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Abstract

In neuronal cells, many membrane receptors interact via their intracellular, C-terminal tails with PSD-95/discs large/ZO-1
(PDZ) domain proteins. Some PDZ proteins act as scaffold proteins. In addition, there are a few PDZ proteins such as
Gopc which bind to receptors during intracellular transport. Gopc is localized at the trans-Golgi network (TGN) and binds
to a variety of receptors, many of which are eventually targeted to postsynaptic sites. We have analyzed the role of Gopc
by knockdown in primary cultured neurons and by generating a conditional Gopc knockout (KO) mouse line. In neurons,
targeting of neuroligin 1 (Nlgnl) and metabotropic glutamate receptor 5 (mGlu5) to the plasma membrane was impaired
upon depletion of Gopc, whereas NMDA receptors were not affected. In the hippocampus and cortex of Gopc KO animals,
expression levels of Gopc-associated receptors were not altered, while their subcellular localization was disturbed. The target-
ing of mGlu5 to the postsynaptic density was reduced, coinciding with alterations in mGluR-dependent synaptic plasticity
and deficiencies in a contextual fear conditioning paradigm. Our data imply Gopc in the correct subcellular sorting of its

associated mGlu$5 receptor in vivo.
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Introduction

The targeting of membrane proteins to specialized loca-
tions on the cell surface is a complex and highly regulated
process. This is especially true for membrane receptors of
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postsynaptic sites in neurons, which are mostly synthesized
in the neuronal soma at ER-associated ribosomes and then
need to be processed through Golgi compartments, before
being transported along dendrites. There they are finally
incorporated into postsynaptic membrane-associated pro-
tein complexes that, in the case of excitatory glutamater-
gic synapses, are localized on dendritic spines. In neurons,
the Golgi apparatus is mostly found in the cell body in its
usual, perinuclear position, but also may form extensions in
some of the dendrites in the form of so-called Golgi outposts
[1]. Besides, a dendritic Golgi satellite network has been
observed which may assist in the processing of membrane
proteins in dendrites [2]. Nevertheless, for most postsynap-
tic sites, the Golgi is relatively far away. Thus, it is unclear
whether and how membrane receptors destined for dendritic
spines and the postsynaptic density (PSD) are sorted in the
Golgi.

One important determinant for the subcellular distribu-
tion and anchoring of postsynaptic membrane proteins is
the presence of a so-called PSD-95/discs large/ZO-1 (PDZ)
ligand motif at the C-terminus of many membrane recep-
tors, which can bind to PDZ domains of various scaffold
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proteins at synapses [3]. This holds true, among others, for
GIluN2A/B subunits of NMDA receptors [4], the stargazin
proteins which are involved in the anchoring of AMPA
receptors [5], and for several subtypes of mGluRs. Also,
cell adhesion molecules such as members of the Nlgn family
may carry such a motif [6, 7]. Typical membrane-associ-
ated, PDZ domain containing scaffold proteins, which are
involved in anchoring receptors, are members of the PSD-95
and Shank families of proteins. These are enriched in the
postsynaptic density in a plasma membrane-proximal posi-
tion to fulfill their functions.

An additional PDZ domain-containing protein, which
binds to many postsynaptic membrane receptors, is the
Golgi-associated PDZ and coiled-coil motif-containing
protein (Gopc; also known as protein interacting specifi-
cally with Tc10, PIST; and as cystic fibrosis transmem-
brane conductance regulator (CFTR)-associated ligand,
CAL). Gopc consists of two N-terminal coiled-coil regions,
a linker region, and a C-terminal PDZ domain [8—11]. Gopc
is widely expressed in many tissues; immunocytochemical
analyses have consistently shown that the protein is localized
at the trans-Golgi network (TGN) in different tissues and
cell types, due to association of its coiled-coil regions with
Rab6, syntaxin-6, and golgin-160 [10, 12—-16]. Through the
PDZ domain, Gopc interacts with a wide variety of trans-
membrane cell surface receptors, including CFTR, several
G-protein coupled receptors including mGlu5, stargazin,
neuroligins, and GluN2A/B subunits [6, 9, 10, 12, 17, 18].
As these receptors and ion channels fulfill their functions at
the plasma membrane, whereas Gopc resides at the TGN,
it is understood that Gopc interacts transiently with these
membrane proteins during some sorting step either in the
biosynthetic pathway or at a post-endocytic phase of recep-
tor trafficking. However, which part of the sorting machinery
specifically is affected by Gopc has been a subject of debate,
as it may be receptor- and cell type-specific [18-20]. Thus,
for the CFTR, it has been proposed that Gopc contributes to
its degradation in lysosomes [8, 10, 21], whereas for mGlu5
it was reported that degradation of the receptor by the ubiq-
uitin/proteasomal system is prevented by Gopc [22, 23]. A
more common finding has been that overexpression of Gopc
leads to retention of its associated membrane proteins at
the TGN [12, 17, 24, 25]. However, as most of these results
have been obtained in cellular systems where Gopc or its
interaction partners have been overexpressed, we do not
know yet whether Gopc regulates the abundance, stability,
or subcellular targeting in an in vivo setting. As several of
the membrane receptors which are believed to be regulated
by Gopc contribute to the regulation of synaptic strength and
to synaptic plasticity, this aspect is particularly interesting
for our understanding of learning and memory processes.

We have asked here which synaptic membrane proteins
are regulated by Gopc in the nervous system. For this, we

have analyzed the effect of Gopc deficiency in cultured neu-
rons upon Gopc knockdown, as well as in mouse brain after
conditional knockout of the gene. We observe that the mem-
brane receptor which is most strongly affected by the Gopc
deficiency is the mGlu5, which is not properly targeted to
the postsynaptic density in the hippocampus. This coincides
with altered mGlu5-dependent long-term depression (LTD)
and deficits in fear-related hippocampal memory in adult
mice.

Materials and Methods
Antibodies

Primary and secondary antibodies used in this study are
listed in Tables 1 and 2.

Tissue Culture

Rat hippocampi and cortices were prepared from embry-
onic rats (E18). After dissection and dissociation by treat-
ment with trypsin, cells were plated in plating media
(DMEM + 10% horse serum) on poly-L-lysine treated glass
coverslips (hippocampus) or 6-well plates (cortex). After
1 day, media was removed and neurons were cultured with
complete Neurobasal media containing 2% B27 supplement.
Media and supplements were obtained from Thermo Fisher.

Knockdown of Gopc Expression in Primary Cultured
Rat Hippocampal and Cortical Neurons

Potential ShRNA sequences against the mRNA coding for rat
Gopc were tested initially in pSuper vector by cotransfection
of pSuper plasmids with an expression vector for Gopc in
HEK-293 cells. The most efficient sequence (5’-GGCGGA
CATCACTTATGAGTTCAAGAGACTCATAAGTGATGT
CCGCC-3’; reverse complementary sequences are under-
lined) was then subcloned into the lentiviral shRNA vec-
tor pLVTHM. This vector allows for coexpression of EGFP
to identify transfected or infected cells. Vectors containing
scrambled sequences, as well as an unrelated sequence were
used as negative controls with similar results. Lentiviral par-
ticles were produced by cotransfection of pLVTHM-based
plasmids with pSPAX2 (virus packaging) and pMDg2 (cod-
ing for VSV-G protein) into HEK-293 T cells. Viral superna-
tants were enriched using Lenti-X Concentrator (Clontech)
and used for infection of cortical neurons.

