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Background: The expression level of GABAj receptors is controlled by proteasomal degradation.
Results: Proteasomal degradation of GABA receptors is mediated by interaction with Rpt6 and modulated by neuronal activity.
Conclusion: The level of neuronal activity regulates via proteasomal degradation the ER pool of GABAj receptor competent for

forward trafficking.

Significance: This mechanism might contribute to homeostatic neuronal plasticity.

Regulation of cell surface expression of neurotransmitter
receptors is crucial for determining synaptic strength and plas-
ticity, but the underlying mechanisms are not well understood.
We previously showed that proteasomal degradation of GABA
receptors via the endoplasmic reticulum (ER)-associated pro-
tein degradation (ERAD) machinery determines the number of
cell surface GABAg receptors and thereby GABA receptor-me-
diated neuronal inhibition. Here, we show that proteasomal
degradation of GABAj receptors requires the interaction of the
GABAj, C terminus with the proteasomal AAA-ATPase Rpt6.
A mutant of Rpt6 lacking ATPase activity prevented degrada-
tion of GABA} receptors but not the removal of Lys*®-linked
ubiquitin from GABAg,. Blocking ERAD activity diminished
the interaction of Rtp6 with GABAjy receptors resulting in
increased total as well as cell surface expression of GABAg
receptors. Modulating neuronal activity affected proteasomal
activity and correspondingly the interaction level of Rpt6 with
GABAG,. This resulted in altered cell surface expression of the
receptors. Thus, neuronal activity-dependent proteasomal deg-
radation of GABAg receptors by the ERAD machinery is a
potent mechanism regulating the number of GABA receptors
available for signaling and is expected to contribute to homeo-
static neuronal plasticity.

A prominent characteristic of neuronal plasticity is the
regulation of the number of neurotransmitter receptors
available for signaling (1). The operative process can include
regulation of protein synthesis, cell surface trafficking, endocy-
totic removal from the plasma membrane, or degradation of the
receptors. It is now well recognized that protein degradation via
the ubiquitin-proteasome system plays a key role in synaptic
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plasticity (2—4). For instance, pharmacological modulation of
neuronal activity in cultured hippocampal neurons induced a
remodeling of postsynaptic proteins, which was dependent on
proteasome-mediated protein degradation (5). On the receptor
level, chronic elevation of neuronal activity has been shown to
down-regulate AMPA receptors (6) and NMDA receptors (5, 7)
in a proteasome-dependent manner as a homeostatic response.

The most well established role for proteasomal degradation
of membrane receptors is the quality control of newly synthe-
sized receptors in the endoplasmic reticulum (ER).” Folding
and assembly of receptors is a rather inefficient process fre-
quently resulting in incorrectly folded and misassembled
proteins. Defective receptor proteins are Lys**-linked poly-
ubiquitinated, exported from the ER membrane, and degraded
by proteasomes. This process is executed by a multiprotein
machinery called ER-associated protein degradation (ERAD)
(8). In addition to its quality control function, ERAD may also
be involved in the activity-dependent regulation of neurotrans-
mitter receptors. For instance, the level of functional GABA
receptors in the plasma membrane has been shown to be down-
regulated after suppression of neuronal activity or blocking
L-type voltage-gated Ca®>" channels by a mechanism that
involved ubiquitination of the GABA , receptor 83 subunit
and proteasomes (9, 10). Pulse-chase experiments in combi-
nation with inhibiting ER-Golgi transport indicated that
newly synthetized GABA, receptors in the ER were
degraded most likely by ERAD.

The excitability of neurons is controlled, among others, by
the G protein-coupled GABA receptors. GABA receptors are
heterodimers composed of the two subunits GABAg; and
GABA,. They mediate slow inhibitory neurotransmission by
activating K" channels and inhibiting Ca®>* channels (11). We
recently showed that a fraction of GABAj, receptors is Lys*®-

2The abbreviations used are: ER, endoplasmic reticulum; ERAD, ER-associ-
ated degradation; GABA, y-aminobutyric acid; PLA, proximity ligation
assay; CNQX, 6-cyano-7-nitroquinoxaline-2,3-dione; ANOVA, analysis of
variance.

VOLUME 289-NUMBER 11+MARCH 14,2014



linked ubiquitinated at Lys”®”/””! located in the C-terminal
domain of the GABA, subunit and constitutively degraded by
ERAD (12). This mechanism controls the pool of assembled
GABAj receptors in the ER destined for forward trafficking
to the plasma membrane and consequently determines the
level of GABAj, receptor-mediated inhibition. In this study,
we addressed the unresolved questions of which proteasomal
component interacts with GABAjy receptors and whether
ERAD-mediated degradation of GABAy, receptors is regulated
by changes in neuronal activity.

