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Abstract

Cerebral ischemia is the leading cause for long-term disability and mortality in
adults due to massive neuronal death. Currently, there is no pharmacological
treatment available to limit progressive neuronal death after stroke. A major
mechanism causing ischemia-induced neuronal death is the excessive release of
glutamate and the associated overexcitation of neurons (excitotoxicity). Nor-
mally, GABAg receptors control neuronal excitability in the brain via pro-
longed inhibition. However, excitotoxic conditions rapidly downregulate
GABAj receptors via a CaMKII-mediated mechanism and thereby diminish
adequate inhibition that could counteract neuronal overexcitation and neuro-
nal death. To prevent the deleterious downregulation of GABAp receptors, we
developed a cell-penetrating synthetic peptide (R1-Pep) that inhibits the inter-
action of GABAg receptors with CaMKII. Administration of this peptide to
cultured cortical neurons exposed to excitotoxic conditions restored cell sur-
face expression and function of GABAjg receptors. R1-Pep did not affect
CaMKII expression or activity but prevented its T286 autophosphorylation
that renders it autonomously and persistently active. Moreover, R1-Pep
counteracted the aberrant downregulation of G protein-coupled inwardly rec-
tifying K channels and the upregulation of N-type voltage-gated Ca®" chan-
nels, the main effectors of GABAg receptors. The restoration of GABAg
receptors activated the Akt survival pathway and inhibited excitotoxic neuro-
nal death with a wide time window in cultured neurons. Restoration of
GABAg receptors and neuroprotective activity of R1-Pep was verified by
using brain slices prepared from mice after middle cerebral artery occlusion
(MCAO). Treatment with R1-Pep restored normal GABAg receptor expres-
sion and GABA receptor-mediated K* channel currents. This reduced
MCAO-induced neuronal excitability and inhibited neuronal death. These
results support the hypothesis that restoration of GABAg receptor expression
under excitatory conditions provides neuroprotection and might be the basis
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for the development of a selective intervention to inhibit progressive neuronal
death after ischemic stroke.
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1 | INTRODUCTION

Ischemic stroke is associated with high mortality and sur-
vivors often suffer from disabilities such as paralysis or
disturbance of speech, which cause tremendous health
and socio-economic cost [1]. Disruption of blood supply
to or within the brain deprives neurons of oxygen and
energy. Currently, the only available pharmacological
treatment for acute stroke is the application of thrombo-
lytic agents to restore blood circulation early after the
ischemic insult [2, 3]. If reperfusion is not rapidly initi-
ated, this leads to metabolic derailment and death of neu-
rons in the region surrounding the lesion core. The
development of treatments to diminish progressive, del-
ayed ischemic neuronal death remains a major challenge
and calls for novel therapeutic strategies [4-6]. One
promising strategy is the targeting of protein—protein
interactions with small interfering peptides to modify sig-
naling pathways that are altered in disease states. In fact,
there is a variety of in vitro and in vivo preclinical exam-
ples advocating the power of this approach and some
interfering peptides are currently in clinical trials [7-10].

Excitotoxicity, caused by massive release of glutamate
and over-stimulation of glutamate receptors, is thought
to be a major mechanism for progressive and delayed
ischemia-induced neuronal death [11-15]. Under physio-
logical conditions, the activity of glutamate receptors and
neuronal excitability is controlled by GABAg receptors
[16]. GABAg receptors are heterodimeric G protein-
coupled receptors, comprising GABAg; and GABAp,
subunits. They are expressed by virtually all neurons at
pre- and postsynaptic locations where they convey pro-
longed inhibition [16]. In principle, ischemic over-
excitation of neurons should increase the activity of
GABAj receptors, counteract over-stimulation of gluta-
mate receptors and limit progressing excitotoxic neuronal
death. Unfortunately, this is not the case because
excitotoxic conditions rapidly downregulate GABAg
receptors [17-23]. Studies on cultured neurons demon-
strated that sustained activation of glutamate receptors
increased CaMKII-dependent phosphorylation of serine
867 in the GABAg; subunit [17]. CaMKIIp-mediated
phosphorylation of internalized GABAj receptors serves
as a signal for K63-linked ubiquitination of GABAp; at
multiple sites by the E3-ligase Mind-bomb 2 and sorting
of the receptors to lysosomal degradation [24, 25].

Since phosphorylation of GABAg;(S867) by CaM-
KIIp plays a key role in the aberrant decreased abun-
dance of GABAGg receptors under excitotoxic conditions,

we hypothesized that preventing the interaction of
CaMKIIp with GABAGg receptors, and thereby inhibiting
phosphorylation of GABAg;, would block the aberrant
degradation of the receptors. This should restore normal
cell surface expression of the receptors, reduce neuronal
excitability and limit excitotoxic neuronal death. To this
end, we developed an interfering peptide that inhibits
the interaction of CaMKIIp with GABAjg receptors
and tested its effects on cultured neurons exposed to
excitotoxic conditions and in the middle cerebral artery
occlusion (MCAO) mouse model of cerebral ischemia.

2 | METHODS AND MATERIALS

2.1 | Animals

In keeping with the 3R principles, we first thoroughly
evaluated the interfering peptide in a series of in vitro
experiments using cultured cortical neurons prepared
from Wistar rat E18 embryos. We then tested the activity
of the interfering peptide in the MCAO model of cerebral
ischemia using 8- to 12-week-old male C57BL/6J mice.
Mice were housed up to five per cage with a standard
12/12-h light/dark cycle and food and water available ad
libitum. The mice were randomly (random number gen-
erator) assigned to MCAO or sham-operation. All ani-
mal experiments were approved by the Zurich cantonal
veterinary office, Zurich, Switzerland (licence ZH152/16,
ZHO011/19, and ZH031/16).

2.2 | Antibodies

Mouse Akt (1:250 for immunofluorescence [IF], Cell Sig-
naling Technology #2920), rabbit pAkt-S473 (1:1000 for
IF, Cell Signaling Technology #4060), rabbit CaMKII
(1:1000 for IF, 1:100 for PLA; Abcam #ab52476), mouse
CaMKIIB (1:1500 for Western blotting [WB], Thermo
Fisher Scientific #13-9800), rabbit phospho-CaMKII
(Thr286) (1:500 for WB, Cell Signaling Technology
#12716), rabbit Cay2.2 (1:1000 for IF and 1:200 for
Western blotting; Alomone Labs #ACC-002), mouse
GABAg; (1:250 for IF and Western blotting, 1:100 for
PLA; Abcam #ab55051), rabbit GABAg, directed
against the N-terminus of GABAg;y, (affinity-purified,
1:100 for IF; custom made by GenScript) [26], rabbit
GABARp, directed against the N-terminus of GABAg,
(affinity-purified, used for cell surface staining, 1:25 for
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IF; custom made by GenScript) [27], rabbit GABAg,
(1:500 for IF, 1:100 for PLA, 1:800 for Western blotting;
Abcam #ab75838), mouse GFP antibody (for immuno-
precipitation, TaKaRa #632381), rabbit K;,3.2 (1:250 for
IF and Western blotting, Alomone Labs #APC-006),
mouse GSK3p (1:250 for IF, Abcam #ab93926), rabbit
pGSK3B-S9 (1:1500 for IF, Abcam #ab131097), rabbit
pGSK3B-Y216 (1:1500 for IF, Abcam #ab75745),
rabbit ubiquitin K63-specific (clone Apu3, 1:50 for PLA;
Millipore #05-1308), rabbit NeuN (1:400 for IF;
Millipore #ABN78), mouse phospho-serine (1:150 for
PLA, Sigma-Aldrich #P5747), Alexa Fluor 647 and
488-conjugated streptavidin (1:100; Jackson Immuno-
Research Laboratories #016-600-084 and #016-540-084).
For immunofluorescence staining, secondary antibodies
used were labeled with Alexa Fluor 488, 555, and
647 (1:2000), Cy-3 (1:500) or Cy-5 (1:300) (Jackson
ImmunoResearch Laboratories) and for Western blotting
antibodies were conjugated to IRDye 700CW or IRDye
800CW (LI-COR Biosciences).