Immunocytochemistry on Hippocampal Neurons

Hippocampal neurons cultured on glass cover slips were
fixed with 4% PFA in PBS and permeabilized with 0.1%
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Table 1 Primary antibodies. WB, dilution for Western blotting; /F, dilution for immunofluorescence staining

Antibody Host Dilution Reagent Company
Akt Rabbit WB 1:1000 5% BSA/TBS-T Cell Signaling
(9272)
Phospho-Akt (pAKT) (Ser473) Rabbit WB 1:1000 5% BSA/TBS-T Cell Signaling
9271)
Alpha-tubulin Mouse WB 1:1000 5% milk powder/TBS-T Abcam
(ab7291)
p44/42 (Erk 1/2) Rabbit WB 1:1000 5% milk powder/TBS-T Cell Signaling
(9102)
Phospho-p44/42 (pErk 1/2) (Thr202/Tyr204) Rabbit WB 1:1000 5% BSA/TBS-T Cell Signaling
(9101)
p38 Rabbit WB 1:1000 5% BSA/TBS-T Cell Signaling
(8690)
Phospho-p38 (P-p38) (Thr180/Tyr182) Rabbit WB 1:1000 5% BSA/TBS-T Cell Signaling
(4511)
GluAl Rabbit WB 1:1000 5% milk powder/TBS-T Alomone
(AGC-004)
MAP2 Chicken IF 1:1000 2% horse serum/PBS Antibodiesonline
(ABIN372661)
mGlu5 Rabbit WB 1:1000 5% milk powder/TBS-T Merck
(ab5675)
Nlgnl Mouse WB 1:1000 5% milk powder/TBS-T Synaptic System
(129-111)
Nlgn2 Rabbit WB 1:1000 5% milk powder/TBS-T Synaptic System
(129-203)
GluN1 Mouse WB 1:1000 5% milk powder/TBS-T Merck
(MAB363)
GluN2A Rabbit WB 1:1000 5% milk powder/TBS-T Novus Biologicals
(NB300-105)
GIluN2B Rabbit WB 1:1000 5% milk powder/TBS-T Novus Biologicals
(NB300-106)
Gopc Rabbit WB 1:1000 5% milk powder/TBS-T Sigma-Aldrich
(HPA024018)
Gopc Guinea pig WB 1:1000 5% milk powder/TBS-T 2% Serum, Kreienkamp lab, UKE
IF 1:1000 horse serum/PBS
Stargazin Rabbit WB 1:1000 5% milk powder/TBS-T Merck
(07-577)
Transferrin receptor (Tfrc) Rabbit WB 1:1000 5% milk powder/TBS-T Abcam
(ab84036)
Table2 Secondary antibodies Antibody Host Conjugate Dilution Company
a-Chicken Goat Alexa-Fluor 633 1:1000 Thermo Fisher Scientific Inc
(A21103)
a-Guinea pig Goat Horse radish peroxidase 1:2500 ImmunoReagents, Inc
(GtXGp-003-DHRPX)
a-Guinea pig Goat Alexa-Fluor 555 1:1000 Thermo Fisher Scientific Inc
a-Mouse Goat Horse radish peroxidase 1:2500 ImmunoReagents, Inc
(GtXMu-003-E2HRPX)
a-Rabbit Goat Horse radish peroxidase 1:2500 ImmunoReagents, Inc

(GtXRb-003-EHRPX)

TX-100. After blocking non-specific binding sites with  coverslips were mounted on glass slides with ProLong
2% horse serum, the samples were immunostained. The Diamond Antifade Mountant with DAPI (Thermo Fischer)
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and analyzed by laser scanning confocal microscopy (Leica
SPS).

Biotinylation Experiments on Cortical Neurons

Cortical neurons cultured on 6-well plates were washed
three times in ice-cold PBS supplemented with 0.1 mM
CaCl, and 1 mM MgCl, (PBS-Ca-Mg) and biotinylated
using EZ-Link Sulfo-NHS-SS-Biotin (Thermo Scientific;
1 mg/ml) in the same buffer (30 min; 4 °C). After quenching
excess reagent with 100 mM glycine in PBS-Ca-Mg, cells
were lysed in RIPA buffer (150 mM NaCl; 50 mM Tris—HCl,
pH 8.0; 5 mM EDTA; 1% NP-40; 0.5% sodium deoxycho-
late; 0.1% SDS), followed by centrifugation at 20,000 X g
(20 min; 4 °C). Biotinylated proteins from two wells per
sample were purified from the supernatant with NeutrAvi-
din Agarose beads (Thermo Fisher; 4 °C, overnight, under
rotation), followed by extensive washing with RIPA buffer.
Samples of lysate and precipitate were incubated in Laemmli
buffer (4 °C, overnight) and analyzed by Western blotting.

DHPG Stimulation

Infected cortical neurons cultured on 6-well plates were
treated with an inhibitor cocktail (1 uM tetrodotoxin (TTX,
Bio Trend), 40 uM 6-cyano-7-nitroquinoxaline-2,3-dione
(CNQX, Sigma-Aldrich), 100 uM 2-amino-5-phospho-
nopentanoic acid (AP-5, Tocris), and 5 uM nimodipine
(Sigma-Aldrich)) for 4 h to inhibit/reduce synaptic sign-
aling. This was followed by treatment with 100 uM (RS)-
3,5-dihydroxyphenylglycine (DHPG, Tocris) for 5 min under
inhibitory conditions. Cells were lysed in RIPA buffer, and
lysates were mixed with Laemmli buffer and analyzed by
Western blotting.

Generation of Conditional Gopc KO Mice

A mouse embryonic stem cell clone (EPD0822_2_B04) car-
rying an exon trap cassette in the mouse Gopc gene was
obtained from the European Mouse Mutant Cell Repository
(EuMMCR) at Helmholtz-Zentrum in Munich, Germany.
Generation of heterozygous mice (C57BL/6-Gopc™™!? line)
has been described previously [19]. The modified Gopc
allele in these mice is not functional, due to an artificial
splice acceptor (exon trap; so-called KO first configuration).
In this line, we could generate only very few homozygous,
Gopc-deficient animals, probably due to a high proportion
of embryonic lethality in homozygous KO animals [19].
For generation of conditional KO mice, we crossed with a
Flp-deleter line [26], leading to the Gopc ™! allele, where
the critical exon 3 is flanked by LoxP sites. Forebrain spe-
cific deletion of this exon (in the Gopc™!¢ allele) was then
achieved by crossing with a strain of mice expressing Cre

under control of the aCaMKII promoter [27]. Mouse geno-
typing and the occurrence of the desired correct recombina-
tion events were in each case verified on the genomic level
by PCR.

All mice were cared for and treated strictly following the
ethical animal research standards defined by the Directive of
the European Communities Parliament and Council on the
protection of animals used for scientific purposes (2010/63/
EU). Experiments with mice described in this manuscript
were approved by local ethics committees. In particular,
all experimental procedures in Hamburg were approved by
Behorde fiir Gesundheitsschutz und Verbraucherschutz of
the Freie und Hansestadt Hamburg, Germany under appli-
cations 90/14 and 81/12; experiments in Magdeburg were
approved by the Ethical Committee on Animal Health and
Care of Saxony-Anhalt state, Germany (license number:
42502-2-1346).

Tissue Lysates

Tissues were prepared and immediately frozen in liquid
N,. For preparation of lysates, tissues were homogenized
in RIPA buffer using a potter, followed by incubation for
30 min on ice. Insoluble material was removed by centrifu-
gation (20,000 X g; 4 °C). Supernatants were processed for
Western blotting by adding Laemmli buffer.

Enrichment of the Hippocampal PSD Fraction

Enrichment of the hippocampal PSD fraction was performed
based on a procedure described by Coba et al. [28], which
uses differential extraction with detergents. Hippocampi
were homogenized in 10 mM HEPES buffer pH 7.4, contain-
ing 2 mM EDTA, 5 mM sodium orthovanadate, 30 mM NaF,
20 mM f-glycerol phosphate, and Roche Complete protease
inhibitor cocktail. After centrifugation for 5 min at 500 x g,
the supernatant was collected. Pellets were extracted again,
followed by centrifugation at 500 x g. Combined superna-
tants were centrifuged at 10,000 X g, and the membrane pel-
let was solubilized in homogenization buffer supplemented
with 1% Triton X-100. Solubilized membranes were centri-
fuged at 30,000 X g for 40 min. Both the pellet and super-
natant (soluble) fractions of this step were solubilized in
Laemmli sample buffer at 4 °C overnight, without boiling.
PSD enrichment was verified by Western blotting, showing
a strong enrichment of the postsynaptic scaffold proteins of
the Shank family in the Triton-insoluble pellet.

Preparation of P2 Membrane Fraction
Forebrains isolated from adult mice were mechanically

homogenized in 4 mM Hepes, 0.32 M saccharose, | mM
MgCl,, 0.5 mM CaCl,, pH 7.4, and protease and phosphatase
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inhibitors cocktails. After several low speed centrifugation
steps (1500 x g) to pellet the nuclei and cell debris, a postnu-
clear supernatant was centrifuged at 13,800 g (4 °C, 15 min)
to obtain the P2 membrane fraction.