EXPERIMENTAL PROCEDURES

Antibodies—Rabbit GABAy,, ;, (13, 14) directed against the
C terminus of GABAy, (affinity-purified, 1.8 pug/ml for immu-
nofluorescence), rabbit GABAg,y (13, 14) directed against the
N terminus of GABAy, (affinity-purified, 2.6 pug/ml for whole
cell ELISA and total as well as cell surface immunofluorescence
staining, 13 ug/ml for in situ PLA), guinea pig GABAy, (1:1000
for Western blotting, 1:250 for in situ PLA, Chemicon Intl.),
mouse Rpt6 (clone p45-110, 1:1000 for immunofluorescence
using HEK293 cells and 1:50 using neurons, 1:50 for Western
blotting, 1:20 for in situ PLA, Enzo), rabbit ubiquitin Lys*5-
specific (clone Apu2, 1:50 for in situ PLA; Millipore), rabbit
ubiquitin Lys®3-specific (clone Apu3, 1:50 for in situ PLA; Mil-
lipore), mouse actin (1:1000 for whole cell ELISA, Chemicon
International), mouse HA (1:500 for immunofluorescence,
1:200 for in situ PLA, Santa Cruz Biotechnology). Secondary
antibodies were labeled with either horseradish peroxidase
(1:5000, Jackson ImmunoResearch Laboratories), Alexa Fluor
488 (1:1000, Invitrogen), Cy-3 (1:500, Jackson Immuno-
Research Laboratories), IRDye680 (1:400, Li-COR Biosci-
ences), or IRDye800CW (1:400, Li-COR Biosciences).

Drugs—The following chemicals were used for this study:
2 uMm CNQX (6-cyano-7-nitroquinoxaline-2,3-dione, Tocris
Bioscience), 50 um D-AP5 (Tocris Bioscience), 5 uM eeyares-
tatin I (Chembridge), 10 um MG132 (Sigma-Aldrich), 20 um
picrotoxin (Tocris Bioscience), and 50 um pyrenebutyric
acid (Sigma-Aldrich).

Plasmids—Rat GABAy,,, (15), rat GABAg, (16), rat
GABAg, 1740 (17) (GABAjL plasmids were provided by Dr. B.
Bettler, University of Basle and Dr. K. Kaupmann, Novartis,
Basle), rat GABAL,(RR) (12), human HA-Rpt6 and human
HA-Rtp6™'9*™ (18) (gift from Dr. G. Swarup, Council of Sci-
entific and Industrial Research, India), mouse p45/Rpt6 (gift
from Dr. Pierre Chambon, Institut de Génétique et de Biolo-
gie Moléculaire et Cellulaire, University of Strasbourg),
pGBT9PheS (gift from Dr. Gerald Radziwill and Dr. Karin
Moelling, University of Zurich).

Yeast Two-hybrid Assay—The sequence encoding the last 12
C-terminal amino acids of rat GABAj, was introduced into the
pGBT9PheS vector (19) and used for screening a human brain
c¢DNA library (Clontech) with the yeast two-hybrid system
using standard techniques.

Culture and Transfection of HEK 293 Cells—HEK (human
embryonic kidney) 293 cells were cultured in Dulbecco’s mod-
ified Eagle’s medium (DMEM, Invitrogen) containing 10% fetal
bovine serum (PAA Laboratories) and penicillin/streptomycin
(PAA Laboratories). Plasmids were introduced into HEK 293
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cells using the polyethylenimine method according to the jet-
PEI protocol (Polyplus Transfection).

Introduction of Peptides into HEK 293 Cells—Small synthetic
peptides were introduced into HEK 293 cells as described in
Ref. 20. A synthetic peptide comprising the last 14 C-terminal
amino acids of GABA, with seven additional arginines for ren-
dering it cell-permeable was generated (RRRRRRR-RHVPPS-
FRVMVSGL, GenScript). A peptide containing the same amino
acids but in a random sequence was used as a control
(RRRRRRR-RLGPHVRMFVSSVP, GenScript). Both peptides
were biotinylated at their N terminus to permit detection via
DyLight649-conjugated steptavidin (Jackson ImmunoResearch
Laboratories). Twenty-four hours after transfection with
GABAj receptor and Rpt6 plasmids, the HEK 293 cells were
washed with PBS and incubated for 5 min with 50 uM pyren-
ebutyric acid in PBS. Then, the peptide was added (final con-
centration of 10 um) and incubated for 15 min, followed by
washing the cells two times with PBS. After the addition of
fresh culture medium, the cells were incubated for an addi-
tional 24 h at 37 °C/5% CO, and used for immunofluores-
cence experiments.

Culture and Transfection of Cortical Neurons—Primary neu-
ronal cultures of cerebral cortex were prepared from embry-
onic day 18 embryos of Wistar rats as detailed previously (13,
14). Neurons were used after 12 to 17 days in culture. Neurons
were transfected with plasmid DNA using Lipofectamine 2000
(Invitrogen) and CombiMag (OZ Biosciences) exactly as
described in Ref. 21.

Proteasome Activity Assay—Neurons cultured in 96-well
plates were incubated for 12 h with either 20 uMm picrotoxin or
10 um CNQX, 20 uM D-AP5 followed by determination of pro-
teasome activity using the Proteasome Glo chymotrypsin-like
cell-based assay (Promega) according to the manufacturer’s
instructions.