2.3 | Interfering peptide

The interfering peptide was identified by screening a small
library of synthetic peptides (15-25 amino acids long)
comprising all intracellularly located amino acid sequences
of GABARg; for their ability to prevent the decreased abun-
dance of GABAGg receptors after stressing cultured cortical
neurons for 1 h with the 50 pM glutamate. The interfering
peptide (R1-Pep) consists of GABAg; amino acids 867-
888 (SETQDTMKTGSSTNNNEEEKSR, rat sequence).
A peptide (Ctrl-Pep) containing the same amino acids, but
in a randomly scrambled order was used as a negative con-
trol (TESRKNMKSSSTNEETGNDETQ). To render
them cell-permeable, both peptides were tagged at the
N-terminus with a peptide sequence derived from the
Rabies virus glycoprotein (YTIWMPENPRPGTPCDIFT
NSRGKRASNGGGG) [28] followed by nine arginine
residues. Both peptides were custom-synthetized by Pepmic
Co., Ltd. Unless otherwise stated, the peptides were used
at a concentration of 10 pg/ml.

2.4 | Middle cerebral artery occlusion

MCAO was performed as described [29]. In brief, mice
were anesthetized with isoflurane (Provet AG) and
analgesia was provided by buprenorphine (0.1 mg/kg, s.
c., Indivior Schweiz AG) and lidocaine (5 mg/kg, s.c.,
at the site of incision, Steuli Pharma). For transient
MCAO, the left common carotid artery was exposed
and the middle cerebral artery was occluded by
inserting a 7-0 silicone rubber-coated monofilament
(Catalog no.: 701956PK5Re, Doccol Corp.). After
60 min, the filament was withdrawn to permit reperfu-
sion. After surgery, the mice were transferred to a 37°C

warm recovery chamber for exactly 60 min and then
sacrificed for electrophysiological or immunostaining
experiments. Peptides were applied to brain slices 75—
80 min after starting reperfusion. Electrophysiological
recordings were performed 3-5 h after peptide applica-
tion and immunohistochemical stainings were done 6 h
after peptide treatment. For sham-operated mice, the
filament was inserted up to the left middle cerebral
artery and immediately withdrawn to allow instant
reperfusion.

2.5 | Primary neuronal cultures

Primary neurons co-cultured with glia were obtained
from the cerebral cortex of Wistar rat E18 embryos. The
cortices were dissected on ice in phosphate-buffered
saline (PBS) containing 5.5 mM glucose (Sigma-
Aldrich) and antibiotic-antimycotic solution (1:100,
Invitrogen), cut into small pieces, and digested in papain
solution (0.5 mg/ml papain [Sigma-Aldrich], 1 mg/ml
bovine serum albumin [BSA, Sigma-Aldrich], 10 pg/ml
DNasel [Roche Diagnostics], 10 mM glucose) for
15 min at 37°C. After two washes in DMEM (Gibco
Life Technologies) containing 10% fetal calf serum
(FCS, Gibco Life Technologies) and 1:100 antibiotic-
antimycotic solution (complete DMEM), the tissue was
gently triturated. 60,000 cells were plated onto poly-L-
lysine coated (50 pg/ml in PBS, Sigma-Aldrich) cover-
slips (18 mm, Epredia, Gerhard Menzel GmbH) and
placed in 12-well cell culture plates (Sarstedt) and incu-
bated in 2 ml complete DMEM overnight at 37°C/5%
CO,. Then, the DMEM was exchanged with 2 ml NU-
medium (MEM [Gibco Life Technologies] with 15%
NU serum [Corning], 2% B27 supplement [Gibco Life
Technologies], 15 mM HEPES, 0.45% glucose, 1 mM
sodium pyruvate, 2 mM GlutaMAX [Gibco Life Tech-
nologies]). Neuron/glia cultures were used after 11-
18 days in vitro.

2.6 | Glutamate and peptide treatment of
cultured neurons

For inducing glutamate stress, 1 ml of the culture
medium from each coverslip-containing well was trans-
ferred to a fresh 12-well plate and placed in the incuba-
tor. Then cultures were treated with glutamate (50 pM;
Sigma-Aldrich) and incubated for 1 h at 37°C and 5%
CO,. The coverslips were briefly washed with PBS and
transferred to the fresh 12-well plate containing the saved
original conditioned culture medium supplemented with
R1-Pep (10 pg/ml) or with Ctrl-Pep (10 pg/ml) and
incubated for 12-16 h before testing. For all experiments,
except for the survival assay, the cultures were treated
with peptides immediately after the glutamate
incubation.
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2.7 | Culture and transfection of HEK
293 cells

HEK 293 cells (human embryonic kidney, ATCC) were
cultured in DMEM (Gibco Life Technologies) containing
10% fetal bovine serum (Gibco Life Technologies) and
penicillin/streptomycin (Gibco Life Technologies). HEK
293 cells were transfected with plasmids using the poly-
ethyleneimine method according to the jet-PEI protocol
(Polyplus Transfection).

2.8 | CaMKII assay

The effect of P1-Pep on CaMKII activity was determined
using the CycLex CaM kinase II Assay Kit (MBL; Cat#
CY-1173) according to the manufactures instructions
using recombinant CaMKIIp (Abcam, ab268377) and
recombinant calmodulin (Abcam, ab94219) protein. The
kinase reactions containing increasing concentrations of
R1-Pep or KN93 (10 uM; Sigma-Aldrich) were run for
30 min at 30°C.

2.9 | Western blotting

For Western blot analysis, neuron/glia co-cultures were
grown for 12 days on 6 cm culture dishes plated with
500,000 cells. Cultures were washed two times with ice-cold
PBS, harvested, and homogenized by sonication. The sam-
ples were incubated with Laemmli sample buffer (Bio-Rad)
for 1 h at 37°C and aliquots containing 25 pg protein were
subjected to sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) using mini-gels (Mini Protean
3; Bio-Rad). Proteins were transferred onto nitrocellulose
membranes in a semi-dry transfer cell (Trans-Blot SD; Bio-
Rad) at 15V for 75 min. After blotting, the transferred
total proteins were stained with REVERT 700 Total Pro-
tein Stain (LI-COR Biosciences) and detected by the
ODYSSEY CLx scanner (LI-COR Biosciences). After
destaining, the blots were blocked for 1 h in PBS con-
taining 5% nonfat dry milk at room temperature, followed
by incubation with primary antibody overnight at 4°C in
PBS containing 5% nonfat dry milk. The blots were then
washed five times for 5 min with TBST and incubated with
secondary antibodies for 1 h at room temperature. The
blot was washed again with TBST and immunoreactivity
was detected by the ODYSSEY CLx scanner (LI-COR
Biosciences). Immunoreactivity was quantified with the
Image Studio software (LI-COR Biosciences) and normal-
ized to total protein in the corresponding lanes.

2.10 | Immunoprecipitation

To test the interaction of R1-Pep with CaMKIIp, EGFP-
tagged CaMKIIp was expressed in HEK 293 cells and

incubated with/without biotin-labeled R1-Pep for 3 h.
Cells were then harvested, homogenized in 5 mM Tris
pH 7.4 containing protease inhibitors (Complete Mini,
Roche Diagnostics), and centrifuged for 60 min at
60,000g. Aliquots of the supernatant were used for immu-
noprecipitation of CaMKII using GFP antibodies
coupled to magnetic beads (Pierce Direct Magnetic
IP/Co-IP Kit; Thermo Fisher Scientific). Aliquots of the
supernatant were incubated with 25 pl GFP-coupled
magnetic beads (5 pg antibody/25 pl beads) at 4°C over-
night. Subsequently, the beads were extensively washed
with buffer and precipitated proteins were eluted with
Laemmli sample buffer. Eluted proteins were then sub-
jected to electrophoresis and analyzed for the presence of
CaMKII and R1-Pep by Western blotting using CaMKII
antibodies and Alexa Fluor 647-conjugated streptavidin
(Jackson ImmunoResearch Laboratories), respectively.