Electrophysiological Analysis

Hippocampal slices were acutely prepared from 4- to
6-month-old conditional Gopc mice as previously described
[29]. Mice were killed by decapitation and the removed brain
was placed into ice-cold solution containing (in mM) 240
sucrose, 2 KCI, 1 MgCl,, 2 MgSO,, 1 CaCl,, 1.25 NaH,PO,,
26 NaHCO;, and 10 glucose (osmolarity of 300 +5 mOsm).
Transverse hippocampal slices (350 pm) were obtained from
the left hippocampus [30] and kept in a submerged cham-
ber until transfer to a submerged recording chamber, sup-
plied continuously with artificial cerebrospinal fluid (ACSF)
solution containing (in mM) 124 NaCl, 5 KCI, 2 CaCl,, 1
MgSO,, 26 NaHCO;, 1.25 NaH,PO,, and 10 glucose (osmo-
larity of 290+ 5 mOsm). All solutions were saturated with
95% 0,/5% CO,.

Field excitatory postsynaptic potentials (fEPSPs) were
recorded with low-resistance glass electrodes (Hilgenberg,
Germany) filled with ACSF. A stimulating electrode was
placed in the stratum radiatum of CAl to stimulate the
Schaffer collateral pathway. A recording electrode (~2
MOhm) was about~300 pm apart from the stimulating one.
Using stimulus isolator (A385, WPI, USA), the input—out-
put curve was determined for the analysis of basal synaptic
transmission. After a stable baseline recording of fEPSPs for
10 min, DHPG (100 pM, Tocris) was applied for 10 min and
then washout with drug-free ACSF solution. Electrophysi-
ological data were recorded with Patchmaster (Heka Elek-
tronik, Germany) and then off-line analyzed with Sigmaplot
12.3 (Systat software, USA), Prism7 (GraphPad, USA), and
pClamp10 (Molecular Devices, USA). Paired-pulse facilita-
tion was expressed in % as the ratio between the slopes of
the second and first responses evoked by paired stimulation.
LTD was expressed as the average change in % from base-
line + SEM. The data were presented as mean + SEM.

Behavioral Analysis

Adult mice (14 females and 15 males for each genotype)
were subjected to a battery of standard behavioral tests,
namely, the open field and elevated plus maze test for nov-
elty-seeking and anxiety and the spontaneous alternation
for working memory, the water maze for spatial learning
and memory, and the contextual fear conditioning for emo-
tional memory. The open field test was performed in a box
(5050 cm and 40-cm high) illuminated with white light
(100 1x). Mice were started from one corner of the box, and
their behavior was analyzed for 20 min. Distance moved
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and mean minimal distance to the wall were analyzed with
the software EthoVision (Noldus, Wageningen, The Neth-
erlands). The elevated plus maze had the shape of a plus
with four 30-cm long and 5-cm wide arms, connected by
a squared center (5 cm X5 cm). Two opposing arms were
bordered by 15-cm high walls (closed arms), whereas the
other two arms (open arms) were bordered by a 2-mm rim.
The maze was elevated 75 cm from the floor and an infrared
camera allowed video-recording under total darkness. The
mouse was placed into the center facing one open arm and
left on the maze for 5 min. Time spent in the different arms
was analyzed with the software The Observer (Noldus). The
spontaneous alternation test was done to test for working
memory performance [31]. The maze consisted of three
equally sized arms (34 cm X 5 cm X 30 cm) made of transpar-
ent Plexiglas connected such as to make a Y and illuminated
with 5 1x. Mice were placed in the center of the maze and
allowed to freely explore the maze until they performed 27
transitions or after a maximal given time of 20 min. An entry
into any arm with the four paws was considered a transition.
An entry into a new arm after having visited the two other
arms was considered as alternation. Data were analyzed as
a percentage of alternations over all transitions.

The water maze consisted of a circular tank (145 cm in
diameter) circled by dark curtains. The water was made
opaque by the addition of non-toxic white paint such that
the white platform (14-cm diameter, 9-cm high, 1-cm below
water surface) was not visible. Four landmarks (35 X 35 cm)
differing in shape and gray gradient were hung on the wall
of the maze. The light was provided by four white spotlights
placed on the floor around the swimming pool that provided
homogeneous illumination of 60 1x on the water surface.
Before the experiment started, mice were familiarized for
1 day to swim and climb onto a platform (diameter of 10 cm)
placed in a small rectangular maze (42.5x26.5 cm and 15.5-
cm high). During familiarization, the position of the plat-
form was unpredictable since its location was randomized
and training was performed under darkness. After familiari-
zation, mice underwent 3 learning days during which they
had to learn the location of a hidden platform. The starting
position and position from which mice were taken out of the
maze were randomized. At days 1 and 2, mice underwent
four learning trials (maximum duration 90 s, inter-trial inter-
val of 10 min). On day 3, mice underwent 2 learning trials.
After staying on the platform for 15 s, mice were returned to
their home cage and warmed up under red light. Mice under-
went three 60-s long transfer trials during which the platform
was removed and time spent in four imaginary quadrants was
measured with EthoVision. The first transfer trial was done
on day 2, 20 min after the second learning trials (for short-
term memory); the second transfer trial was done 24 h after
the last learning trial of day 2 and before the first learning
trial on day 3 (for long-term memory); and the third transfer
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«Fig. 1 A Hippocampal neurons were transfected with an shRNA
control vector, or shRNA vector directed against Gopc. Cells were
stained using GFP (expressed from the pLVTHM shRNA vector),
to identify transfected cells, the dendritic marker MAP2, and Gopc.
Nuclei were detected with DAPI. Transfected cells are labeled with
an arrowhead. B Cultured cortical neurons were infected with lenti-
viral particles coding for control or Gopc-specific shRNA; cells were
lysed and analyzed by Western blotting using the antibodies indi-
cated. C Quantification of the data shown in B; Gopc levels were
normalized to a-tubulin levels. D-F Infected neurons as prepared in
B were subjected to surface biotinylation. Biotinylated proteins were
precipitated from cell lysates, and input and precipitate samples were
analyzed by Western blotting. Quantification in E was performed by
normalization to a-tubulin levels; in F, surface receptors were nor-
malized to the total amount of receptors present in cellular lysates.
**  significantly different from control, p<0.01; r-test; n=4-7.
Mean + SEM values are shown

trial was done 7 days after the last learning trial on day 3 (for
remote memory).

In the contextual fear conditioning test, mice had to
learn the association between the unconditioned (electric
footshock) and conditioned stimuli (context). Mice were
conditioned in the context, a chamber (23.5%23.5 cm and
19.5-cm high) with Plexiglas walls and ceiling and a stain-
less grid floor from which an electric shock could be elicited.
The chamber was illuminated by white light (45 Ix). Mice
were placed in the center of the cage and received three
electric footshocks (0.35 mA, 1 s) at 120, 160, and 200 s.
At 240 s, the recording ended, and the mouse was immedi-
ately returned into its home cage. Twenty-four hours after
conditioning, mice underwent a recall trial during which
they were placed again in the context for 3 min. Twenty-
four hours after the recall trial, we tested generalization
of the fear response by placing the mouse in a new box
(30 15 cm and 25-cm high) made of white PVC for 3 min:
it is expected that mice discriminate between the different
environments and thereby spend more time freezing in the
conditioned context than in the new box. We thus calculated
the following discrimination index: % of time freezing in the
conditioned context — % of time freezing in the new box.
The conditioned response was analyzed by quantifying the
percentage of time spent freezing (defined as the absence
of body movements for at least 1 s). Freezing behavior was
automatically analyzed using a modified version of the sys-
tem Mouse-E-Motion (Infra-e-motion, Hamburg, Germany).

For all tests, no mice/no data point were excluded from
the analysis. All mice underwent all behavioral tests with
an interval of at least 2 days between tests. Experiments and
analyses were done by an experimenter blind to the geno-
type, in agreement with ARRIVE guidelines.

Statistics

Basal synaptic transmission (stimulus—response curves) was
analyzed using repeated two-way ANOVA. Blot data, as well
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as electrophysiological data (paired-pulse facilitation and
long-term depression) were compared between genotypes
using the unpaired #-test, or one-way ANOVA, as indicated.
All behavioral data were analyzed by two-way analysis of
variance with genotype and sex as between-group factors.
All tests were two-tailed and the level of significance was
set at p <0.05.