Whole Cell ELISA—Whole cell ELISA was exactly done as
described previously (12, 14). Neurons cultured in 96-well
plates were treated with the indicated drugs for 12 h at 37 °C
and 5% CO,. For determining total expression of GABA,
receptors, the neurons were fixed, permeabilized, and incu-
bated simultaneously with antibodies directed against GABA;,
and actin. The fluorescence signals were quantified using the
Odyssey imaging system. GABA;, signals were normalized to
the actin signal determined in parallel.

For cell surface staining, living neurons were incubated with
GABA,,,, antibodies for 2 h at 4 °C. For normalization, the
cell-permeable nuclear marker DRAQ5 (1:2000, Biostatus Ltd.)
was used.

Immunoprecipitation and Western Blotting—GABAj recep-
tors were immunoprecipitated from 0.5% deoxycholate
extracts of rat brain membranes followed by Western blotting
for the detection of GABA}, and Rpt6 as described previously
(13).

Immunocytochemistry and Confocal Laser Scanning Micro-
scopy—Double-labeling immunocytochemistry on HEK 293
cells and cortical neurons was done exactly as described previ-
ously (13, 14). Images of cells were taken by confocal laser scan-
ning microscopy (LSM510 Meta, Zeiss, 100X plan apochromat
oil differential interference contrast objectitve, 1.4 numerical
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aperture, or LSM700, Zeiss, 40X plan apochromat oil differen-
tial interference contrast objective, 1.4 numerical aperture) at a
resolution of 1024 X 1024 pixels in the sequential mode. Quan-
tification of fluorescence signals and image processing was
done as described in Ref. 14.

In Situ Proximity Ligation Assay (in Situ PLA)—The in situ
PLA technology enables the microscopic detection of protein-
protein interactions and posttranslational modifications of
proteins in cells in situ (22, 23). The target proteins are detected
using two primary antibodies raised in different species and a
corresponding pair of oligonucleotide labeled species-specific
secondary antibodies (PLA probes). Only when the two pri-
mary antibodies bound to their target proteins are located in
very close proximity (<30 nm), specific oligonucleotides can
hybridize to the PLA probes enabling a rolling cycle amplifica-
tion reaction that generates a long DNA strand to which spe-
cific fluorophore-labeled oligonucleotides are hybridized. The
signal from each pair of PLA probes generates an individual
fluorescent spot detectable by fluorescence microscopy.

In this study, in situ PLA was employed for detecting the
interaction of GABAj receptors with Rpt6 (using mouse Rpt6
1:20 and rabbit GABA,\ 13 pg/ml pg/ml), HA-tagged Rpt6
with GABAj receptors (using 1:200 mouse HA and 13 ug/ml
rabbit GABAy,,, ), as well as for detecting Lys*®-linked (rabbit
ubiquitin Lys*®-specific (1:50) and guinea pig GABA, (1:250))
and Lys®*-linked (rabbit ubiquitin Lys®*-specific (1:50) and
guinea pig GABA, (1:250)) ubiquitination of GABAj recep-
tors. The specificity of the PLA signal was validated for each
pair of antibodies in HEK 293 cell expressing or not expressing
GABAj receptors. In addition, in neurons omitting one of the
primary antibodies did not generate PLA signals.

In situ PLA was performed using the Duolink in situ kit
(Olink Bioscience) according to the manufacturer’s instruc-
tions. Briefly, cortical neurons grown on coverslips were
washed with PBS, fixed with 4% paraformaldehyde for 20 min at
room temperature, washed again with PBS, and permeabilized
for 10 min with 0.2% Triton X-100 in PBS. After washing again
with PBS, the neurons were incubated with the appropriate pair
of primary antibodies (diluted in PBS containing 3% BSA) over-
night at 4 °C. Thereafter, the cells were washed four times for 5
min with PBS, followed by incubation with the PLA probes
(PLA probe anti-mouse minus and PLA probe anti-rabbit plus
or PLA probe anti-guinea pig plus, all diluted 1:5 in 3% BSA/
PBS) for 1 h at 37 °C. After washing the cells two times for 5 min
with PBS, the ligation solution diluted 1:5 in water was added to
the neurons and incubated in a preheated humidity chamber
for 1 h at 37 °C. The neurons were then washed two times for 5
min with 10 mm Tris, pH 7.4, 0.15 M NaCl, 0.05% Tween 20.
Finally, the amplification solution containing the fluorescently
labeled oligonucleotides diluted 1:5 in water along with second-
ary antibodies for the determination of the GABA, expression
levels was added to the neurons and incubated in a preheated
humidity chamber for 100 min at 37 °C. Subsequently, the neu-
rons were washed two times with 0.2 m Tris, pH 7.4, 0.1 m NaCl,
and once with 0.002 M Tris, 0.001 M NaCl for 1 min in the dark
at room temperature and mounted on microscope slides with
Dako fluorescent mounting medium. Stained neurons were
immediately analyzed by laser scanning confocal microscopy
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(LSM 510 Meta, Zeiss, 100X plan apochromat oil differential
interference contrast objective, 1.4 numerical aperture). Five
optical sections were taken with a distance of 0.3 um and a
resolution of 1024 X 1024 pixels.