2.11 | Immunofluorescence staining

2.11.1 | Cultured neurons

To monitor cell surface expression of GABAg receptors,
cultured neurons were washed with buffer A (25 mM
HEPES pH 74, 119 mM NaCl, 5mM KCI, 2 mM
CaCl,, 2 mM MgCl,, 30 mM glucose) and incubated on
ice with the antibodies directed against the extracellularly
located N-terminal amino acid sequence of GABAg,
diluted in buffer A, 10% normal donkey serum (NDS;
Merk Millipore), for 2 h. After washing with ice-cold
buffer A, the cultures were incubated with secondary
antibody for 1 h on ice, washed again, and fixed with 4%
paraformaldehyde (PFA; Electron Microscopy Sciences)
containing 4% sucrose for 15 min at room temperature.
The coverslips were either mounted on glass slides with
DAKO fluorescence mounting medium (Agilent Tech-
nologies) or processed for staining of intracellular
proteins.

To stain intracellular proteins, cultures were fixed
with 4% PFA containing 4% sucrose for 15 min and
permeabilized for 10 min with 0.2% Triton X-100 in PBS.
The cells were then incubated with primary antibody
diluted in PBS containing 10% NGS overnight at 4°C,
washed, and processed for staining with secondary anti-
bodies as described above.

2.11.2 | Brain slices

Following MCAO or sham surgery, mice were eutha-
nized under isoflurane anesthesia and brains were
removed and sliced into 90-um-thick coronal sections
using a vibratome (HM 650; Microm). Slices were then
incubated in a modified 12-well culture plate containing
oxygenated artificial cerebrospinal fluid (ACSF pH 7.4,
125 mM NaCl, 2.5mM KCI, 1.25mM NaH,POy,,
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25 mM NaHCO;, 1 mM MgCl,, 2 mM CaCl,, and
25 mM glucose). R1-Pep or Ctrl-Pep was added
(10 pg/ml) to all slices simultaneously and incubated at
room temperature for 6 h with constant oxygenation
(95% 0O, and 5% CO.,). Brain slices were fixed with 4%
PFA for 30 min at room temperature and processed for
immunostaining as free-floating sections. Brain slices
were incubated with primary antibody prepared in
50 mM Tris pH 7.4, 150 mM NacCl containing 0.2% Tri-
ton X-100 (Tris-Triton), and 2% NDS overnight at 4°C.
After series of intensive washing with Tris-Triton, sec-
ondary antibody diluted in Tris-Triton, 2% NDS was
added for 1 h at room temperature. Following the final
wash, brains were mounted onto glass slides (SuperFrost
Plus; Thermo Fisher Scientific), dried, and coverslipped
with DAKO fluorescence mounting medium.

2.11.3 | Fluoro-Jade C staining

Brains from mice that underwent sham or MCAO sur-
gery were extracted and cut into 1 mm thick coronal
slices using a brain matrix (Zivic Instruments). The slices
were incubated with RI1-Pep or Ctrl-Pep for 6 h
(as described above), followed by incubation in 4% PFA
overnight at 4°C. Slices were then cut using a cryostat
into 14 pm sections and mounted onto glass slides
(SuperFrost Plus; Thermo Fisher Scientific). For Fluoro-
Jade C (Sigma-Aldrich) staining, slides containing the
somatosensory cortex were first immersed in a basic alco-
hol solution consisting of 1% sodium hydroxide in 80%
ethanol for 5 min and then rinsed for 2 min in 70% etha-
nol. After washing in distilled water for 2 min, slides were
incubated in 0.06% potassium permanganate solution for
10 min and rinsed in water for 1 min. Slides were trans-
ferred for 10 min to a 0.0001% w/v solution of Fluoro-
Jade C dissolved in 0.1% acetic acid then rinsed three
times in distilled water for 1 min and left to dry at room
temperature. Finally, slides were cleared with xylene for
1 min and then coverslipped with DPX mounting media
(Sigma-Aldrich).

2.12 | In-situ proximity ligation assay

The in-situ proximity ligation assay (PLA) is an
extremely sensitive assay for the detection and quantifica-
tion of protein—protein interactions and post-
translational modifications [30, 31]. Here, we used this
technique for the analysis of GABAjg receptor interaction
with CaMKII, for studying K63-linked ubiquitination,
and phosphorylation of GABAg receptors as described
previously [32]. Cells were fixed with 4% PFA for 20 min
at room temperature, permeabilized with 0.2% Triton X-
100 in PBS, and then incubated overnight at 4°C with the
appropriate pair of primary antibodies (diluted in
PBS containing 5% BSA). Thereafter, in situ PLA was
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performed using the Duolink kit (Sigma-Aldrich)
according to the manufacturer’s instructions.

Neurons were imaged for PLA signals using a confo-
cal laser scanning microscope (see below). Quantitative
analysis of the acquired images was performed using
Image]. The soma of each neuron was defined and the
number of fluorescent spots inside this area was counted
using “Find maxima,” with the noise tolerance kept con-
stant between different conditions within the same
experiment. The PLA signals of neurons were normalized
to the expression levels of GABAg; and to the area
analyzed.

2.13 | Confocal laser scanning microscopy

2.13.1 | Cultured neurons

Images from the immunocytochemistry experiments were
acquired using the Zeiss LSM 700 or LSM 710 confocal
microscope using a 40x plan-apochromat oil differential
interference contrast objective, 1.3 NA (Carl Zeiss AG)
at an image resolution of 1024 x 1024 pixels. Laser
intensities and detector gains were kept within the
dynamic range of the fluorescent signal to avoid pixel sat-
uration. An image stack of 5-optical sections at 0.3 pm z-
spacing was recorded and fluorescence intensities were
analyzed in ImageJ as detailed previously [21]. For quan-
tification of cell surface staining, the outer and inner bor-
ders of the cell surface were carefully marked. The mean
fluorescence intensity value of the inner border was sub-
tracted from the mean intensity value of the outer border,
so that only the fluorescence intensity from the cell sur-
face remained. For quantification of the total staining,
the outer border of the neuron was outlined and the mean
fluorescence intensity was measured.

2.13.2 | Brain slices

Images were acquired using an LSM 800 confocal micro-
scope (Carl Zeiss) using Plan-Apochromat 10x/0.45 and
Plan-Neofluar 25/0.8 objectives. Image stacks of nine
optical sections spaced at 1 pm z-spacing were taken from
each brain slice. For quantification of GABAjg receptor
expression, an area of interest was defined and mean
fluorescence values were determined using ImageJ. NeuN
positive neurons were automatically counted in the
selected area using Imagel.

2.13.3 | Image processing for display

The images used for quantification were quite dim to
avoid saturation of signals and were not suitable for dis-
play in their original form. Therefore, the staining inten-
sities of the images were linearly enhanced by the
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identical degree in all images belonging to one
experiment.
2.14 | Induction of excitotoxicity and analysis

of neuronal death in culture

For induction of excitotoxicity, cells were supplemented
with glutamate (50 pM; Sigma-Aldrich) and incubated
for 1 h at 37°C and 5% CO,. The coverslips were then
briefly rinsed with PBS and further incubated in a condi-
tioned culture medium supplemented with the peptides
for 12-16 h before testing. For analysis of neuronal
death, R1-Pep or Ctrl-Pep was added at various time
intervals (0-24 h) after glutamate stress and cultures were
analyzed after 48 h.

To quantify neuronal death, neurons were stained
with NeuN antibodies and the total number of cells (neu-
rons plus glia) was determined by staining with DAPI
(included in the mounting medium, Fluoroshield; Sigma
Aldrich). The ratio of NeuN-positive neurons and total
cells was used for the evaluation.