Results

For the analysis of Gopc function in neurons, we devel-
oped an shRNA knockdown of Gopc in primary cultured
rat neurons. Various shRNA sequences were initially tested
against a rat Gopc expression construct upon cotransfec-
tion in HEK-293 T cells. The sequence providing the most
efficient knockdown at the Western blot level was then sub-
cloned into the pLVTHM vector that allows for production
of lentiviral particles, and which also carries a GFP expres-
sion cassette for the identification of transfected or infected
cells. Transfection of this construct into primary cultured
hippocampal neurons, followed by immunostaining using
anti-Gopc antisera, showed the typical Golgi-like appear-
ance of Gopc in non-infected neurons and a complete loss
of staining in GFP-positive transfected cells (Fig. 1A). Viral
particles were then produced from this vector and used for
infection of primary cortical neurons. Cultures that showed
a high percentage of infected (GFP-positive) cells were ana-
lyzed by Western blotting, using anti-Gopc and a-tubulin
antibodies. Here, we observed a residual amount of Gopc
protein of 14% compared to neurons infected with a control
virus derived from pLVTHM empty vector (Fig. 1B,C).
We then asked how the deficiency in Gopc affected the
abundance and the subcellular sorting of its interaction
partners. For this, the infected cortical neurons were treated
with a non-membrane permeable biotinylating reagent. Cells
were then lysed and biotinylated proteins were isolated using
streptavidin beads. Samples from cell lysates as well as from
precipitates were analyzed by Western blotting using anti-
bodies against various Gopc-interacting membrane proteins;
we focused mostly on abundant postsynaptic proteins for
which a known interaction of a C-terminal PDZ domain
ligand with the PDZ domain of Gopc had been published.
In addition, we included stargazin, which binds through
an upstream sequence to the linker region of Gopc [18].
Furthermore, we included the transferrin receptor (Tfrc),
which does not carry a C-terminal PDZ ligand motif and is
not known to interact with Gopc, as a negative control. We
observed that the total cellular content of all proteins tested
remained unchanged after Gopc knockdown, indicating that
Gopc is not involved in either degradation or stabilization
of its interaction partners (Fig. 1C). However, we observed
a significant reduction of mGlu5 and neuroligin-1 in the
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biotinylated (i.e., cell surface-associated) fraction, indicat-
ing that for these two proteins Gopc is necessary for efficient
targeting or anchoring at the cell surface. NMDA receptors
have been suggested to interact with Gopc through their
GIluN2A or GluN2B subunits [18]; however, the amount of
NMDA receptors (measured via the abundance of the GluN1
subunit) was not changed in either total lysate or in the bioti-
nylated fraction. Furthermore, the transferrin receptor was
also not affected by Gopc knockdown (Fig. 1D,F).

As mGlu5 leads to activation of signaling pathways
involving Erk,, and Akt kinases, we treated cultures with
the mGluR 1/5 specific agonist DHPG. Here, we observed
that Erk,,, signaling, measured as the ratio of pErk,, to
total Erk,,,, was not altered upon loss of Gopc expression
(Fig. 2A,B). In these experiments, the Akt pathway was
not noticeably activated upon mGluR1/5 activation. How-
ever, basal levels of Akt phosphorylation were significantly
decreased in Gopc knockdown neurons (Fig. 2C,D).

As a second experimental system, we established a Gopc-
deficient mouse line. We had previously described Gopc KO
mice which had been generated by homologous recombina-
tion [19]. These carry a selection cassette which leads to
the inactivation of the mouse Gopc gene in all tissues (in
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Fig.2 Reduced Akt signaling after knockdown of Gopc in cortical
neurons. Primary cortical neurons were infected with lentiviral parti-
cles carrying Gopc shRNA, or control shRNA. Neurons were treated
with an inhibitor cocktail for 4 h to inhibit/reduce synaptic signaling
followed by treatment with 100 uM DHPG for 5 min under inhibitory
conditions. Cell lysates were mixed with Laemmli buffer and ana-

the so-called KO first approach). However, from this line
of mice, we could only generate a very limited number of
homozygous Gopc-deficient animals, as we obtained less
than 2% of KO animals from heterozygous breedings [19].
Therefore, we made use of FRT and LoxP recombination
sites present in the targeting cassette which was used for
the generation of these mice. By first crossing with mice
expressing Flp recombinase, we created a line with a Gopc
allele which is functional but which can be deleted by
expression of Cre recombinase (Fig. 3A). By crossing with
a mouse line that expresses Cre under the control of the
promoter for the a-subunit of Ca**/calmodulin-dependent
kinase II («CaMKII) [27], we obtained mice with postna-
tal loss of Gopc expression in specific brain areas, includ-
ing cortex, hippocampus, and amygdala. Expression of Cre
recombinase has also been reported in thalamus, hypo-
thalamus, and striatum, but neither in cerebellum nor any
peripheral tissues. Successful knockout was verified by
Western blotting of various tissues from these mice, where
we observed almost complete loss of Gopc immunoreac-
tivity in the hippocampus and cortex, a partial loss in the
cerebellum, and no change in the liver (Fig. 3B). We isolated
cortical and hippocampal tissue from Cre-expressing (KO)
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lyzed by Western blotting. Data are presented as the ratio of phospho-
kinase to total kinase signal, normalized to unstimulated control con-
ditions. *, ** *¥* gjgnificantly different from control, p <0.05, 0.01,
0.001, respectively. One-way ANOVA, followed by Tukey’s post hoc
comparison; n=3. Mean+ SEM values are shown
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Fig.3 Conditional knockout of Gopc in mouse forebrain neurons.
A Strategy for conditional inactivation of the mouse Gopc gene.
Mice carrying the non-conditional “knockout first” allele were first
crossed with a Flp deleter mouse, to remove the LacZ/neomycin cas-
sette, which was used for targeting the Gopc gene. In a second step,
mice homozygous for this conditional allele were mated with mice
expressing Cre recombinase under the control of the aCaMKII gene
promoter, leading to recombination via LoxP sites as indicated.

and non-Cre-expressing (WT) animals and analyzed protein
extracts of these tissues again by Western blotting using anti-
bodies against Gopc-interacting proteins (Fig. 4A,B). Here,
we observed again no quantitative changes in the levels of all
proteins analyzed, confirming our previous observation that
the deficiency in Gopc does not affect steady-state levels of
its associated membrane receptors. Part of this analysis was
repeated with a membrane fraction isolated from forebrains
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Exon 3 of the Gopc gene is critical, and functional protein cannot be
expressed in its absence. B+ C Verification of loss of Gopc expres-
sion in various brain regions, as analyzed by Western blot of tis-
sue lysates. In agreement with the known expression pattern of the
aCaMKII, we observed complete loss of Gopc in the hippocampus
and cortex, moderate loss in the cerebellum, and no change in the
liver. ***, significantly different from control, p <0.0001; #-test; n=3.
Mean + SEM values are shown

of mice; again no differences were observed (Supplemental
Figure S1). Furthermore, we analyzed signaling proteins
of the different MAP kinase cascades, as it is well known
that Gopc-associated proteins like mGlu5 or NMDA recep-
tors are involved in the activation of these cascades. The
activity was in each case measured as the ratio between the
amount phosphorylated/active form of the kinase and the
total amount of the kinase. Here, we saw no change in the
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Fig.4 Loss of Gopc does not affect the abundance of its associated
receptors. A-B Lysates from the hippocampus (A) and cortex (B)
isolated from wt and conditional Gopc-deficient (KO) mice were
analyzed by Western blotting using antibodies against a number of
membrane proteins, as indicated. For quantification, signal strength
was in each case normalized against a-tubulin levels. In both tissue
types, no significant changes between WT and KO were detected;

n=3. C Hippocampal lysates from both genotypes were analyzed by
Western blotting using antibodies against phosphorylated (active) and
total forms of signaling kinases. The kinase activity was quantified as
the ratio of phosphorylated to the total kinase levels. *, statistically
significant difference, p <0.05; t-test; n=4. Mean+ SEM values are
shown
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activity of Erk,, kinases, but a rather moderate but signifi-
cant increase in p38 MAP kinase activity in the hippocam-
pus of Gopc KO mice (Fig. 4C). No change was observed
for Akt activity in total forebrain lysates (Supplemental
Figure S2).