Quantification was done by counting the PLA spots within
the soma of the neurons using MacBiophotonics Image]J soft-
ware (version 1.41n). First, the area of the soma and the inte-
grated fluorescence intensity of the GABA, signal were deter-
mined, and then the PLA spots were counted. PLA signals were
normalized to the GABA, signal and the area of the soma.

RESULTS

GABA g, Interacts with the Proteasomal AAA-ATPase Rpt6—
We recently showed that the expression of total and cell surface
GABAj; receptors is regulated by proteasomes via the ERAD
(12). To identify proteins that might be involved in proteasomal
degradation of GABAj receptors, we screened a brain cDNA
library with a sequence comprising the last 12 C-terminal
amino acids of GABAy, for interacting proteins using the yeast
two-hybrid assay. One of the eight putative GABAj receptor-
interacting proteins detected with this system, the AAA-
ATPase Rtp6/Sugl/p45 (hereafter named Rpt6), was related to
protein degradation. Rpt6 is a component of the 19S regulatory
particle of the proteasome and has been implicated in recruit-
ing proteins to proteasomes for degradation (24 -29). We ver-
ified the interaction of Rpt6 with native GABAj receptors by
their co-immunoprecipitation from rat brain extracts (Fig. 14)
and by in situ PLA in cultured neurons (Fig. 1B). Moreover,
inhibition of proteasomal activity for 30 min with MG132 con-
siderably increased the interaction of Rpt6 with GABAj,
(156 £ 19% of control, Fig. 1B), suggesting that the receptors
are no longer degraded and remained bound to Rpt6. This find-
ing was further corroborated by colocalization studies. Block-
ing proteasomal activity with MG132 for 30 min resulted in a
small increase of GABAy, clusters (120 * 8% of control, Fig.
1C), whereas Rpt6 clusters remained unchanged. However, the
co-localization of GABA, clusters with Rpt6 clusters was con-
siderably increased (193 * 12% of control, Fig. 1C). These
results suggest that interaction of Rpt6 with GABA ;, mediates
proteasomal degradation of GABA receptors.

The effect of Rpt6 on GABAj receptors was analyzed in
detail using coexpression experiments in HEK 293 cells. HEK
293 cells overexpressing Rpt6 displayed reduced levels of total
(GABAg,, 56 = 3%; GABAg,, 49 = 3% of control; Fig. 24) as
well as cell surface GABAj receptors (GABAg,, 38 * 5%;
GABAg,, 47 £ 5% of control; Fig. 2B), indicating that Rpt6
mediates degradation of GABAjy receptors. Coexpression of
Rpt6 with individual GABAg receptor subunits reduced the
expression level of GABA;, (60 = 4% of control, Fig. 2C) but did
not affect the level of GABAg; (Fig. 2D), demonstrating that
Rpt6 specifically interacts with GABAy, to down-regulate
GABAj receptors. This notion was further substantiated by the
finding that the expression level of a C-terminal truncated ver-
sion of GABAy, (GABA,(T749)), which does not contain the
Rpt6 interaction site, was not affected by coexpression with
Rpt6 (Fig. 2E).

Recently, we showed that proteasomal degradation of
GABA;; receptors requires Lys*®-linked ubiquitination of the
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FIGURE 1. GABAg receptors interact with the proteasomal AAA-ATPase Rpt6. A, coimmunoprecipitation of GABA; receptors with Rpt6. GABAg receptors
were immunoprecipitated from 0.5% deoxycholate extracts prepared from rat brain membranes using GABA;,, antibodies coupled to protein A-agarose. The
extensively washed immunoprecipitate was subjected to Western blotting for detection of GABAg, and Rpt6. Specificity of the immunoprecipitation was
verified by using protein A beads conjugated to non-immune antibodies (control). /P,immunoprecipitate; Ab, antibody. B, enhanced GABA;,/Rpt6 interaction
after proteasome inhibition detected by in situ PLA (left, white dots). Neurons were incubated for 30 min with the proteasome inhibitor MG132 (10 um), followed
by in situ PLA using antibodies directed against GABAg, and Rpt6. The images depict the PLA signals in the soma and proximal dendrites (outlined in white).
Right: quantification of in situ PLA signals in the soma (means = S.E., 30-36 neurons from three experiments). Scale bar, 5 um.**, p < 0.001, t test. C, increased
colocalization of GABA, and Rpt6 after blocking proteasomal activity in proximal dendrites. Neurons were incubated for 30 min with the proteasome inhibitor
MG132 (10 wm) and stained with antibodies directed against GABAg, (red) and Rpt6 (green). Yellow clusters in the merged image indicate the colocalization of
GABAg, and Rpt6 (scale bars, 5 wm (top) and 1 um (insets)). Bottom: quantification of GABAg, and Rpt6 colocalization after proteasome inhibition (means = S.E.,

20-24 neurons from two experiments). *, p < 0.05; ***, p < 0.0001; t test.