2.15 | Electrophysiology

2.15.1 | Cultured neurons

Whole-cell patch-clamp recordings were taken from neu-
rons either treated with glutamate (50 pM) alone or glu-
tamate and R1-Pep (10 pg/ml) for 1 h before recording.
Recording electrodes were filled with an internal solution
containing (in mM) potassium gluconate (130), NaCl (5),
EGTA (1), HEPES (10), Mg-ATP (5), and Na-GTP
(0.5), pH 7.35-7.4 and osmolarity 290-300 mOsm. Neu-
rons were superfused with an external solution containing
(in mM) NaCl (120), NaHCO; (26), NaH,PO4 (1.25),
KCI (2.5), HEPES (5), Glucose (14.6), CaCl, (2), and
MgCl, (1), pH 7.35-7.4 and osmolarity 310-320 mOsm
at a flow rate between 2 and 3 ml/min.

Whole-cell patch-clamp recordings were acquired
using a HEKA EPC10 amplifier and Patchmaster soft-
ware. Neurons were voltage-clamped at a holding poten-
tial of —50 mV. Baclofen was bath applied at 20 pM.
Changes in the holding current were measured between
the baselines before drug application to the peak current
following drug application. The baseline current was
defined as the average current within a 1 min epoch
directly before addition of drugs, and the peak current
was averaged over 1 min during the greatest increase in
holding current following drug application. Series resis-
tance was monitored before and after the experiment,
and data were excluded if the series resistance changed by
>20% during the recording.

Spontaneous postsynaptic currents were recorded
before, during, and after the bath application of 10 pM
CGP 56999 at a holding potential of —70 mV. Recordings

were performed at 34°C using a Multiclamp 700B ampli-
fier controlled by the Clampex acquisition software
(Molecular Devices). Spontaneous activity was analyzed
using the Mini Analysis Program (Synaptosoft) using the
peak detection algorithm and the detected events were ver-
ified visually. The amplitude threshold was set two times
the baseline rms noise level (5-10 pA).

2.15.2 | Brain slices

After MCAO surgery (see above), 300 um coronal brain
sections containing somatosensory cortical areas were
taken using a vibratome (HM 650; Microm), incubated
in oxygenated artificial cerebrospinal fluid (ACSF,
pH 7.4, osmolarity 315 mOsm) containing (in mM):
125 NaCl, 2.5 KCI, 1.25 NaH,PO,4, 25 NaHCOs;,
1 MgCl,, 2 CaCl,, and 25 glucose at 34°C for 30 min
and then at room temperature until used.

Recordings were taken from pyramidal cells, which
were identified by their relatively large soma and shape, a
low input resistance, and according to their firing pattern
induced by depolarizing current injection. Recordings
were performed at 34 °C with continuous superfusion of
oxygenated ACSF at 1-2 ml/min using a Multiclamp
700B amplifier controlled by the Clampex acquisition
software (Molecular Devices). For all recordings, borosil-
icate glass patch pipettes (3.5-5 MQ) were filled with
intracellular solution containing (in mM): 135 mM
potassium gluconate, 2 mM NaCl, 4 mM KCIl, 4 mM
EGTA, 10 mM HEPES, 4 mM Mg-ATP, and 0.3 mM
Na3;GTP (osmolarity 290 mOsm, pH 7.3 with KOH).

To measure GABA5 receptor-mediated currents, neu-
rons were held at —55 mV and current changes were
measured in response to bath application of 100 pM bac-
lofen. GABAjg receptor-mediated GIRK currents were
confirmed by application of the GABAg receptor antago-
nist CGP 56999 (10 pM).

To determine neuronal excitability, current-clamp
experiments were performed using a series of 50 pA cur-
rent increment steps of 250 ms duration. Neurons were
maintained at their original resting membrane potential
throughout the experiment. The resting membrane poten-
tial (V) was measured immediately after acquiring the
whole-cell patch mode. Input resistance was calculated
by injection of a 150 pA hyperpolarizing current step,
and the firing threshold (Vy,) was calculated by injection
of 5 pA depolarizing current steps until the first action
potential was generated. Recordings were excluded from
analysis if the series resistance (Rs) varied by 25%. The
liquid junction potential was ~7 mV and not corrected.

2.16 | Statistics

The experimental data were analyzed using GraphPad
Prism (version 8.4.3) and are expressed as
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means + standard deviation (SD). Data were analyzed
by ordinary one-way, Brown-Forsythe and Welch one-
way ANOVA or two-way ANOVA followed by appro-
priate post hoc analysis (Tukey’s or Dunnet T3 multiple
comparison tests). All data sets displayed normal or log-
normal distributions as analyzed by the D’Agostino-
Pearson test and QQ-plots. Homogeneity of variance was
tested using the Brown—Forsythe test. In case of signifi-
cant deviation from homoscedasticity, Welch and
Brown-Forsythe variations of ANOVA were used. Small
to moderate deviations from equal variance in two-way
ANOVA were accepted as this test is fairly robust against
the assumption of equal variances if the sample sizes are
equal [33]. Sample size and the number of experiments
performed are detailed in the respective figure legends.
Differences between conditions were considered statisti-
cally significant when p < 0.05.

3|

3.1 | A small interfering peptide (R1-Pep)
inhibits the interaction of CaMKII with GABAg
receptors

RESULTS

Under excitotoxic conditions, GABAg receptors are rap-
idly downregulated due to increased phosphorylation by
CaMKIIp [17], which serves as a signal for their
lysosomal degradation [24]. This unfortunate cascade
provokes excitotoxicity by reducing GABAg receptor-
mediated neuronal inhibition. To restore GABAg
receptor-mediated inhibition under excitotoxic condi-
tions, which is assumed to provide neuroprotection, we
identified a small interfering peptide that prevents the
decreased abundance of GABAg receptors in cultured
cortical neurons after glutamate stress. This peptide (des-
ignated R1-Pep) comprises a sequence within the
intracellular-located C-terminal domain of GABAg;
adjacent to the CaMKII phosphorylation site
(Figure S1A, Supporting Information). To render it cell-
permeable, R1-Pep was tagged at the N-terminus with a
peptide sequence derived from the Rabies virus glycopro-
tein [28], which delivers cargo to the brain and specifi-
cally targets neurons via a receptor-mediated uptake
mechanism [34]. In fact, cellular R1-Pep uptake required
expression of a GABAg receptor subunit at the cell
surface (Figure S1B, Supporting Information). In all
main experiments, the specificity of R1-Pep was verified
against a control peptide (Ctrl-Pep), consisting of
the same amino acids as R1-Pep but in a random
sequence (Figure S1A, Supporting Information).

As expected, the R1-Pep inhibited the interaction of
GABAg receptors with CaMKII under normal physio-
logical conditions as well as the increased interaction
after glutamate stress, as tested by the in situ PLA on cul-
tured cortical neurons (Figure 1A). The control peptide
(Ctrl-Pep) neither affected the interaction of GABAg
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receptors with CaMKII under basal conditions nor in
glutamate-treated neurons.

3.2 | RI1-Pep restores GABAg receptor
expression and function after glutamate stress

Next, we tested whether preventing the interaction
between CaMKII and GABAjg receptors promotes cell
surface expression of GABApg receptors. Application of
R1-Pep to cultured neurons after glutamate stress consid-
erably increased cell surface expression levels of GABAjp
receptors as tested with an antibody directed against the
N-terminus of GABAg; (Figure 1B). Both, under normal
conditions and following glutamate stress, R1-Pep treat-
ment enhanced cell surface GABAg receptor expression
levels that exceeded the normal cell surface expression in
the absence of peptide. This indicates that R1-Pep
inhibits the degradation of GABAj receptors also under
physiological conditions. Treatment of cultures with the
control peptide (Ctrl-Pep) neither affected basal cell sur-
face expression of GABAjg receptors nor their expression
levels after glutamate stress (Figure 1B). Western blot
experiments revealed the restoration of total expression
of GABARg;., GABAg 1, and GABAg, subunits to nor-
mal control levels after glutamate stress (Figure 1C).
However, an increased expression after R1-Pep treatment
was only observed under control conditions for the
GABAgz subunit.

R1-Pep completely inhibited CaMKII-mediated
decreased abundance of GABAg receptors, as additional
blocking of CaMKII activity with KN93 did not further
increase cell surface expression of GABApg receptors
(Figure S2, Supporting Information).