Several of the Gopc-interacting membrane proteins are
components of the postsynaptic density (PSD) of gluta-
matergic synapses. To address whether targeting of these
proteins to the PSD is altered in the absence of Gopc, we
isolated a PSD-enriched fraction from the hippocampi of
WT and Gopc-deficient animals. By comparing the amount
of PSD-associated interaction partners of Gopc to the total
amount present in the hippocampal lysates, we determined
that the expression of most receptors was not altered. How-
ever, we saw a clear and significant decrease in the amount
of mGlu5 targeted to the PSD (Fig. 5). Taken together with
the data from primary cultured neurons (Fig. 1), we, there-
fore, identify mGlu5 as the receptor that is most strongly
affected by a loss of Gopc expression.

To characterize the effects of Gopc deficiency on synaptic
function, we performed extracellular fEPSP recordings in

acutely prepared hippocampal slices from WT and Gopc KO
mice. Analysis of the input—output relationship between the
fEPSP slope and stimulus intensity suggests that basal syn-
aptic transmission was preserved intact in the Gopc-deficient
hippocampal network (effect of genotype: F ;,=10.280,
p=0.6; Fig. 6A). Presynaptic function determined by record-
ings of paired-pulse facilitation (PPF) was also not different
between the two groups (¢;5=0.176, p=0.863; Fig. 6B). On
a functional level, mGlu5 is well-known for its contribution
to long-term depression (LTD) of glutamatergic transmis-
sion in the hippocampus. This form of hippocampal plastic-
ity can be induced by activation of mGluS with its agonist,
DHPG. Ten minutes of DHPG (100 uM) application resulted
in~20% LTD in WT slices 1 h after induction. Interestingly,
LTD in KO slices was significantly augmented to ~35%, as
compared with WT (¢,,=2.425, p=0.027; Fig. 6C).

Given these changes in synaptic plasticity, we expected
behavioral deficits in KO mice and performed a series of
behavioral assays. Novelty-induced behavior and anxiety
did not differ between genotypes as assessed in the open
field (Fig. 7A,B) and elevated plus maze (Fig. 7C) tests.
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Fig.5 Loss of mGlu5 in the postsynaptic fraction of Gopc KO mice.
Hippocampi from KO and WT mice were subjected to a differential
detergent extraction protocol which leads to a soluble (sol) fraction
and a postsynaptic density (PSD) fraction (see “Materials and Meth-
ods” section for details). A These fractions were analyzed by West-
ern blotting using the antibodies indicated; signal strength was in
each fraction normalized to the a-tubulin signal. B-C Quantifications
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show the ratio of receptor amounts from KO to WT animals (B) and
the ratio between PSD-associated vs soluble protein for a number of
selected receptors (C). For stargazin, 55 kDa and 35 kDa bands were
observed in A and separately evaluated in B. Note that the relative
proportion of mGlu5 in the PSD fraction is significantly reduced in
KO animals. *, statistically significant difference, p<0.05; #-test;
n=3. Mean+ SEM values are shown
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Fig. 6 Enhancement of DHPG-
induced hippocampal LTD in
Gopc KO mice. A Input—output
relationship for CA3-CAl
synapses in WT and KO mice.
B (left) Representative traces
of fEPSPs evoked by paired-
pulse stimulation with 50-ms
inter-stimulus interval. (right)
Summary data of paired-pulse
facilitation (PPF) recorded with
50-ms interval show no dif- 0
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ferences between WT and KO
mice. C (middle) Application
of DHPG (100 pM for 10 min,
shown by a bold horizontal bar)
leads to LTD in the hippocam- C
pal CA1l area. (left) Insets show
representative traces of fEPSPs ) wrt
before and 60 min after DHPG ) ’
application. The dashed line \/
indicates a baseline level. (right)
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WT, n=06-8 slices; KO,
n=_8-10 slices. Mean + SEM
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In the spontaneous alternation test, Gopc KO mice had a
preference for the less familiar arm and performed as well
as control littermates (Fig. 7D), suggesting that working
memory is intact under Gopc deficiency. No differences
between genotypes were detected in the water maze test:
both genotypes learned to quickly find the hidden platform
(data not shown) and showed similar performances in the
transfer trials for short-term, long-term, and remote mem-
ory (Fig. 7E,F). However, Gopc KO mice showed signifi-
cant deficits in the contextual fear conditioning paradigm.
In this test, mice are introduced into a novel environment
where they receive mild electrical footshocks. When rein-
troduced into the same environment on the next day, WT
mice typically respond by freezing for prolonged times,
as was also observed here. In contrast, male and female
Gopc KO mice spent less time freezing as compared to WT
mice during this memory retrieval period (effect of geno-
type: F; s5=10.1, p=0.002; Fig. 7G). Moreover, contrary
to control littermates, Gopc KO mice did not discriminate
between the conditioned context and a novel context (effect
of genotype: F| 35=6.1, p=0.012; Fig. 7H). This indicates
that Gopc KO animals did not learn or memorize the asso-
ciation between the electrical shocks and the context (i.e.,
the conditioning chamber). We detected no difference
between genotypes during the 2 min after mice received the

10 0

10 20 30 40 50 60 70 WT KO

Time (min)

first footshock (FEM WT=4.9+1.6; FEM KO=6.6+3.2;
MALE WT=20.1+5.6; MALE KO=19.8 +5.7), indicat-
ing that anxiety toward the context and pain sensitivity,
respectively, are unchanged in Gopc KO mice.

Discussion

Gopc has been suggested to play diverse roles with respect
to the membrane receptors that may associate with its sin-
gle PDZ domain, ranging from acceleration of degradation
to protection from degradation, to retention at the trans-
Golgi network. Here, we used two experimental systems
to assess the effects of Gopc deficiency on its associated
membrane receptors. In primary cultured neurons, knock-
down of Gopc expression by shRNA does not affect the
abundance of its associated membrane proteins (Nlgnl,
NMDA receptors, and mGlu5 were tested here). Instead,
for two verified interaction partners of Gopc, namely,
mGlu5 [22, 23] and Nlgnl [6, 32], we observed that
knockdown of Gopc reduces the amount of protein that
is present at the cell surface. In the second set of experi-
ments, we used a mouse line with a conditional deletion
of the Gopc gene coding for Gopc in mouse forebrain neu-
rons. Here again, we observed that in hippocampal and
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cortical tissues, levels of Gopc-associated membrane pro-
teins were unchanged. Taken together, these data do not
indicate that Gopc accelerates the degradation of interac-
tion partners of its PDZ domain, as has been suggested for
instance for the CFTR [21, 33]. It is likely that additional
interaction partners, e.g., for the CFTR are required to
cooperate with Gopc to target the CFTR to lysosomes. For
mGlu5, it was observed that Gopc protects this receptor
against proteasomal degradation as it interferes with its
ubiquitination. mGlu$5 is ubiquitinated by the E3 ligase
Siahl upon binding to the C-terminal tail of the recep-
tor, and it was argued that Gopc might block access of
the E3 ligase, thereby preventing receptor degradation
[23, 34]. However, as we did not observe any reduction
in the total levels of mGlu5 in Gopc KO mouse tissue,
this might not be the major function of Gopc. Instead,
in both our experimental systems, we observed that the
mGlu5 was not targeted to its proper destination (towards
the cell surface in cortical neurons and the postsynaptic
density in the hippocampus) upon loss of Gopc. This is
initially counterintuitive, as Gopc is not associated with
the plasma membrane and is not a component of the PSD.
Thus, it is not likely that Gopc acts as a scaffold or anchor-
ing platform for mGluS5 at postsynaptic sites. We rather
assume that Gopc maintains a role at the TGN (where it is
localized) in sorting receptors to its final destination. For
all interaction partners of the Gopc PDZ domain, there is
at least one more PDZ domain protein which binds to the
respective receptor at the plasma membrane (e.g., PSD-95
in case of Nlgn1 and stargazin; NHERF?2 in the case of the
mGlu3) [5, 7, 35]. Gopc may cooperate with these other
PDZ domain proteins in some sort of network activity, as
was described already in the case of the G-protein coupled
receptor SSTRS [20]. Thus, while Gopc may interact tran-
siently with the receptors during the biosynthetic pathway,
it may ensure that it is targeted to its plasma-membrane-
associated PDZ partner.

In neurons, the decrease in membrane-associated mGlu5
was surprisingly not associated with a decrease in DHPG-
stimulated pErk levels. We cannot rule out the presence of
mGlul, which is also activated by DHPG and linked to the
pErk pathway. In addition, the pharmacological concept of
“spare receptors” comes into mind, where the number of
receptors exceeds the number of effectors present which are
needed for a particular response. Thus, even after a reduction
of receptor number by more than 50%, there will be enough
“spare” receptors to activate the pathway with similar effi-
ciency. Activation of the Akt pathway was not seen here,
similar to other studies [36].

