFP element, upstream of the exis� ng WPRE and pA modules. The full-length coding DNA for exon3-
containing mouse Shisa6 was obtained from Genscript as a pENTR4 construct (reference NM_001034874.3 
/ NP_001030046.1 + exon3 sequence), and subsequently Gateway-cloned into pTRCGw-IRES2-EGFP, yielding 
the Shisa6-pTRCGw-IRES2-EGFP construct. This plasmid was modifi ed to FLAG-Shisa6-pTRCGw-IRES2-EGFP 
by PCR-mediated inser� on of a tandem FLAG-tag (sense 5’-GGT GAT TAT AAA GAT CAT GAT ATC GAT TAC AAG 
GAT GAC GAT GAC AAG CAC-3’, corresponding pep� de: GDYKDHDIDYKDDDDKH) between codon 36 (GGG, 
Glycine) and codon 37 (AAC, Asparagine) of the Shisa6 cDNA. 
 For HEK293 cell expression, GluA1 isoform 1 and GluA2 isoform 1 were Gateway-cloned into the 
pTRCGw-IRES2-EGFP vector, yielding respec� vely GluA1-pTRCGw-IRES2-EGFP and GluA2-pTRCGw-IRES2-
EGFP. GluA3 was cloned into the pRK5 vector. GluK2(Q) was cloned into the pcDNA3 vector (Invitrogen) 
as described previously216. For expression in hippocampal neuronal cultures, N-terminally Flag-tagged 



57

Chapter 2 Shisa6 traps AMPA receptors at postsynap� c sites and prevents their desensi� za� on during synap� c ac� vity

2

Shisa6 was subcloned in the pBI Tet-On vector (Clontech). cDNA corresponding to the GluA subunits was 
as described previously92. Homer 1C::EGFP and Homer 1C::DsRed were generated by subcloning Homer 1C 
cDNA into the pcDNA3 vector (Invitrogen). For FLIM experiments, eGFP was inserted at posi� on 253 of PSD-
95 as previously described217. The mCherry tag was inserted 21 amino acids before the stop codon of Shisa6. 
All DNA constructs were sequence verifi ed before use.

Generati on of Shisa6 KO mice
The mouse chromosome 11 sequence (nucleo� de # 66,299,000~66,379,000) was retrieved from the 
Ensembl database and used as reference (Caliper Life Sciences). The mouse RP23-26O19 BAC DNA was used 
for genera� ng the homology arms and condi� onal region for the gene targe� ng vector. The 5’-homology 
arm (~3.0 kb), 3’-homology arm (~4.0 kb), and condi� onal region (~1.0 kb) were generated by PCR, and 
fragments were cloned in the LoxFtNwCD vector. The fi nal vector contained loxP sequences fl anking the 
condi� onal KO region (~1.0 kb), the Neo expression casse� e (for posi� ve selec� on of the ES cells) fl anked 
by FRT sequences (for the subsequent removal of the Neo casse� e), and a DTA expression casse� e (for 
nega� ve selec� on of the poten� ally targeted ES cells). The fi nal vector was confi rmed by both restric� on 
endonuclease diges� on (BamHI) and by end sequencing analysis. SwaI was used for linearizing the fi nal 
vector prior to electropora� on, and 30 µg of NotI-linearized fi nal KO vector DNA was electroporated into 
~107 C57BL/6 ES cells and selected with 200 µg per mL G418. From 192 ES clones selected for PCR based 
screening, two targeted clones were confi rmed to be correctly targeted and have a single Neo inser� on. 
Blastocyst injec� on resulted in chimeric off spring genera� ng Shisa6tm1a1(Caliper)CNCR-VUA mice. These mice were 
backcrossed with FLP-mice to get rid of the Neo inser� on to generate the Shisa6tm1a2(Caliper)CNCR-VUA line, the 
la� er of which is currently kept at the VU University. For the purpose of this study, the Shisa6tm1a2(Caliper)CNCR-

VUA line was crossed with Cre-mice to generate full Shisa6 KO mice, offi  cially named Shisa6tm1b(Caliper)CNCR-VUA, 
in which exon 1 was deleted. For this study, Shisa6 KO animals were derived from heterozygous crossing, 
except for culturing experiments, in which homozygous mice were used. In all cases, the genotype was 
established by PCR on genomic DNA (Supplementary Table 2).