R1-Pep dose-dependently increased cell surface
GABAj receptor expression levels in glutamate-stressed
neurons as determined with antibodies directed against
GABAg,; (Figure 2A). Low dosage of R1-Pep (0.5 and
1.0 pg/ml) reversed glutamate-induced decreased abun-
dance of cell surface receptors to control levels. With pep-
tide dosage starting from 2.5 pg/ml and higher, we
observed a significant increase in cell surface receptor
expression. A concentration of 10 pg/ml R1-Pep was used
in the following experiments as this dosage provided a
stable and consistent recovery in cell surface expression
of GABAGg receptors after glutamate stress.

Next, we tested the ability of R1-Pep to restore
GABAg receptor function following glutamate stress
using whole-cell patch-clamp recordings from primary
cultured neurons (Figure 2B). In line with the decreased
abundance of the receptors, glutamate stress strongly
reduced the currents induced by the GABAg receptor
agonist baclofen when compared to control neurons.
However, application of R1-Pep prevented the reduction
in baclofen-induced currents (Figure 2B).

Overall, these findings indicate that inhibiting the
CaMKII/GABAg receptor interaction with R1-Pep
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FIGURE 1

R 1-Pep blocked the interaction between CaMKII and GABAg; and increased cell surface GABAg receptor expression. Cultures

were stressed for 1 h with 50 pM glutamate and thereafter treated with R1-Pep (10 pg/ml) or Ctrl-Pep (10 pg/ml). The neurons were then incubated
for 16 h with the peptides and analyzed. (A) R1-Pep prevented the interaction of CAMKII with GABAG receptors as tested by in situ PLA
(interaction is represented by white dots, scale bar: 5 pm). Bottom, quantification of in situ PLA signals. Signals were normalized to no Pep control.
N = 39 neurons per condition from three independent experiments. Two-way ANOVA with Tukey’s multiple comparison test (ns, p > 0.05; **,

p < 0.005;**** p < 0.0001). (B) R1-Pep increased the cell surface expression of GABAp receptors (scale bar: 5 pm). Bottom, quantification of
fluorescence intensities. Signals were normalized to no Pep control. N = 52 neurons per condition from three independent experiments. Two-way
ANOVA with Tukey’s multiple comparison test (ns, p > 0.05; **** p < 0.0001). (C) R1-Pep prevented the decreased abundance of total GABAg
receptors in glutamate stressed neurons as tested by Western blotting. N = 8 cultures per condition from four independent neuron preparations.
Signals were normalized to no Pep control. Two-way ANOVA with Tukey’s multiple comparison test (ns, p > 0.05; *, p < 0.05; **, p < 0.01; ***,

p < 0.0005; **** p < 0.0001). PLA, proximity ligation assay.

restores GABApg receptor expression and function after
glutamate stress.

3.3 | R1-Pep prevents CaMKII-mediated
phosphorylation and K63-linked ubiquitination
of GABAg receptors

Glutamate stress-induced decreased abundance of
GABAjg receptors is triggered by CaMKII-mediated
phosphorylation of S867 of GABAg, [17]. We therefore
tested whether R1-Pep prevents GABAg(S867) phos-
phorylation on GABAjg receptors expressed in HEK
293 cells co-transfected with or without CaMKIIp by in

situ PLA (Figure 3). Co-expression of CaMKIIf signifi-
cantly increased phosphorylation of GABAg receptors,
which was reduced to control levels upon treatment
with R1-Pep. The increased PLA signals observed upon
co-expression with CaMKIIp were due to phosphoryla-
tion of GABAg; at S867 as expression of mutant recep-
tor with inactivated CaMKII phosphorylation site
(GABA3R(S867A)) did not show elevated phosphoryla-
tion upon co-expression with CaMKIIB (Figure 3).
CaMKII-induced lysosomal degradation of GABAg;
requires K63-linked ubiquitination of GABAg; at multiple
sites [24, 25]. Consistent with this observation, preventing
the interaction of CaMKII with GABApg receptors
using R1-Pep inhibited K63-linked ubiquitination of the
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FIGURE 2 RI1-Pep dose-dependently increased cell surface GABAg receptors after glutamate treatment and restored normal GABAg receptor
function. Cultures were stressed for 1 h with 50 pM glutamate and thereafter treated with R1-Pep. The neurons were then incubated for 16 h with the
peptide and analyzed. (A) Neurons were incubated overnight with increasing concentrations of R1-Pep and stained for surface expression of GABAg
receptors using GABAg, antibodies. Signals were normalized to no Pep/no Glu control. N = 38 neurons per condition from three independent
experiments. One-way ANOVA, Dunnett’s T3 multiple comparison test (**, p < 0.01; *** p < 0.001; **** p < 0.0001). (B) R1-Pep (10 pg/ml)
restored normal GABAG receptor function. Baclofen-induced currents were measured in glutamate-stressed (Glu) and unstressed (Ctrl) neurons using
whole-cell patch-clamp recordings. N = 8 (Ctrl), 6 (Glu), and 7 (Glu + R1-Pep) neurons. One-way ANOVA, Tukey’s multiple comparison test (ns,

p > 0.05; %, p < 0.05; **, p < 0.01).

receptors in glutamate treated as well as in untreated neu-
rons as tested by in situ PLA (Figure 4).

These results indicate that R1-Pep prevents CaMKII-
mediated phosphorylation of GABApg; and thereby
K63-linked ubiquitination of the receptor, which is a pre-
requisite for their lysosomal degradation.

3.4 | RI1-Pep treatment does not directly
affect CaMKII function and expression

R1-Pep interacted with CaMKII as shown by in situ
PLA on cultured neurons (Figure 5A) and by co-
immunoprecipitation with CaMKII transiently expressed
in HEK293 cells (Figure 5B). In addition, R1-Pep did
not directly affect the function of CaMKII as tested in an
in vitro phosphorylation assay using recombinant CaM-
KIIp protein (Figure 5C).

CaMKII regulates numerous intracellular processes
and is critical for normal physiological functioning of
neurons [35, 36]. Therefore, we tested whether R1-Pep
affects the expression level of CaMKII under normal
physiological conditions, which in principle could
impair numerous intracellular pathways. R1-Pep did
not affect the expression level of CaMKII, as tested
with a pan antibody for CaMKII (Figure 6A) or
an antibody recognizing specifically CaMKIIf
(Figure 6B). However, we found that R1-Pep inhibited
glutamate stress-induced T286 autophosphorylation of
CaMKII (Figure 6C), which renders CaMKII

autonomously and persistently active [37, 38]. This
required GABAg receptor activity since co-application
of the GABAg receptor antagonist CGP 56999
prevented the RI1-Pep effect. The inhibition of the
autonomous activity of CaMKII could represent
another beneficial effect of R1-Pep, as upregulated
CaMKII activity after cerebral ischemia has been
reported to foster neuronal death [39, 40].

The finding that R1-Pep mediated inhibition of
CaMKII(T286) autophosphorylation requires GABAjp
receptor activity implies the presence of endogenous recep-
tor activity in the cultures. Indeed, electrophysiological
experiments confirmed that our neuron/glia cultures dis-
play spontaneous GABAg receptor activity (Figure S3,
Supporting Information).