GABAj, C-terminal domain at Lys”®””7' (12). To analyze
whether Rpt6-mediated down-regulation depends on ubiquiti-
nation of GABAy,, we expressed Rpt6 together with a mutant
of GABAg, in which Lys”®””””! were exchanged for arginines
(GABAS,(RR)) to prevent ubiquitination at these sites (12).
As expected, GABA,(RR) was resistant to Rpt6-mediated
down-regulation, verifying that Rpt6 is involved in protea-
somal degradation of Lys*®-linked ubiquitinated GABAy
receptors (Fig. 2F).

Finally, to prove that Rtp6-mediated down-regulation of
GABAj receptors in fact depends on interaction of GABAg,
with Rtp6, we used a synthetic peptide (R2C-Pep) comprising
the last 14 C-terminal amino acids of GABA, to disrupt the
GABA,,/Rpt6 interaction. R2C-Pep inhibited the down-regu-
lation of GABAR, by Rpt6 (108 =+ 6% of control, Fig. 3), whereas
a control peptide (R2r-Pep, random order of the same amino
acids) had no significant effect (80 = 4% of control, Fig. 3).
These findings indicate that proteasomal degradation of
GABA receptors depends on ubiquitination of GABA, and is
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mediated by the interaction of the GABAy, C terminus with
Rpto6.

Intact ATPase Activity of Rpt6 Is Required for Proteasomal
Degradation of GABA; Receptors—All six proteasomal AAA-
ATPases, including Rpt6, are involved in substrate recognition,
unfolding, and translocation of proteins into the barrel-shaped
destruction chamber of the 20S proteasome (30). To test
whether ATPase activity of Rpt6 is required for degradation of
GABAj receptors in their native environment, we transfected
neurons with either EGFP (control), Rtp6, or a mutant of Rtp6
(Rpt6(DN)), which lacks ATPase activity (mutation of Lys'®® to
Met) (18) and tested for total and cell surface expression of
GABAj receptors (Fig. 4). Unlike overexpression of Rtp6 in
HEK 293 cells, transfection of neurons with Rtp6 did not reduce
total (Fig. 44) or cell surface (Fig. 4B) expression of GABA,
receptors. This might be due to a lower level of overexpression
in neurons, a saturation of proteasomes with Rpt6 in neurons or
to the different cellular environment. However, transfection of
neurons with Rpt6(DN) significantly increased both total
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FIGURE 2. Rpt6 mediates proteasomal degradation via interaction with
the C terminus of GABAg,. HEK 293 cells were transfected with plasmids
containing GABAg,, and GABAg, (A and B), GABAg, or GABAg,, alone (Cand
D), a truncated version of GABAg, (GABA;,T749) lacking the intracellular
located C-terminal domain (E), or GABAg,(RR), a GABAg, mutant with inacti-
vated Lys*®-linked ubiquitination sites required for proteasomal degradation
(F) without (left panels, —Rpt6) or with Rpt6 plasmid (right panels, +Rpt6).
Forty-eight hours after transfection, the cells were stained for the indicated
GABA; receptor subunit (left, representative images) and Rpt6 (not shown).
Right panels: quantification of GABAg receptor staining levels (means * S.E.,
23-120 cells from 2-4 experiments). ***, p < 0.0001; t test. Scale bar, 10 um.

(150 = 7% of control, Fig. 44) and cell surface (157 = 8% of
control, Fig. 44) GABAy receptors. This finding indicates that
ATPase activity of Rtp6 is required for constitutive proteasomal
degradation of GABA;; receptors.

To test whether the loss of proteasomal degradation of
GABAj; receptors in neurons expressing Rpt6(DN) was based
on the impaired ATPase activity or on a potential inability of
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FIGURE 3. A peptide comprising the last 14 C-terminal amino acids of
GABAG, blocked the Rpt6-mediated down-regulation of GABAg,. Twenty-
four hours after transfection of HEK 293 cells with plasmids containing
GABAg, or GABA, and Rpt6 (+Rpt6) a peptide comprising the last 14 C-ter-
minal amino acids of GABAg, (R2C-Pep) or a peptide containing the same
amino acids but in a random sequence (R2r-Pep) was added. After additional
24 h, the cells were stained for GABAg,, Rpt6 (not shown), and the peptide
(not shown). Top: representative images (scale bar, 10 um). Bottom: quantifi-
cation of total GABAg, staining. GABAg, staining in HEK 293 cells only express-
ing GABAg, (GABA;,) was taken as control (means = S.E., 90-110 cells from
three experiments). **, p < 0.01; ***, p < 0.001; one way ANOVA, Dunnett’s
post hoc test.

GABA,, to interact with the mutant Rtp6, we transfected neu-
rons with either Rtp6 (control) or Rpt6(DN) and tested for
interaction with GABA}, using in situ PLA. The number of
interactions were similar (statistically not different) in neurons
expressing wild type Rtp6 or Rpt6(DN) (Fig. 4C), demonstrat-
ing that the reduced proteasomal degradation for GABA,
receptors in neurons expressing Rpt6(DN) was caused by the
impaired ATPase activity of Rpt6(DN).