Brief exposure to type I mGluR agonists or prolonged
delivery of low-frequency stimulation onto the Schaffer
collateral pathway leads to LTD in hippocampal slices

@ Springer

in vitro as well as in vivo [37]. Studies of the Frag-
ile X syndrome showed that the increased mGlu5-cell
surface mobility and synaptic clustering of mGlu5SR
and NMDAR lead to enhancement of both forms of
mGlu5-dependent LTD in the hippocampal CA1 [38,
39]. We observed here a reduced targeting of mGlu5
to the PSD in Gopc KO mice, which is likely to have
consequences for mGlu5-mediated signaling. Supported
by previous studies, the altered mGlu5 activation and
its downstream signaling might be responsible for the
facilitation of DHPG-induced mGlu5-dependent LTD in
Gopc-deficient mice. This may be due to an increase in
the proportion of extrasynaptic mGlu5 receptors [40]. In
general, activation of group I mGluRs leads to dephos-
phorylation and activation of STEP, which transiently
dephosphorylates tyrosine residues in GluA2-containing
AMPARSs at the PSD [41]. Downstream processing of
AMPARSs may be facilitated in KO, as it involves lateral
diffusion of AMPARSs to extrasynaptic endocytic zones,
from which internalization occurs. Besides mGlu5 and
NMDA receptor, p38 has been suggested as a key modu-
lator of hippocampal mGlu5-dependent LTD [42]. The
increased amounts of extrasynaptic mGlu5 receptors
may promote internalization of AMPARs via activation
of the p38 MAPK signaling pathway, which stimulates
the formation of the GDI-Rab5 complex. p38 MAPK
signaling was shown to be increased here in the hip-
pocampus of KO mice and may therefore be responsible
for increased LTD in KO mice.

Noteworthy, there is an increase in extrasynaptic mGlu5
during synaptic homeostatic plasticity induced by a chronic
increase in neuronal activity, which is due to an upregu-
lation of Homerla expression which anchors mGluR1/5
extrasynaptically in contrast to Homer1b/c, which anchors
mGlu5 perisynaptically. Homerla-supported mGluR1/5
extrasynaptic signaling results in global downregulation
of excitatory synaptic inputs via a mechanism shared
with that involved in the induction of LTD, culminating
in endocytosis of GluA2 receptors [43]. However, in our
study, the basal synaptic transmission was unaffected,
suggesting that it is unlikely that Gopc deficiency upregu-
lated Homerla and by this manner increased extrasynaptic
mGlu5 expression.

The fact that the function of mGlu5 is most strongly
affected in Gopc-deficient mice is consistent with the defi-
cit in the contextual fear conditioning as we observed here.
A similar behavioral phenotype was seen in mGlu5-defi-
cient mice, which also exhibited reduced memory in this
assay [44, 45]. Thus, it seems possible that the learning
deficits in the Gopc-deficient mice may at least partially be
caused by the alterations in mGlu5 targeting and mGlu5-
dependent synaptic plasticity.
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«Fig.7 Impaired contextual fear conditioning in Gopc-deficient
mice. A-B No differences were detected between genotypes in dis-
tance moved (A) and mean minimal distance to the wall (B) during
the 20-min open field test. C WT and KO littermates spent equal
amount of time on the open arms of the elevated plus maze. D Both
genotypes had alternation rates above the chance level of 50% (indi-
cated with a dotted line) in the spontaneous alternation test indicat-
ing that working memory was not affected by the genotype. E-F No
differences between genotypes were detected in the water maze test.
Female (E) and male (F) mice of both genotypes spent more time at
the target quadrant than expected by chance (25%, indicated with a
dotted line) during the transfer trials for short-term (24 min), long-
term (24 h), and remote (7 days) memory. G Both female and male
KO mice spent less time freezing during the recall trial of the con-
textual fear conditioning test as compared to WT littermates. H Both
female and male KO mice had lower discrimination indexes than
WT littermates indicating. F, female; M, male. **p <0.01, the effect
of genotype by 2-way ANOVA with genotype and sex as between
groups factors; 14 females and 15 males per genotype. Mean+ SEM
values are shown
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tary material available at https://doi.org/10.1007/s12035-021-02504-9.

Acknowledgements We thank Hans-Hinrich Honck (Institute for
Human Genetics, Hamburg) for excellent technical assistance and the
UKE microscopic imaging facility (umif) for providing help with, and
access to, confocal microscopes. A.D. has been supported in the frame-
work of the BMBF project (01GQ1421A). H.-J.K. has been supported
by Deutsche Forschungsgemeinschaft through Graduiertenkolleg GRK
1459.

Author Contribution M.K., .S, L.S., and J.K. performed experiments;
M.K., J.K., and H.-J.K. conceived the project; and F.M., A.D., and
H.-J.K. supervised the experiments and analyzed the data. M.K. and
H.-J.K. wrote the manuscript. A.D. and H.-J.K. applied for funding.
All authors read and approved the final manuscript.

Funding Open Access funding enabled and organized by Projekt
DEAL. A.D. has been supported in the framework of the BMBF pro-
ject (01GQ1421A). H.-J.K. has been supported by Deutsche Forschun-
gsgemeinschaft through Graduiertenkolleg GRK 1459. BMBF and
Deutsche Forschungsgemeinschaft did not play a role in the design of
the study; in the collection, analysis, and interpretation of data; and in
writing the manuscript.

Availability of Data and Material All data relating to this manuscript
are included in the main text, in the figures, and in the supplemental
data. Materials such as recombinant DNA samples are available from
the corresponding author upon request.

Code Availability Not applicable.

Declarations

Ethics Approval Experiments with mice in Hamburg were approved by
Behorde fiir Gesundheitsschutz und Verbraucherschutz of the Freie und
Hansestadt Hamburg, Germany under applications 90/14 and 81/12.
Experiments in Magdeburg were approved by the Ethical Committee
on Animal Health and Care of Saxony-Anhalt state, Germany (license
number: 42502-2-1346). Killing of animals was approved by and con-
ducted in accordance with the guidelines of the Animal Welfare Com-

@ Springer

mittee of the University Medical Center Hamburg-Eppendorf under
permission number Org766.

Consent to Participate Not applicable.

Consent for Publication Not applicable.

Conflict of Interest The authors declare no competing interests.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article's Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article's Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

1. Horton AC, Racz B, Monson EE, Lin AL, Weinberg RJ, Ehlers
MD (2005) Polarized secretory trafficking directs cargo for asym-
metric dendrite growth and morphogenesis. Neuron 48(5):757—
771. https://doi.org/10.1016/j.neuron.2005.11.005

2. Mikhaylova M, Bera S, Kobler O, Frischknecht R, Kreutz MR
(2016) A dendritic Golgi satellite between ERGIC and retromer.
Cell Rep 14(2):189-199. https://doi.org/10.1016/j.celrep.2015.12.
024

3. Kim E, Sheng M (2004) PDZ domain proteins of synapses. Nat
Rev Neurosci 5(10):771-781. https://doi.org/10.1038/nrn1517

4. Kornau HC, Schenker LT, Kennedy MB, Seeburg PH (1995)
Domain interaction between NMDA receptor subunits and the
postsynaptic density protein PSD-95. Science 269(5231):1737—
1740. https://doi.org/10.1126/science.7569905

5. Chen L, Chetkovich DM, Petralia RS, Sweeney NT, Kawasaki
Y, Wenthold RJ, Bredt DS, Nicoll RA (2000) Stargazin regulates
synaptic targeting of AMPA receptors by two distinct mecha-
nisms. Nature 408(6815):936-943. https://doi.org/10.1038/35050
030

6. Meyer G, Varoqueaux F, Neeb A, Oschlies M, Brose N (2004)
The complexity of PDZ domain-mediated interactions at gluta-
matergic synapses: a case study on neuroligin. Neuropharmacol-
ogy 47(5):724-733. https://doi.org/10.1016/j.neuropharm.2004.
06.023

7. Irie M, Hata Y, Takeuchi M, Ichtchenko K, Toyoda A, Hirao K,
Takai Y, Rosahl TW et al (1997) Binding of neuroligins to PSD-
95. Science 277(5331):1511-1515. https://doi.org/10.1126/scien
ce.277.5331.1511