3.5 | RI1-Pep counteracts aberrant regulation
of GABAg receptor downstream effectors

G protein-coupled inwardly rectifying K* channels
(GIRK, K;,) [16, 41, 42] and voltage-gated Ca>* channels
(VGCCs) [16, 43-46] are the main downstream effectors
conveying GABAg receptor-mediated neuronal inhibi-
tion. Because GABAjg receptors form signaling com-
plexes with their downstream effectors [47], it is very
likely that they are co-regulated with GABAjg receptors
under excitotoxic conditions. Indeed, K;.3.2 channel
expression was reduced in glutamate-stressed neurons
and R1-Pep considerably enhanced K;3.2 expression
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FIGURE 3 RI1-Pep prevented CaMKII-mediated phosphorylation of S867 in GABAg;. HEK 293 cells were transfected with the indicated
plasmids and tested for GABAg receptor phosphorylation by in situ PLA. Top: Representative images depicting staining for GABAg receptors,
CaMKII and PLA signals (phosphorylation is represented by white dots; scale bar: 10 pm). Bottom, quantification of PLA signals. Signals were
normalized to GABAgR control. N = 62-157 cells from four independent preparations. One-way ANOVA, Dunnett’s T3 multiple comparison test

(ns, p > 0.05; **** p < (0.0001). PLA, proximity ligation assay.

after glutamate stress (Figure 7A,B), in agreement with
co-regulation of K;3.2 with GABAg receptors. Regula-
tion of K;3.2 channels by R1-Pep required GABAjg
receptor activity since co-application of the GABAg
receptor antagonist CGP 56999 prevented R1-Pep medi-
ated normalization of K;3.2 expression in glutamate
stressed neurons (Figure 7B). Treatment of unstressed
neurons with R1-Pep did not alter K;3.2 expression
(Figure 7A). This finding implies that signal transduction

via K;;3.2 channels induced by G protein-coupled recep-
tors other than GABAg receptors is not compromised in
healthy neurons in the presence of R1-Pep.

In contrast to the decreased abundance of Kir 3.2
channels, we observed increased expression of N-type
VGCC in glutamate-stressed neurons (Figure 8A,B).
However, R1-Pep treatment attenuated the increased
expression of N-type. As observed for K;3.2 channels,
regulation by R1-Pep after glutamate stress required
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FIGURE 4 RI1-Pep treatment blocked K63-linked ubiquitination of GABAp receptors. Cultures were stressed for 1 h with 50 pM glutamate and
thereafter treated with R1-Pep (10 pg/ml). The neurons were then incubated for 16 h with the peptide and tested for K63-linked ubiquitination of
GABAG receptors by in situ PLA (interaction is represented by white dots; scale bar: 5 pm). Bottom, quantification of in situ PLA signals. Signals
were normalized to no pep control. N = 28 neurons per condition from two independent experiments. Two-way ANOVA with Tukey’s multiple
comparison test (ns, p > 0.05; **** p < (0.0001). PLA, proximity ligation assay.

GABAg receptor activity as co-application of CGP
56999 blocked the R1-Pep effect (Figure 8B). The attenu-
ation of the enhanced expression of N-type VGCC
expression upon R1-Pep treatment presumably reduces
Ca’" overload in glutamate stressed neurons and reduces
transmitter release.

3.6 | RI1-Pep-mediated restoration of GABAg
receptors inhibits glutamate-induced neuronal
death

We then tested if application of R1-Pep indeed limits
excitotoxic neuronal death. Cortical neuron cultures
stressed for 1 h with glutamate were treated with R1-Pep
at different time intervals thereafter (0, 3, 6, 12, and
24 h) and surviving neurons were counted after 48 h. As
expected, R1-Pep treatment following glutamate stress
inhibited progressive neuronal death at all time points
tested, even when added 24 h after the excitotoxic insult
(Figure 9A). Treatment of cultures with the control pep-
tide (Ctrl-Pep) failed to show any effect. This finding
verified our hypothesis that preventing the decreased
abundance of GABAg receptors under excitotoxic condi-
tions limits progressive neuronal death and revealed a
very promising wide time window for the neuro-
protective activity of RI1-Pep. These results are
supported by the findings that persistent activation of
GABAg receptors by baclofen mediates neuroprotection
via activation of the phosphatidylinositol-4,5-
bisphosphate 3 kinase (PI3K)/Akt (protein kinase B)
pathway, which inhibits apoptosis [48-50]. Indeed, we
found that treatment of glutamate-stressed neurons with

R1-Pep activated the Akt survival cascade (Figure S4,
Supporting Information).

The GABAg receptor agonist baclofen provides
some neuroprotective activity under ischemic conditions
[49, 51-59]. However, this protection may be limited
due to the decreased abundance of GABAjg receptor
expression following the excitotoxic insult. Therefore,
we compared the neuroprotection between R1-Pep and
baclofen treatments. R1-Pep fully protected the neurons
if applied immediately after glutamate stress whereas
baclofen exhibited only a partial neuroprotective effect
(Figure 9B).

3.7 | Application of R1-Pep restores GABAg
receptor function and is neuroprotective in a
mouse model of focal cerebral ischemia

To test whether R1-Pep is also effective in a mouse model
of focal cerebral ischemia, we subjected the mice to
MCAO for 1 h and subsequently tested the effect of
R1-Pep ex-vivo on brain slices containing the somatosen-
sory cortex. We first confirmed that R1-Pep was taken
up by neurons in brain slices (Figure S5, Supporting
Information). In sections of the cerebral cortex of
MCAO-treated mice, we observed reduced expression of
GABAGg receptors, which was restored to normal levels
after incubation of the slices with R1-Pep for 6 h
(Figure 10A,A’). This time interval was chosen for the
analysis since we previously observed a significantly
decreased abundance of GABAg receptors and a small,
but consistent, loss of neurons in the somatosensory cor-
tex at 6 h after the ischemic insult [54].
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R1-Pep interacted with CaMKII after glutamate stress but did not directly affect CaMKII activity. (A, B) CaMKII interacted with

GABAG receptors. Cultured neurons were incubated overnight with R1-Pep (10 pg/ml) or Ctrl-Pep (10 pg/ml) and analyzed for interaction by in situ
PLA (scale bar: 10 pm) (A) or co-immunoprecipitation (B). For co-immunoprecipitation, HEK 293 cells expressing EGFP-tagged CaMKIIp were
incubated with or without biotin-labeled R 1-Pep, lysed, and immunoprecipitated using GFP antibodies coupled to magnetic beads. Top, staining for
CaMKII using CaMKII antibodies. Bottom, staining for R1-Pep using biotin antibodies. The blot shows five independent immunoprecipitations.
Ctrl, no lysate, and GFP-magnetic beads were added to buffer. (C) P1-Pep did not affect CaMKIIp activity. Recombinant CaMKIIp was incubated
with R1-Pep, Ctrl-Pep, or the CaMKII inhibitor KN93 (10 pM) and tested for activity after 30 min. N = 4-8 from two (Ctrl-Pep, 2.5 pg/ml R1-Pep)
and four experiments (R1-Pep, 5-50 pg/ml). One-way ANOVA with Tukey’s multiple comparison test (ns, p > 0.05).

Next, we examined how GABAg receptor-mediated
currents were altered after cerebral ischemia. Using
whole-cell patch-clamp recordings, we found that 1 h
MCADO strongly reduced GABAp receptor-mediated cur-
rents (Figure 10B,B’), in line with the decreased abun-
dance of these receptors (Figure 10A) and our previous
data [54]. Administration of R1-Pep restored GABAg
receptor-mediated currents to levels comparable to sham-
operated mice, while treatment with Ctrl-Pep had no
effect (Figure 10B,B).

We then examined whether the reduced GABApg
receptor-mediated inhibition is accompanied with
increased neuronal excitability. We detected enhanced
neuronal firing in MCAO-treated mice when compared
to sham-operated controls (Figure 10C,C’,C"). This was
accompanied with an increased input resistance
(Figure S6A and Table S1, Supporting Information) and

depolarized resting membrane potential (Figure S6B and
Table S1, Supporting Information). Incubation of the
slices with R1-Pep hyperpolarized the resting membrane
potential and lowered the input resistance, resulting in a
reduced neuronal firing rate (Figure S6A,B and Table S1,
Supporting Information). No change in the action poten-
tial threshold was observed in all conditions tested
(Figure S6C and Table S1, Supporting Information).
Thus, blocking the interaction of CaMKII with GABAjp
receptors after cerebral ischemia restored normal
GABA; receptor-mediated inhibition and reduced neuro-
nal exitability.