Proteins destined for proteasomal degradation are usually
tagged with Lys*®-linked polyubiquitin. After binding to the
proteasome, the protein is deubiquitinated by Rpn11 present in
the 19 S regulatory particle, unfolded by the proteasomal AAA-
ATPases located at the base of the 19 S regulatory particle and
thread into the 20 S proteasome for degradation (31). Because
Rpnll activity is unlikely to be affected in neurons transfected
with Rpt6(DN), we expected GABAjy receptors bound to
Rpt6(DN) to be deubiquitinated, although they cannot be
translocated into the degradation chamber of the 20S protea-
some. Using in situ PLA, we indeed detected a strongly reduced
level of Lys*®-linked ubiquitinated GABA, receptors in neu-
rons expressing Rpt6(DN) (39 = 3% of control, Fig. 54). In
contrast, Lys®®>-linked ubiquitination of GABAjy receptors,
which is not involved in proteasomal degradation, was not
affected in Rpt6(DN) expressing neurons (Fig. 5B). These
experiments indicate that GABAj receptors bound to Rtp6 are
deubiquinated but cannot be degraded if the ATPase activity of
Rtp6 is impaired.
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of GABAg, by immunofluorescence staining. Left: representative images
(scale bar, 5 wm). Right: quantification of immunofluorescence signals
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ANOVA, Dunnett’s post hoc test. C, the GABAg,/Rpt6 interaction is indepen-
dent of Rpt6 ATPase activity. Neurons transfected with either wild type Rpt6
or Rpt6(DN) were tested for interaction of GABAg, with Rpt6 by in situ PLA.
Left: representative images depicting PLA signals (white dots; scale bar, 5 um).
Right: quantification of in situ PLA signals (means = S.E., 23 neurons from
three preparations). n.s., not significant; p > 0.05; t test.
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FIGURE 5. Inactivation of Rtp6 reduced the fraction of Lys*®-linked ubiq-
uitinated GABAG receptors. Neurons were transfected with either wild type
Rpt6 or a non-functional mutant of Rpt6 (Rpt6(DN)) lacking ATPase activity.
After 48 h, neurons were fixed, permeabilized, and tested for Lys*® (4) and
Lys®3-linked ubiquitination (Ub; B) of GABA, receptors using in situ PLA. Left:
representative images depicting the PLA signals (white dots; scale bar, 5 um).
Right: quantification of in situ PLA signals (means = S.E., 30 (A) and 24 (B)
neurons from three preparations). ***, p < 0.0001; t test.

Interaction of GABA g, with Rtp6 Is Reduced upon Blocking
ERAD—We previously showed that GABA; receptors are con-
stitutively degraded by proteasomes via the ERAD machinery
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FIGURE 6. Blocking ERAD reduced GABAg,/Rpt6 interaction and
increased GABAg receptor expression. A and B, blocking the ERAD pathway
increased the level of GABA; receptors. Neurons grown in 96-well plates were
incubated for 12 h with the ERAD inhibitor eeyarestatin | (Eerl, 5 um). Total (A)
and cell surface (B) GABA, receptor levels were determined using the whole
cell ELISA and GABAg, antibodies. Control, cultures not treated with eeyares-
tatin | (means = S.E., 30 cultures from three preparations). ***, p < 0.0001; t
test. C, diminished GABA,/Rpt6 interaction upon inhibition of ERAD. Neu-
rons were incubated for 12 h with the ERAD inhibitor eeyarestatin | (Eerl, 5 M)
and analyzed for interaction of GABAg, with Rpt6 using in situ PLA. Left: rep-
resentative images depicting PLA signals (white dots; scale bar, 5 um). Right:
quantification of in situ PLA signals (means = S.E., 28 neurons from three
preparations). ***, p < 0.0001; t test.

(12). Blocking ERAD activity using the p97 inhibitor eeyaresta-
tin [, which inhibits translocation of proteins from the ER mem-
brane to the cytoplasm for proteasomal degradation (32, 33),
increased both total (152 = 6% of control, Fig. 6A4) as well as cell
surface GABA; receptors (129 * 6% of control, Fig. 6B), con-
firming our previous findings. Because eeyarestatin I targets
p97, preventing ER exit of ubiquitinated proteins and their
interaction with the proteasomes located in the cytoplasm, we
expected a diminished interaction of GABA} receptors with
Rpt6. We employed in situ PLA to test whether the increase in
GABAj receptors upon blocking p97 is associated with a
decreased interaction of GABA, with Rtp6. Consistent with
the essential role of Rtp6 for proteasomal degradation of
GABAj, receptors inhibition of p97 with eeyarestatin I signifi-
cantly reduced the GABAg,/Rpt6 interaction (71 = 4% of con-
trol, Fig. 6C).