8. Cheng J, Wang H, Guggino WB (2004) Modulation of mature
cystic fibrosis transmembrane regulator protein by the PDZ
domain protein CAL. J Biol Chem 279(3):1892-1898. https://
doi.org/10.1074/jbc.M308640200

9. Swiatecka-Urban A, Duhaime M, Coutermarsh B, Karlson KH,
Collawn J, Milewski M, Cutting GR, Guggino WB, Langford G
et al (2002) PDZ domain interaction controls the endocytic recy-
cling of the cystic fibrosis transmembrane conductance regulator.
J Biol Chem 277(42):40099-40105. https://doi.org/10.1074/jbc.
M206964200


https://doi.org/10.1007/s12035-021-02504-9
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.neuron.2005.11.005
https://doi.org/10.1016/j.celrep.2015.12.024
https://doi.org/10.1016/j.celrep.2015.12.024
https://doi.org/10.1038/nrn1517
https://doi.org/10.1126/science.7569905
https://doi.org/10.1038/35050030
https://doi.org/10.1038/35050030
https://doi.org/10.1016/j.neuropharm.2004.06.023
https://doi.org/10.1016/j.neuropharm.2004.06.023
https://doi.org/10.1126/science.277.5331.1511
https://doi.org/10.1126/science.277.5331.1511
https://doi.org/10.1074/jbc.M308640200
https://doi.org/10.1074/jbc.M308640200
https://doi.org/10.1074/jbc.M206964200
https://doi.org/10.1074/jbc.M206964200

Molecular Neurobiology (2021) 58:5618-5634

5633

10.

11.

12.

13.

14.

16.

17.

18.

19.

20.

21.

22.

23.

Cheng J, Moyer BD, Milewski M, Loffing J, Ikeda M, Mickle JE,
Cutting GR, Li M et al (2002) A Golgi-associated PDZ domain
protein modulates cystic fibrosis transmembrane regulator plasma
membrane expression. J Biol Chem 277(5):3520-3529. https://
doi.org/10.1074/jbc.M110177200

Neudauer CL, Joberty G, Macara IG (2001) PIST: a novel PDZ/
coiled-coil domain binding partner for the rho-family GTPase
TC10. Biochem Biophys Res Commun 280(2):541-547. https://
doi.org/10.1006/bbrc.2000.4160

Wente W, Stroh T, Beaudet A, Richter D, Kreienkamp HJ (2005)
Interactions with PDZ domain proteins PIST/GOPC and PDZK1
regulate intracellular sorting of the somatostatin receptor subtype
5.J Biol Chem 280(37):32419-32425. https://doi.org/10.1074/jbc.
M507198200

Chen A, Gossling EK, Witkowski L, Bhindi A, Bauch C, Roussy
G, Sarret P, Kreienkamp HJ et al (2012) Regional and subcellular
distribution of the receptor-targeting protein PIST in the rat central
nervous system. J Comp Neurol 520(5):889-913. https://doi.org/
10.1002/cne.22774

Hicks SW, Machamer CE (2005) Isoform-specific interaction of
golgin-160 with the Golgi-associated protein PIST. J Biol Chem
280(32):28944-28951. https://doi.org/10.1074/jbc.M504937200

. Bergbrede T, Chuky N, Schoebel S, Blankenfeldt W, Geyer M,

Fuchs E, Goody RS, Barr F et al (2009) Biophysical analysis
of the interaction of Rab6a GTPase with its effector domains. J
Biol Chem 284(5):2628-2635. https://doi.org/10.1074/jbc.M8060
03200

Charest A, Lane K, McMahon K, Housman DE (2001) Associa-
tion of a novel PDZ domain-containing peripheral Golgi protein
with the Q-SNARE (Q-soluble N-ethylmaleimide-sensitive fusion
protein (NSF) attachment protein receptor) protein syntaxin 6.
J Biol Chem 276(31):29456-29465. https://doi.org/10.1074/jbc.
M104137200

He J, Bellini M, Xu J, Castleberry AM, Hall RA (2004) Interac-
tion with cystic fibrosis transmembrane conductance regulator-
associated ligand (CAL) inhibits betal-adrenergic receptor surface
expression. J Biol Chem 279(48):50190-50196. https://doi.org/10.
1074/jbc.M404876200

Cuadra AE, Kuo SH, Kawasaki Y, Bredt DS, Chetkovich DM
(2004) AMPA receptor synaptic targeting regulated by stargazin
interactions with the Golgi-resident PDZ protein nPIST. J Neu-
rosci 24(34):7491-7502. https://doi.org/10.1523/INEUROSCI.
1255-04.2004

Koliwer J, Park M, Bauch C, von Zastrow M, Kreienkamp HJ
(2015) The Golgi-associated PDZ domain protein PIST/GOPC
stabilizes the betal-adrenergic receptor in intracellular compart-
ments after internalization. J Biol Chem 290(10):6120-6129.
https://doi.org/10.1074/jbc.M114.605725

Bauch C, Koliwer J, Buck F, Honck HH, Kreienkamp HJ (2014)
Subcellular sorting of the G-protein coupled mouse somatostatin
receptor 5 by a network of PDZ-domain containing proteins. PLoS
ONE 9(2):e88529. https://doi.org/10.1371/journal.pone.0088529
Cheng J, Cebotaru V, Cebotaru L, Guggino WB (2010) Syntaxin 6
and CAL mediate the degradation of the cystic fibrosis transmem-
brane conductance regulator. Mol Biol Cell 21(7):1178-1187.
https://doi.org/10.1091/mbc.E09-03-0229

Cheng S, Zhang J, Zhu P, Ma Y, Xiong Y, Sun L, Xu J, Zhang
H, He J (2010) The PDZ domain protein CAL interacts with
mGluR5a and modulates receptor expression. J Neurochem
112(3):588-598. https://doi.org/10.1111/j.1471-4159.2009.
06454.x

Luo WY, Xing SQ, Zhu P, Zhang CG, Yang HM, Van Halm-
Lutterodt N, Gu L, Zhang H (2019) PDZ scaffold protein CAL
couples with metabotropic glutamate receptor 5 to protect
against cell apoptosis and is a potential target in the treatment of

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Parkinson’s disease. Neurotherapeutics. https://doi.org/10.1007/
s13311-019-00730-7

Nie H, Liu Y, Yin X, Cao H, Wang Y, Xiong W, Lin Y, Xu Z
(2016) Plasma membrane targeting of protocadherin 15 is regu-
lated by the Golgi-associated chaperone protein PIST. Neural Plast
2016:8580675. https://doi.org/10.1155/2016/8580675

Xu Z, Oshima K, Heller S (2010) PIST regulates the intracellular
trafficking and plasma membrane expression of cadherin 23. BMC
Cell Biol 11:80. https://doi.org/10.1186/1471-2121-11-80
Rodriguez CI, Buchholz F, Galloway J, Sequerra R, Kasper J,
Ayala R, Stewart AF, Dymecki SM (2000) High-efficiency del-
eter mice show that FLPe is an alternative to Cre-loxP. Nat Genet
25(2):139-140. https://doi.org/10.1038/75973

Casanova E, Fehsenfeld S, Mantamadiotis T, Lemberger T,
Greiner E, Stewart AF, Schutz G (2001) A CamKIlIalpha iCre
BAC allows brain-specific gene inactivation. Genesis 31(1):37-42
Coba MP, Pocklington AJ, Collins MO, Kopanitsa MV, Uren RT,
Swamy S, Croning MD, Choudhary JS et al (2009) Neurotransmit-
ters drive combinatorial multistate postsynaptic density networks.
Sci Signal 2(68):ral9. https://doi.org/10.1126/scisignal.2000102
Song I, Savtchenko L, Semyanov A (2011) Tonic excitation
or inhibition is set by GABA(A) conductance in hippocampal
interneurons. Nat Commun 2:376. https://doi.org/10.1038/ncomm
s1377

O’Riordan KJ, Hu NW, Rowan MJ (2018) Ass facilitates LTD at
Schaffer collateral synapses preferentially in the left hippocam-
pus. Cell Rep 22(8):2053-2065. https://doi.org/10.1016/j.cel-
rep.2018.01.085

Morellini F (2013) Spatial memory tasks in rodents: what do
they model? Cell Tissue Res 354(1):273-286. https://doi.org/
10.1007/s00441-013-1668-9

Li X, Zhang J, Cao Z, Wu J, Shi Y (2006) Solution structure
of GOPC PDZ domain and its interaction with the C-terminal
motif of neuroligin. Protein Sci 15(9):2149-2158. https://doi.
org/10.1110/ps.062087506