Finally, we tested for a potential neuroprotective
activity of R1-Pep. In somatosensory cortices derived
from MCAO-treated mice, the number of neurons was
significantly reduced (89 + 2.2%, p < 0.05) compared to
sham-operated mice (100 &+ 2.3%) 6 h after MCAO
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FIGURE 6 RI1-Pep did not affect CaMKII expression but stress-induced CaMKII(T286) autophosphorylation. (A, B) Glutamate-stressed
neurons were treated for 16 h with R1-Pep (10 pg/ml) or R1-Pep plus the GABAg receptor antagonist CGP 56999 (10 pM) and then analyzed by
Western blotting using antibodies directed against «, B, y, and & subtypes of CaMKII (A) or specifically to CaMKIIf (B). Signals were normalized to
control. N = 12 (A) or 8 (B) cultures per condition from four (A) and three (B) independent preparations, respectively. One-way ANOVA with
Tukey’s multiple comparison test (ns, p > 0.05). (C) R1-Pep inhibited glutamate stress-induced T286 autophosphorylation of CaMKII. Glutamate-

stressed neurons were treated for 16 h with R1-Pep (10 pg/ml) or R1-Pep plus

the GABAG receptor antagonist CGP 56999 and then analyzed by

Western blotting using antibodies directed against pCaMKII(T286). Signals were normalized to control. N = 11 cultures per condition from four
independent preparations. Two-way ANOVA with Dunnett’s T3 multiple comparison test (ns, p > 0.05; *, p < 0.05; **, p < 0.01).

(Figure 11A,A"). In line with our in vitro data, adminis-
tration of R1-Pep about 1 h after MCAO for 6 h
completely prevented the loss of neurons (101 £ 1.7%,
p < 0.05). We confirmed this finding using Fluoro-Jade-
C, which specifically stains degenerating neurons.
R 1-Pep significantly reduced the number of degenerating

neurons in the somatosensory cortex of MCAO-treated
mice (Figure 11B,B’).

The data indicate that restoration of normal GABAg
receptor expression and function after cerebral ischemia
reduced neuronal excitability and increased neuronal
survival.
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FIGURE 7 RI1-Pep treatment reduced aberrant expression of K;;3.2 channels after glutamate stress. Glutamate-stressed neurons were treated for
16 h with R1-Pep (10 pg/ml) or Ctrl-Pep (10 pg/ml) and then stained with K;3.2 antibodies. (A) Immunofluorescence staining: top, representative
images (scale bar: 5 pm); bottom, quantification of fluorescence intensities. N = 30 neurons per condition from two independent experiments. Signals
were normalized to no Pep control. Two-way ANOVA with Tukey’s multiple comparison test (ns, p > 0.05; **** p < 0.0001). (B) Western blotting:
top panel, staining for K;.3.2 channels; bottom panel, staining for total protein used for normalization. Control, untreated cultures; Glu, glutamate-
stressed cultures; Glu 4+ R1-Pep, glutamate-stressed cultures treated with R1-Pep; Glu + R1-Pep + CGP, glutamate-stressed cultures treated with
R1-Pep and the GABAg receptor antagonist CGP 56999. Signals were normalized to control. N = 11 cultures per condition from four independent
neuron preparations. One-way ANOVA with Tukey’s multiple comparison test (ns, p > 0.05; *, p < 0.05; **, p < 0.01 *** p < 0.0005).

4 | DISCUSSION the main cause for progressive excitotoxicity-induced

neuronal death in the ischemic penumbra (an area sur-
In ischemic stroke, a massive increase in intracellular rounding the ischemic core that is metabolically and
Ca’" by sustained activation of glutamate receptors is functionally compromised, but still viable and is
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images (scale bar: 5 pm); bottom, quantification of fluorescence intensities. Signals were normalized to no Pep control. N = 35 neurons per condition
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top panel, staining for N-type VGCC channels; bottom panel, staining for total protein used for normalization. Control, untreated cultures; Glu,
glutamate-stressed cultures; Glu + R1-Pep, glutamate-stressed cultures treated with R1-Pep; Glu + R1-Pep + CGP, glutamate-stressed cultures
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independent neuron preparation. One-way ANOVA with Tukey’s multiple comparison test (ns, p > 0.05; *, p < 0.05; **, p < 0.01 ****_p < 0.0001).

VGCC, voltage-gated Ca>* channel.

considered amenable to neuroprotective treatments
[11-15]). GABAGj receptors normally control the activity
of glutamate receptors and the excitability of neurons
[16, 60, 61], but cannot provide adequate inhibition to
counteract ischemia-induced neuronal hyperexcitability
because of its decreased abundance induced by CaMKII
activation during ischemic insult [17-23]. In this study,

we developed an interfering peptide that inhibited the
interaction of GABAgp receptors with CaMKII.
Targeting the activity of CaMKII directly using specific
inhibitors is not a preferred option as this kinase is
involved in numerous important brain functions and can
promote survival as well as apoptotic pathways [40, 62].
In contrast, specifically preventing the interaction of
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(10 pg/ml) or Ctrl-Pep (10 pg/ml) for 0, 3, 6, 12, and 24 h thereafter. After 48 h, the cultures were stained with DAPI for total cells (glia plus neurons)
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(scale bar: 25 pm) depict the condition where the peptides were immediately administered after the glutamate stress (time 0 h in the scheme). Signals
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way ANOVA with Tukey’s multiple comparison (****, p < 0.0001). (B) The GABAg receptor agonist baclofen exhibited considerably less
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control neurons. N = 30 frames (fields of view) per experimental condition from three independent experiments. Two-way ANOVA with Tukey’s

multiple comparison test (ns, p > 0.05; **, p < 0.01; **** p < 0.0001).

GABAG receptors with CaMKII under excitotoxic condi-
tions would be restricted to pathways controlled by
GABAgjg receptors. Our findings on cultured neurons
indicate that administration of R1-Pep after glutamate
stress indeed restored expression of GABApg receptors
and inhibited progressive neuronal death. Mechanisti-
cally, cell surface expression of GABAp receptors
depends on a precise regulation and balance of recycling,

degradation, and delivery of newly synthetized receptors
[63]. GABAG receptors are constitutively internalized at a
high rate and are then recycled to the cell surface or are
degraded in lysosomes [64]. Phosphorylation of GABAg;
by CaMKII recruits the E3 ubiquitin ligase MIB2
resulting in the K63-linked ubiquitination of the receptor
at multiple sites, which tags the receptors for lysosomal
degradation [24, 25]. Blocking recycling results in fast
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(A) Administration of R1-Pep restored GABAg receptor expression after MCAO. Brain slices containing the somatosensory cortex prepared from
sham and MCAO treated mice were incubated for 6 h with R1-Pep (10 pg/ml) and then stained for GABAg receptor expression using GABAg,
antibodies. Representative images show overviews (scale bar: 1 mm) and higher magnifications (scale bars: 20 pm). (A’) Quantification of signal
intensities shown in (A). The data represent the average of multiple frames (fields of view) per mouse (n = 5-6 mice per condition). Two-way
ANOVA with Tukey’s multiple comparison test (ns, p > 0.05, *, p < 0.05; **, p < 0.005). (B, C) R1-Pep restored GABAj receptor-mediated currents
and reduced neuronal excitability. Brain slices prepared from the somatosensory cortex of sham-operated and MCAO mice were analyzed using
whole-cell patch-clamp recordings 3-5 h after treatment with peptide or saline. (B) Representative baclofen-evoked current traces. (B') Quantification
of baclofen-evoked current traces. N = 18 (Sham), 16 (MCAO), 9 (MCAO+R1-Pep), and 11 (MCAO+Ctrl-Pep) neurons. One-way ANOVA,
Tukey’s multiple comparison test (ns, p > 0.05; ***, p < 0.001; **** p < 0.0001). (C-C") Neuronal excitability was determined by injecting increasing
current steps. (C) Representative current traces. (C’) Quantification of action potential firing evoked by increasing current injections. (C”) Bar graph
and statistical evaluation of data depicted in the gray box in (C'). N = 13 (Sham), 14 (MCAO), 7 (MCAO+R1-Pep), and 12 (MCAO+Ctrl-Pep)
neurons. One-way ANOVA, Dunnett’s T3 multiple comparison test (ns, p > 0.05; **, p = 0.01 *** p = 0.001). MCAO, middle cerebral artery

occlusion.

degradation of the receptors, whereas inhibition of lyso-
somal degradation favors recycling and increases cell sur-
face expression [65]. R1-Pep prevents phosphorylation of
GABAg receptors by CaMKII and thereby degradation
of the receptors. This reconstitutes recycling of the recep-
tors and, together with delivery of newly synthetized
receptors, normalizes cell surface GABAp receptor
expression levels.