Neuronal Activity Modulates GABAg Receptor Expression
and GABA z,/Rpt6 Interaction—Proteasomal activity has been
reported to be regulated by the level of neuronal activity (34).
Therefore, we tested whether changes in neuronal activity
affects the amount of GABAj receptor. We pharmacologically
manipulated the activity of cultured neurons and determined
their GABA receptor protein levels using GABA, antibodies
and whole cell ELISA. Treatment of neurons for 12 h with
CNQX/p-AP5 to block excitatory synaptic transmission by
inhibiting AMPA and NMDA receptors considerably increased
total and cell surface GABAy, levels (total, 129 * 4%; cell sur-
face, 135 = 4% of control; Fig. 7, A and B). In contrast, chroni-
cally blocking GABA , receptor activity with picrotoxin to ele-
vate neuronal activity decreased total as well as cell surface
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FIGURE 7. The expression level of GABA receptors and interaction with
Rtp6 is controlled by neuronal activity. A-D, chronic changes in neuronal
activity modulate GABAg receptor expression. Neurons grown in 96-well
plates were incubated for 12 h with 10 um CNQX/20 um b-AP5 (A and B) or with
20 um picrotoxin (PTX; Cand D) in the absence or presence of the ERAD inhib-
itor eeyarestatin | (Eerl, 5 um) followed by determination of total (A and C) and
cell surface (B and D) GABAg, levels using the whole cell ELISA. Shown are
means * S.E. of 20-47 cultures from two to four experiments. A-C, **, p <
0.01; *** p < 0.0001; t test; D, ***, p < 0.0001; n.s., not significant (p > 0.05);
one-way ANOVA, Bonferroni’s multiple comparison post hoc test. E, chronic
changes in neuronal activity modulate proteasome activity. Proteasome
activity was determined in neurons grown in 96-well plates incubated for 12 h
with 10 um CNQX/20 um D-APS5 or with 20 um picrotoxin (PTX) using the Pro-
teasome-Glo cell-based assay. Shown are means = S.E. of 12 cultures from
four preparations. **, p < 0.01, one-way ANOVA, Dunnett’s post hoc test. F,
chronic changes in neuronal activity modulate interaction of GABAg, with
Rpt6. Neurons were incubated for 12 h with 10 um CNQX/20 wm p-AP5 or with
20 um picrotoxin followed by determination of the GABA;,/Rpt6 interaction
levels using in situ PLA. Top, representative images depicting the PLA signals
(white dots; scale bar, 5 um). Bottom, quantification of in situ PLA signals.
Shown are means = S.E. of 37 neurons from two experiments. ¥, p < 0.05; **¥,
p < 0.0001; one-way ANOVA, Dunnett’s post hoc test.

GABA, levels (total, 72 * 7%; cell surface, 83 == 1% of control;
Fig. 7, Cand D). The decrease in cell surface GABAy, was pre-
vented by cotreatment with the ERAD inhibitor eeyarestatin I
(97 = 1% of control, Fig. 7D). This finding suggests that neuro-
nal activity regulates GABAy receptor expression levels via
modulating proteasomal activity associated with the ERAD
machinery. Under our test conditions, blocking AMPA and
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NMDA receptors reduced proteasomal activity to 62 = 6% of
control neurons as determined with a luminogenic proteasome
substrate (Fig. 7E). By contrast, blocking GABA, receptors
with picrotoxin increased protasomal activity to 169 = 11% of
control neurons (Fig. 7E). These findings suggest that changes
in neuronal excitation controls the expression level of GABA,
receptors via proteasomal degradation.

If neuronal activity indeed regulates total and cell surface
GABAj; receptor expression via proteasomal degradation the
interaction of GABA, with Rtp6 should be concomitantly reg-
ulated. Therefore, we expected a reduced level of GABA,
receptor/Rtp6 interaction after treating neuronal cultures for
12 h with CNQX plus b-AP5, conditions that lead to diminished
proteasome activity. Indeed, blocking glutamate receptors con-
siderably reduced the level of GABA;,/Rpt6 interaction (39 *
4% of control, Fig. 7F). In contrast, enhancing neuronal activity
by blocking GABA, receptors, which enhanced proteasome
activity, increased the number of GABAy,/Rpt6 interactions
(302 = 22% of control, Fig. 7F). These findings suggest that
neuronal activity modulates cell surface expression of GABAy
receptors via changes in proteasomal activity, which is reflected
by changes in the level of GABA,/Rpt6 interaction.

DISCUSSION

GABAj receptors are degraded by two distinct pathways.
Cell surface GABA receptors are constitutively internalized
via the dynamin and clathrin-dependent pathway, recycled to
the plasma membrane, and are eventually sorted to lysosomes
for degradation (35). Newly synthetized and assembled GABA
receptors in the ER are constitutively degraded to a certain
extent by proteasomes via the ERAD machinery (12). This
mechanism controls the pool of new GABA; receptors des-
tined for forward trafficking to the plasma membrane. In the
present study, we show that the proteasomal AAA-ATPase
Rpt6 interacts with the C terminus of GABAy,,, thereby medi-
ating proteasomal degradation of GABA receptors. Rpt6 is one
of the six AAA-ATPases of the 19S regulatory particle of the
proteasome (36). The six distinct AAA-ATPases located at the
base of the 19S regulatory particle of the 26S proteasome rec-
ognize, unfold, and translocate the protein substrates into the
20S, protein-degrading core particle (31, 37). Initially, a yeast
two-hybrid screening with a peptide comprising the last 12
C-terminal amino acids of GABAy, suggested that Rpt6 may
interact with GABA,. Co-immunoprecipitation from rat brain
extracts, colocalization in cultured neurons, and testing the
association in neurons using in situ PLA verified the interaction
of Rpt6 with GABA; receptors. This was further substantiated
by experiments inhibiting proteasome activity, which increased
the interaction and colocalization of Rpt6 with GABAj recep-
tors. Finally, the interaction of Rpt6 with the C terminus of
GABAj, was confirmed by peptide competition.