Anti bodies
An� -Shisa6 an� body was raised in rabbit against sequence DRYRMTKMHSHPSA (posi� on 494-507 in Shisa6) 
(Genscript). The an� body was affi  nity-purifi ed against the an� genic pep� de, suspended at 1 mg per mL in 
PBS containing 0.02% NaN3, and stored at –20°C. An� bodies used for immunoblo�  ng were an� -Shisa6 (see 
above; 1:1,000), an� -GluA1 (Abcam, ab109450, 1:20,000), an� -GluA2 (Neuromab clone L21/32, 1:1,000), 
an� -GluA3 (Abcam, ab40845, 1:500), an� -GluK2 (Santa Cruz, C-18, 1:1,000), an� -GluN2A (Abcam, ab14596, 
1:2,000), an� -PSD-95 (Neuromab clone K28/43, 1:50,000), and an� -Synaptophysin (Genscript A01307, 
1:2,000). An� bodies used in immunoprecipita� on were an� -Shisa6 (see above), an� -GluA2 (Neuromab clone 
L21/32), an� -FLAG M2 (Sigma, F1804) and IgG control (Genscript, whole protein, A01007). An� body used 
for QD tracking was GluA2 (MAB397; Millipore). An� bodies used for immunofl uorescence cytochemistry 
were mouse IgG1 an�  Flag M2 (Sigma, F3165, diluted 1:1,000), mouse IgG2b an�  GluA2 extracellular domain 
(gi�  from E. Gouaux, OHSU, Portland OR, used at 2 µg per mL), mouse IgG2a and an�  PSD-95 (NeuroMab 
clone K28/43, diluted 1:500). Alexa-conjugated isotype-specifi c secondary an� bodies were obtained from 
Invitrogen. See below for more informa� on on immunocyto- and immunohistochemistry.

Subcellular fracti onati on
Subcellular frac� ons were prepared as described previously180 with some modifi ca� ons. All steps were 
performed at 4°C and in the presence of EDTA-free Complete protease inhibitor (Roche). Hippocampal � ssue 
was homogenized in buff er containing 0.32 M Sucrose and 5 mM HEPES, pH 7.4 (Homogenate frac� on), 
and centrifuged at 1,000x g for 10 min. The supernatant was either (1) centrifuged at 18000x g for 30 min, 
yielding a crude synap� c membrane pellet (P2 frac� on), (2) centrifuged at 120,000x g for 2 h, yielding the 
crude synap� c membrane + microsome pellet (P2+M frac� on), or (3) layered onto a discon� nues 0.85 / 1.2 
M sucrose density gradient and centrifuged at 120,000x g for 2 h. The 0.85 / 1.2 M sucrose interface was 
collected as the synaptosome frac� on. Synaptosomes were hypotonically shocked by dilu� on in 5 mM HEPES 
pH 7.4 and subjected to a second round of centrifuga� on on a 0.85 / 1.2 M sucrose density gradient. The 
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synap� c membrane frac� on was collected at the 0.85 / 1.2 M sucrose interface. Alterna� vely, synaptosomes 
were mixed with Triton X-100 (0.32 M sucrose and 5 mM HEPES, pH 7.4) to a fi nal concentra� on of 1%, 
incubated for 1 h, and layered on top of a 1.0 / 1.5 / 2.0 M sucrose density gradient. A� er 2 h centrifuga� on 
120,000x g, the preliminary PSD frac� on was collected at the 1.5 / 2.0 M interface. A second 1% Triton X-100 
extrac� on and subsequent 1.5 / 2.0 M sucrose density gradient purifi ca� on yielded the fi nal PSD frac� on.