Cushing PR, Vouilleme L, Pellegrini M, Boisguerin P, Madden
DR (2010) A stabilizing influence: CAL PDZ inhibition extends
the half-life of DeltaF508-CFTR. Angew Chem Int Ed Engl
49(51):9907-9911. https://doi.org/10.1002/anie.201005585
Moriyoshi K, Iijima K, Fujii H, Ito H, Cho Y, Nakanishi S
(2004) Seven in absentia homolog 1A mediates ubiquitination
and degradation of group 1 metabotropic glutamate receptors.
Proc Natl Acad Sci U S A 101(23):8614-8619. https://doi.org/
10.1073/pnas.0403042101

Paquet M, Asay MJ, Fam SR, Inuzuka H, Castleberry AM, Oller
H, Smith Y, Yun CC et al (2006) The PDZ scaffold NHERF-2
interacts with mGluRS5 and regulates receptor activity. J Biol
Chem 281(40):29949-29961. https://doi.org/10.1074/jbc.
M602262200

Osterweil EK, Krueger DD, Reinhold K, Bear MF (2010)
Hypersensitivity to mGluR5 and ERK1/2 leads to excessive pro-
tein synthesis in the hippocampus of a mouse model of fragile
X syndrome. J Neurosci 30(46):15616—15627. https://doi.org/
10.1523/JNEUROSCI.3888-10.2010

Luscher C, Huber KM (2010) Group 1 mGluR-dependent syn-
aptic long-term depression: mechanisms and implications for
circuitry and disease. Neuron 65(4):445-459. https://doi.org/
10.1016/j.neuron.2010.01.016

Aloisi E, Le Corf K, Dupuis J, Zhang P, Ginger M, Labrousse
V, Spatuzza M, Georg Haberl M et al (2017) Altered surface
mGluR5 dynamics provoke synaptic NMDAR dysfunction
and cognitive defects in Fmr1 knockout mice. Nat Commun
8(1):1103. https://doi.org/10.1038/s41467-017-01191-2
Huber KM, Gallagher SM, Warren ST, Bear MF (2002) Altered
synaptic plasticity in a mouse model of fragile X mental

@ Springer


https://doi.org/10.1074/jbc.M110177200
https://doi.org/10.1074/jbc.M110177200
https://doi.org/10.1006/bbrc.2000.4160
https://doi.org/10.1006/bbrc.2000.4160
https://doi.org/10.1074/jbc.M507198200
https://doi.org/10.1074/jbc.M507198200
https://doi.org/10.1002/cne.22774
https://doi.org/10.1002/cne.22774
https://doi.org/10.1074/jbc.M504937200
https://doi.org/10.1074/jbc.M806003200
https://doi.org/10.1074/jbc.M806003200
https://doi.org/10.1074/jbc.M104137200
https://doi.org/10.1074/jbc.M104137200
https://doi.org/10.1074/jbc.M404876200
https://doi.org/10.1074/jbc.M404876200
https://doi.org/10.1523/JNEUROSCI.1255-04.2004
https://doi.org/10.1523/JNEUROSCI.1255-04.2004
https://doi.org/10.1074/jbc.M114.605725
https://doi.org/10.1371/journal.pone.0088529
https://doi.org/10.1091/mbc.E09-03-0229
https://doi.org/10.1111/j.1471-4159.2009.06454.x
https://doi.org/10.1111/j.1471-4159.2009.06454.x
https://doi.org/10.1007/s13311-019-00730-7
https://doi.org/10.1007/s13311-019-00730-7
https://doi.org/10.1155/2016/8580675
https://doi.org/10.1186/1471-2121-11-80
https://doi.org/10.1038/75973
https://doi.org/10.1126/scisignal.2000102
https://doi.org/10.1038/ncomms1377
https://doi.org/10.1038/ncomms1377
https://doi.org/10.1016/j.celrep.2018.01.085
https://doi.org/10.1016/j.celrep.2018.01.085
https://doi.org/10.1007/s00441-013-1668-9
https://doi.org/10.1007/s00441-013-1668-9
https://doi.org/10.1110/ps.062087506
https://doi.org/10.1110/ps.062087506
https://doi.org/10.1002/anie.201005585
https://doi.org/10.1073/pnas.0403042101
https://doi.org/10.1073/pnas.0403042101
https://doi.org/10.1074/jbc.M602262200
https://doi.org/10.1074/jbc.M602262200
https://doi.org/10.1523/JNEUROSCI.3888-10.2010
https://doi.org/10.1523/JNEUROSCI.3888-10.2010
https://doi.org/10.1016/j.neuron.2010.01.016
https://doi.org/10.1016/j.neuron.2010.01.016
https://doi.org/10.1038/s41467-017-01191-2

5634

Molecular Neurobiology (2021) 58:5618-5634

40.

41.

42.

retardation. Proc Natl Acad Sci U S A 99(11):7746-7750.
https://doi.org/10.1073/pnas.122205699

Kuwajima M, Dehoff MH, Furuichi T, Worley PF, Hall
RA, Smith Y (2007) Localization and expression of group I
metabotropic glutamate receptors in the mouse striatum, glo-
bus pallidus, and subthalamic nucleus: regulatory effects of
MPTP treatment and constitutive Homer deletion. J Neurosci
27(23):6249-6260. https://doi.org/10.1523/INEUROSCI.3819-
06.2007

Chen X, Lin R, Chang L, Xu S, Wei X, Zhang J, Wang C,
Anwyl R et al (2013) Enhancement of long-term depression by
soluble amyloid beta protein in rat hippocampus is mediated
by metabotropic glutamate receptor and involves activation of
p38MAPK, STEP and caspase-3. Neuroscience 253:435-443.
https://doi.org/10.1016/j.neuroscience.2013.08.054

Moult PR, Correa SA, Collingridge GL, Fitzjohn SM, Bashir ZI
(2008) Co-activation of p38 mitogen-activated protein kinase
and protein tyrosine phosphatase underlies metabotropic glu-
tamate receptor-dependent long-term depression. J Physiol
586(10):2499-2510. https://doi.org/10.1113/jphysiol.2008.
153122

@ Springer

43.

44,

45.

Cingolani LA, Vitale C, Dityatev A (2019) Intra- and extracel-
lular pillars of a unifying framework for homeostatic plasticity:
a crosstalk between metabotropic receptors and extracellular
matrix. Front Cell Neurosci 13:513. https://doi.org/10.3389/
fncel.2019.00513

Xu J, Zhu Y, Contractor A, Heinemann SF (2009) mGluR5 has a
critical role in inhibitory learning. J Neurosci 29(12):3676-3684.
https://doi.org/10.1523/JNEUROSCI.5716-08.2009

Lu YM, Jia Z, Janus C, Henderson JT, Gerlai R, Wojtowicz JM,
Roder JC (1997) Mice lacking metabotropic glutamate receptor 5
show impaired learning and reduced CA1 long-term potentiation
(LTP) but normal CA3 LTP. J Neurosci 17(13):5196-5205

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.


https://doi.org/10.1073/pnas.122205699
https://doi.org/10.1523/JNEUROSCI.3819-06.2007
https://doi.org/10.1523/JNEUROSCI.3819-06.2007
https://doi.org/10.1016/j.neuroscience.2013.08.054
https://doi.org/10.1113/jphysiol.2008.153122
https://doi.org/10.1113/jphysiol.2008.153122
https://doi.org/10.3389/fncel.2019.00513
https://doi.org/10.3389/fncel.2019.00513
https://doi.org/10.1523/JNEUROSCI.5716-08.2009

	The Golgi-Associated PDZ Domain Protein GopcPIST Is Required for Synaptic Targeting of mGluR5
	Abstract
	Introduction
	Materials and Methods
	Antibodies
	Tissue Culture
	Knockdown of Gopc Expression in Primary Cultured Rat Hippocampal and Cortical Neurons
	Immunocytochemistry on Hippocampal Neurons
	Biotinylation Experiments on Cortical Neurons
	DHPG Stimulation
	Generation of Conditional Gopc KO Mice
	Tissue Lysates
	Enrichment of the Hippocampal PSD Fraction
	Preparation of P2 Membrane Fraction
	Electrophysiological Analysis
	Behavioral Analysis
	Statistics

	Results
	Discussion
	Acknowledgements 
	References