Experiments in HEK 293 cells support the view that Rpt6 is
essential for proteasomal degradation of GABAj receptors. It
had been previously reported that overexpression of Rpt6 in
HEK 293 cells increase proteasome activity 3-fold, most likely
due to a regulatory role of free Rpt6 on proteasome assembly
and thereby activity (38). In line with this report, overexpres-
sion of Rpt6 in HEK 293 cells down-regulated total and cell
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surface GABAj receptors. Down-regulation depended on the
Rpt6/GABA,, interaction as well as on the Lys*®-linked ubiq-
uitination of Lys”®”’””" in GABAy,. Because Lys”®”/””" ubiquiti-
nation in GABAy, is a prerequisite for proteasomal degradation
of GABA; receptors (12), these findings underline that the
interaction of GABAy, with Rtpé6 is required for proteasomal
degradation of the receptors.

Although Rpt6 does not interact with GABA;, as indicated
by the lack of its down-regulation when expressed in HEK 293
cells in the absence of GABA,, GABA;, and GABA;, were
concomitantly reduced to the same extent. This strongly sug-
gests that assembled GABA; receptor complexes are degraded
by proteasomes and is in line with our previous observation that
heterodimeric receptor complexes are degraded by the ERAD
machinery and not single GABAj receptor subunits before
being assembled in the ER (12). Our finding that blocking
ERAD function increased total and cell surface GABAj expres-
sion and reduced the level of GABA,/Rpt6 interaction verifies
that proteasomal degradation of GABAj receptors takes place
at the ER.

Our data further indicate that proteasomal degradation of
GABAj receptors in neurons require intact ATPase activity of
Rpt6 because overexpression in neurons of a mutant Rpt6 lack-
ing ATPase activity led to an increase of total as well as cell
surface GABAj receptors. This finding provides further evi-
dence that GABAj receptors are constitutively degraded to a
certain extent by proteasomes (12). Lack of ATPase activity did
not affect the interaction of Rpt6 with GABA,, suggesting that
recruiting GABA receptors to proteasomes is independent of
Rpt6’s ATPase activity.

Proteins targeted for proteasomal degradation are deubiq-
uitinated before being degraded by the 20S proteasome. Lys*®-
linked polyubiquitin of substrate proteins is bound by Rpn10
and released by the deubiquitinase activity of Rpnl1 present in
the 19S regulatory particle (31). Overexpression of mutant Rpt6
in neurons considerably reduced the fraction of Lys**-linked
ubiquitinated GABAj,, although the receptors were not
degraded and remained bound to Rpt6. This suggests that deu-
biquitination of GABA, is independent of its degradation and
takes place before or concomitant with its translocation into
the degradation chamber of the 20S proteasome.

There is accumulating evidence that neuronal activity regu-
lates proteasome-dependent protein degradation and, intrigu-
ingly, proteasome activity. It has recently been demonstrated
that blockade of neuronal activity decrease proteasomal activity
whereas enhancing neuronal activity increase proteasomal
activity (34, 39, 40). The mechanism of enhancing proteasomal
activity involves Ca>" influx via NMDA receptors as well as
L-type voltage-gated Ca*>" channels (34). This leads to the acti-
vation of CaMKII, which phosphorylates Rpt6 on Ser'° (34, 40,
41) to roughly double proteasomal activity (40, 41). Conversely,
reduced neuronal activity decreases phosphorylation of Rpt6
(40), resulting in diminished proteasomal activity (34, 39). In
view of this data, it was not surprising that blocking neuronal
activity reduced the level of GABA,/Rpt6 interaction and up-
regulated total as well as cell surface GABA} receptors. How-
ever, increasing neuronal activity by blocking GABA , recep-
tors, which enhances proteasomal activity, increased the level
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GABA,,/Rpt6 interaction, and consequently decreased the
expression levels of GABAj receptors. This was reversed by
pharmacologically blocking ERAD demonstrating that protea-
somal degradation affects the pool of newly synthetized GABA
receptors present in the ER. These findings are in line with the
view that the level of neuronal activity regulates proteasomal
activity and thereby the pool of GABA} receptors available in
the ER for trafficking to the plasma membrane.

In conclusion, our data support the hypothesis that cell sur-
face trafficking of GABA receptors is controlled by neuronal
activity at the level of the ER by defining the amount of recep-
tors present in the ER via regulated proteasomal degradation.
This mechanism is expected to contribute to homeostatic syn-
aptic plasticity.
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