Immunoprecipitati on of Shisa6 and GluA2 protein-complexes from mouse hippocampus
All subsequent steps, excluding protein-elu� on, were performed at 4°C. Hippocampal � ssue from WT and 
Shisa6 KO mice was homogenized in buff er A (0.32 M sucrose, 10 mM HEPES pH 7.4, and EDTA-free Complete 
protease inhibitor) and centrifuged at 1,000x g for 10 min. Centrifuging the supernatant at 18,000x g for 30 
min yielded the crude synap� c membrane pellet. This pellet was resuspended to 5 mg protein per mL in 
buff er B (1% DDM, 150 mM NaCl, 25 mM HEPES, and EDTA-free complete protease inhibitor), incubated for 
1 h while mixing gently, and centrifuged at 20,000x g for 20 min. This extrac� on-procedure was repeated 
once more on the remaining pellet. The supernatant from both extrac� ons was pooled and subjected to a 
second round of centrifuga� on at 20,000x g for 20 min. An� body (An� -Shisa6 an� body, an� -GluA2 an� body, 
or IgG control) was added to the supernatant of the DDM-extracted crude synap� c membrane frac� on, 
incubated O/N, and immobilized to Protein A/G agarose beads (Santa Cruz). The agarose beads were washed 
4 � mes with buff er C (0.1% DDM, 150 mM NaCl, 25 mM HEPES pH 7.4) and bound proteins were eluted by 
incuba� on with Laemmli sample buff er.

In-gel Trypti c digesti on
The free cysteine residues of Laemmli buff er-eluted proteins were blocked by addi� on of acrylamide (3.75% 
fi nal concentra� on) for 30 min at room temperature. Proteins were resolved on a 10% SDS polyacrylamide 
gel, fi xed, and stained with colloidal Coomassie Blue G-250. Sample lanes were cut into 3 segments, 
destained, and the proteins in-gel digested with Trypsin/Lys-C mix (Promega) during overnight incuba� on at 
37°C. The pep� des were extracted twice with 50% acetonitrile + 0.1% trifl uoroace� c acid for 40 min, once 
with 80% acetonitril + 0.1% trifl uoroace� c acid for 20 min, dried by speedvac, and stored at –80°C.

HPLC-MS-MS
Pep� de samples were re-dissolved in 0.1% ace� c acid and loaded onto a PepMap100 C18 precolumn (300 
µm i.d., 5 µm par� cle size; Dionex) connected to an Ul� Mate 3000 HPLC system (Dionex). Separa� on was 
achieved on a 200 mm All� ma C18 in-house packed column (100 µm i.d., 3 µm par� cle size) by using an 
aquous-organic gradient of 5% to 40% acetonitrile + 0.1% formic acid for 27 min at a fl ow rate of 400 nL per 
min. Eluates were electrosprayed directly into a TripleTOF 5600+ system (Absciex) operated in Informa� on 
Dependent Acquisi� on mode. One full-scan cycle consisted of a precursor ion scan (m/z range of 350 to 
1250, charge state +2 to +5, 90 cps intensity threshold, and 0.25 s accumula� on � me) followed by MS-MS 
analysis of the top 20 most abundant ions (m/z range 200 to 1800, 0.09 seconds accumula� on � me). Former 
target ions were excluded for 10 s. Each individual immunoprecipita� on experiment was measured once.

MS data analysis
TripleTOF 5600+ output fi les were converted from wiff  to mzML (centroid) format using the AB SCIEX MS 
Data Converter u� lity and searched against the mouse UniProtKB/Swiss-Prot canonical sequence database 
(version 2014-03-21) by means of the Morpheus search engine (version 1.0.0.0)218,219. Methionine oxida� on 
and protein N-terminal acetyla� on were selected as variable modifi ca� ons, and proprionamide was set 
as fi xed cysteine modifi ca� on. The maximum mass tolerance for precursor and product ions was 25 ppm 
and 0.025 Da respec� vely. Trypsin (no proline rule) was selected as protease, allowing up to one missed 
cleavage. A target-decoy database was created on the fl y and the maximum Pep� de Spectrum Match (PSM) 
false discovery rate (FDR) was set to 1%. An in-house developed script was used to import the PSM results 
from the Morpheus pepXML fi les into ProteinProphet219,220, where the fi nal protein inference and protein 
valida� on was performed (protein FDR of 1%). The summed spectral count value of all unique pep� des 
was used for rela� ve protein quan� fi ca� on (pep� des shared within or between groups were omi� ed). The 
sta� s� cal signifi cance of the results was analyzed using a non-normalized beta-binomial test220, a method 
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developed specifi cally for the analysis of spectral count-based datasets, where results do not follow a 
normal distribu� on.