Normal expression levels and activity of CaMKII are
fundamental to neuronal physiology. CaMKII regulates
a variety of intracellular processes important for neuro-
nal homeostasis and plays a key role in controlling synap-
tic plasticity [35, 66]. Therefore, it was important that
administration of R1-Pep did not affect CaMKII expres-
sion under physiological conditions to avoid undesired
side effects. An effect on CaMKII expression was not an
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unlikely scenario, as binding of R1-Pep to CaMKII
might trigger proteasomal degradation of the complex.
Fortunately, R1-Pep did not affect CaMKII expression
levels and hence R1-Pep should not affect CaMKII-
mediated pathways in healthy neurons. However, gluta-
mate stress increased autophosphorylation of CaMKII,
which renders it persistently active. Administration of
R 1-Pep inhibited CaMKII(T268) autophosphorylation in
a GABAg receptor activity-dependent manner, which
most likely reduces the detrimental effects of elevated
CaMKII activity under ischemic conditions and thereby
contributes to the neuroprotective activity of R1-Pep.
R1-Pep also displayed a normalizing effect on the
expression levels of the main GABAg receptor effectors
conveying neuronal inhibition in glutamate-stressed neu-
rons. While K;.3.2 channels were concomitantly down-
regulated with GABAg receptors, N-type VGCC was
upregulated. This aberrant regulation of GABAg recep-
tor effectors fosters the detrimental effects of glutamate
receptor overstimulation because it further compromises
GABAj; receptor-mediated inhibition and increases Ca*"
overload in neurons, respectively. Restoration of GABAg
receptor expression with R1-Pep also largely normalized

the aberrant expression levels of K;.3.2 channels and N-
type and N-type VGCC, which all are under the direct
control of GABAg receptors. The mechanism(s) involved
in this regulation requires GABAg receptor activity but
are otherwise unclear. Because of the co-regulation of K,
3.2 channels and GABAg receptors, it is likely that they
are regulated, at least partially, as a signaling complex
via the CaMKII pathway delineated for GABAg recep-
tors [17, 21, 25]. The expression of N-type VGCCs is
potentially regulated via the cAMP-PKA and/or ERK
1/2-CREB pathways, which are controlled by GABAjp
receptors [67].

In addition to controlling neuronal excitability,
GABAGg receptor activity promotes neuronal survival via
the PI3K/Akt-GSK3p pathway [50], which is a major
neuronal survival cascade [68]. Accordingly, restoration
of GABAg receptor expression after glutamate stress
increased the activation of Akt and blocked the pro-
apoptotic activity of GSK3p. It is very likely that the
combined effects of restored GABAg receptor activity
via different pathways (reduction of neuronal activity,
normalization of CaMKII activity, normalization of
VGCC and K;; 3.2 channel expression, and activation of



TARGETING THE GABAgR/CAMKII INTERACTION

Akt) contributed to the efficient inhibition of progressing
excitotoxic neuronal death. We also found that R1-Pep
inhibited ongoing neuronal death even after 24 h follow-
ing glutamate stress, which demonstrates that R1-Pep
has a wide time window for neuroprotection.

For verifying the activity of R1-Pep in vivo, we
selected the MCAO mouse model of cerebral ischemia
because this model mimics the pathophysiological
changes found in most human strokes [69]. In line with
the in vitro experiments, application of R1-Pep about 1 h
after termination of MCAO for 3-6 h on brain slices
ex vivo restored normal GABAGg receptor expression and
GABAj receptor-mediated inhibition, reduced neuronal
excitability, and prevented neuronal death in the somato-
sensory cortex, which belongs to the ischemic penumbra
that is accessible for neuroprotection [69].

A limitation of our study is that R1-Pep exhibited no
solid reproducible effect upon systemically application of
R1-Pep via i.v. injection, most likely due to rapid enzy-
matic degradation of the peptide in the circulation (data
not shown). This made it impossible to analyze its neuro-
protective activity in the MCAO mouse model in vivo.
As acute brain slices are viable and usable for experi-
ments for about 6 h, this restricted the time span for our
ex vivo analysis. One general technical issue associated
with peptide therapeutics is their susceptibility to proteo-
lytic degradation and potential fast renal excretion after
systemic injection [70]. In addition, for targeting the
brain, another problem represents the blood-brain bar-
rier, which may limit peptide delivery to an insufficient
amount into neurons. Therefore, future experimentation
needs to focus on the optimization of R1-Pep for systemic
administration. An effective way to increase the proteo-
lytic stability of peptides is the partial substitution of nat-
urally occurring L-amino acids with D-amino acids in
positions not essential for peptide activity [71-73]. Ala-
nine scanning for identification of the essential amino
acid residues required for activity in the R1-Pep and the
replacement of non-essential amino acid by their D iso-
mers should be performed to optimize its stability. In
addition, intranasal application of R1-Pep might be a
promising strategy as this route circumvents the circula-
tion and its associated problems and has been shown to
efficiently deliver high concentrations of peptides or pro-
teins into the brain [74, 75]. Another promising strategy
is the delivery of R1-Pep via nanoparticles. Nanoparticles
have been shown to protect cargo from degradation, slow
down renal excretion and cross the blood-brain barrier
[76-78]. Two recently published nanoparticle-based
approaches successfully delivered neuroprotective drugs/
peptides into the brain after cerebral ischemia in mice
and rats. The first approach is based on wheat
germ agglutinin modified polyethylene glycol-PLGA
nanoparticles. These nanoparticles very efficiently deliv-
ered an interfering peptide targeting an NMDA receptor
interaction into the brain via intranasal application [75].
The second approach is based on betulinic acid
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nanoparticles [79]. Betulinic acid itself exhibits antioxi-
dant activity and has thus the added benefit of intrinsic
neuroprotective activity.

R1-Pep optimized for stability, formulation, and
application route for systemic application will permit
testing for the wide time window for neuroprotection we
observed in our in vitro experiments and for investigating
a potentially favorable side effect profile.

The only approved pharmacological treatment of
stroke is the thrombolytic drug tissue plasminogen activa-
tor (tPA). Unfortunately, the time window for restoring
blood flow to the affected tissue is rather narrow (3—4.5 h
after stroke) and only suitable for a limited number of
patients [2, 3]. Potential neuroprotective agents have been
tested in clinical trials but with limited success [4-6]. An
obvious target for a neuroprotective strategy is the
NMDA receptor, which triggers apoptosis under ischemic
conditions via activation of neuronal nitric oxide
(NO) synthase [80]. However, because NMDA receptors
are involved in many fundamental brain functions,
including triggering survival as well as death pathways,
global inhibition of NMDA receptors induces severe side
effects [12, 81, 82]. A specific strategy to inhibit NMDA
receptor-mediated NO production by using an interfering
peptide to block the interaction of these receptors with
PSD95 provided neuroprotection in animal models of
stroke [80, 83] and showed some neuroprotective activity
in clinical trials [84, 85]. However, the limitation of this
approach is that it very specifically disrupts one down-
stream event contributing to apoptotic cell death (NMDA
receptor-mediated NO production) but did not affect
other stroke relevant factors contributing to neuronal
death (e.g., Ca>" overload and downstream effects). In
view of the complex detrimental mechanisms contributing
to neuronal death in cerebral ischemia, it is rather unlikely
that targeting a single downstream pathway is sufficient
to efficiently limit progressive neuronal death. Hence, the
restoration of GABAg receptor expression following cere-
bral ischemia is a promising approach, as it interferes with
multiple critical elements of the neurotoxic cascade,
including deleterious neuronal hyperexcitability, exagger-
ated glutamate release, autonomous activity of CaMKII,
and increased expression of N-type VGCCs, while
supporting the activation of neuronal survival pathway.
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