Immunocytochemistry of cell cultures
To study the surface localiza� on of Shisa6, independent of the in-house an� body against Shisa6, 
overexpression of Shisa6 was performed in neuronal cultures. To minimize the over-expression level of Flag-
Shisa6 and yet observe its localiza� on in mature neurons, Flag-Shisa6 was expressed in Shisa6 KO neurons 
using an inducible promoter. This enables transfec� on of neurons at DIV6, and to induce expression of Flag-
Shisa6 by addi� on of doxycycline to the culture medium un� l DIV16, and then observe Flag-Shisa6 localiza� on 
a� er only a few hours of expression in the Shisa6 KO background. To this end, Shisa6 KO cultured neurons 
were transfected using Eff ectene Transfec� on Reagent (Qiagen) at DIV6 with plasmids of the Tet-On® Gene 
Expression System (Clontech). In brief, two plasmids were transfected, one encoding a tetracycline-binding 
transac� vator protein, and the second response plasmid encoding Flag-tagged Shisa6 under the control 
of a Tetracycline-response element (TRE). At DIV15, expression of Flag-Shisa6 was induced by addi� on of 
doxycycline to the culture medium (2 µg per mL). Doxycycline-bound transac� vator then binds the TRE in 
the response plasmid to ac� vate transcrip� on of Flag-Shisa6. To localize surface-expressed Shisa6 rela� ve 
to synap� c markers a� er 18 h of induced expression, cells were live-stained for surface Flag and surface 
GluA2. First, 10 mM HEPES was added to the culture dish to maintain pH during live staining and all steps 
were carried out at 37°C. An� bodies were diluted in culture medium containing 1% BSA (Sigma A3059). 
Coverslips were incubated on drops of culture medium containing BSA for 2 min to minimize non-specifi c 
binding, moved to droplets of medium containing an� body for 6 min, then rinsed once in culture medium 
and placed in warmed fi xa� ve containing 4% PFA and 4% sucrose in PBS for 15 min at RT. All subsequent 
steps were performed at RT.
 Fixed coverslips were rinsed in PBS and aldehydes were quenched with 50 mM NH4Cl in PBS 
for 10 min followed by addi� onal PBS rinses. To access PSD-95, cells were permeabilized with 0.2% Triton 
X100 (Sigma T9284) in PBS for 5 min, then rinsed with PBS. Non-specifi c binding was blocked by a 45-
min incuba� on with PBS containing 2% BSA. PSD-95 an� body was diluted in this blocking solu� on and 
incubated with the coverslips for 60 min a� er which coverslips were rinsed and blocked again for 30 min 
prior to incuba� on with secondary an� bodies. Labeled coverslips were mounted on glass slides in ProLong 
Diamond An� fade Mountant (LifeTechnologies). Images were collected on an upright Leica DM5000 using 
epifl uorescence and a 40x oil objec� ve with LED light source.

Immunohistochemistry of brain slices
We used the method of Yoneyama et al. (2004)195 In brief, 6-week-old mice were killed by decapita� on a� er 
anesthesia with isofl urane (4 min, 5% isofl urane per 1.5 L air), brains were dissected and quickly frozen. 
Sec� ons were cut on a cryostat (15 µm) and fi xed in Carnoy’s solu� on containing 6:1 ethanol and ace� c 
acid for 10 min at 4°C. The sec� ons were incubated 1 h in blocking buff er containing 4% normal goat serum 
and 0.3% Triton X-100 in PBS, before they were incubated with fi rst an� bodies (an� -rabbit Shisa6 1:1,000, 
an� -mouse PSD-95 (An� bodies Inc. Davis, clone K28/43) 1:1,000, and an� -mouse GluA2 (Merck, MAB397) 
1:1,000 in blocking buff er (1% normal goat serum and 0.1% Triton X-100 in PBS) at 4°C during 2 days. 
 For single labeling, sec� ons were rinsed before being incubated with donkey an� -rabbit an� body 
coupled to bio� n (Life Technologies) 1:200 in blocking solu� on for 1 h at RT. The sec� ons were further rinsed 
and incubated in a solu� on of avidin and bio� nylated at RT for 2 h (ABC kit; Vector Laboratories), rinsed 
and incubated in a solu� on of streptavidin- Alexa 488 (Life Technologies) 1:800 during 1 h. A� er rinsing 
in PBS, sec� ons were mounted between slide and cover slip with a moun� ng medium containing DAPI 
(Vectashield Vector Laboratories). For double labeling, sec� ons were rinsed before they were incubated 
with donkey an� -rabbit Alexa 488 (Life Technologies) and incubated with donkey an� -mouse Alexa 568 (Life 
Technologies) 1:1,000 in blocking solu� on for 24 h at 4°C.
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Electrophysiological Recordings 
Recordings from HEK293 cells: All electrophysiological recordings we made using a 700B amplifi er controlled 
by PClamp 9.0 in combina� on with a 1322 digi� zer (all from Molecular Devices). Cells were iden� fi ed and 
patched using an Olympus BX50WI DIC microscope with a 40x, 0.8 nA W objec� ve (all Olympus coopora� on). 
Data was acquired at a sample frequency of 20 kHz and fi ltered with an internal 4 pole Bessel fi lter at 3 kHz. 
Electrical s� mula� on was done using a Master 8 and isofl ex s� mulator (A.M.P.I.). 
HEK293 cells were perfused with 32°C standard ar� fi cial CSF (aCSF) during the recordings containing (in 
mM): 126 NaCl, 3 KCl, 10 D-glucose, 26 NaHCO3, 1.2 NaH2PO4, 2 CaCl2 and 1 MgSO4, carboxygenated with 
95% O2 and 5% CO2 to obtain pH7.4 and an osmolarity of 300. HEK293 cells were recorded using borosilicate 
electrodes (OD 1.5 mm, ID 0.86 mm; Harvard Apparatus) of 2.5–4 MΩ resistance and fi lled with intracellular 
solu� on containing (in mM): 70 Cs-Gluconate, 70 CsCl2, 10 HEPES, 0.1 Spermine, 0.5 NaGTP, 5 Mg2ATP, 10 
EGTA (pH 7.3, 290 osm). HEK 293 cells were gently li� ed from the cover slip and placed in front of a Piëzo-
driven theta-barrel electrode (TGC 200; Harvard Apparatus), fi lled with standard aCSF on one side and 
standard aCSF supplemented with 1 mM L-glutamate Hydrochloride (Sigma Aldrich) on the other side221. 
The experimenter was blind for the constructs used, which was revealed a� er analysis. Access resistance 
in HEK cells was typically below 8 MΩ. Cells with access resistance above 10 MΩ or with current amplitude 
below 20 pA were excluded from analysis.

Nucleated patches / glutamate uncaging: CA1 pyramidal cells (2–3 week old male mice) were patched using 
electrodes of 2.5–4 MΩ resistance. The intracellular solu� on contained (in mM): 70 Cs-Gluconate, 70 CsCl2, 
10 HEPES, 0.5 NaGTP, 5 Mg2-ATP, 10 EGTA and 10 K-Phosphocrea� ne (pH 7.3, 290 osm). In glutamate uncaging 
experiments the same intracellular solu� on was supplemented with 2 µM Alexa 488 (Life Technologies) and 
4% Biocy� n (Molekula GmbH) for cellular iden� fi ca� on. Glutamate was applied to nucleated patches222 and 
HEK293 cells with a Piezo-driven double-barrelled pipe� e as described above. In the glutamate uncaging 
experiments 1 mM RuBi-Glutamate (Abcam) was con� nuously puff ed by a light protected glass electrode 
of 2.5–3.5 ΩM resistance into the close proximity of the apical dendrite for the dura� on of 4 seconds. At 
2.5 s into the glutamate puff , glutamate was uncaged using a 50 µm mul� mode fi ber (Thorlabs) close to 
the applica� on electrode. A 10-ms laser pulse (532 nm wavelength; ML III - 532, ~ 300 W; CNI) was used to 
uncage glutamate. Glutamate uncaging experiments were performed in the presence of 1 µM TTX and 10 
µM SR-95531.
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