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GABARAP-Dependent Mechanism

Erik A. Larson,1,3 Michael V. Accardi,2,3 Ying Wang,4,5,6 Martina D’Antoni,1,3 Benyamin Karimi,4,5,6

Tabrez J. Siddiqui,4,5,6 and Derek Bowie3
1Integrated Program in Neuroscience, McGill University, Montréal, Québec, Canada H3A 2B4, 2Graduate Program in Pharmacology, McGill
University, Montréal, Québec, Canada H3G 1Y6, 3Department of Pharmacology and Therapeutics, McGill University, Montréal H3G 0B1, Québec,
Canada, 4Department of Physiology and Pathophysiology, Max Rady College of Medicine, Rady Faculty of Health Sciences, University of Manitoba,
Winnipeg, Manitoba, Canada R3E 0J9, 5Neuroscience Research Program, Kleysen Institute for Advanced Medicine, Health Sciences Centre,
Winnipeg, Manitoba, Canada R3E 3J7, and 6The Children’s Hospital Research Institute of Manitoba, Winnipeg, Manitoba Canada R3E 3P4

Nitric oxide (NO) is an important signaling molecule that fulfills diverse functional roles as a neurotransmitter or diffusible
second messenger in the developing and adult CNS. Although the impact of NO on different behaviors such as movement,
sleep, learning, and memory has been well documented, the identity of its molecular and cellular targets is still an area of
ongoing investigation. Here, we identify a novel role for NO in strengthening inhibitory GABAA receptor-mediated transmis-
sion in molecular layer interneurons of the mouse cerebellum. NO levels are elevated by the activity of neuronal NO synthase
(nNOS) following Ca21 entry through extrasynaptic NMDA-type ionotropic glutamate receptors (NMDARs). NO activates pro-
tein kinase G with the subsequent production of cGMP, which prompts the stimulation of NADPH oxidase and protein kinase
C (PKC). The activation of PKC promotes the selective strengthening of a3-containing GABAARs synapses through a GABA
receptor-associated protein-dependent mechanism. Given the widespread but cell type-specific expression of the NMDAR/
nNOS complex in the mammalian brain, our data suggest that NMDARs may uniquely strengthen inhibitory GABAergic
transmission in these cells through a novel NO-mediated pathway.
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Significance Statement

Long-term changes in the efficacy of GABAergic transmission is mediated by multiple presynaptic and postsynaptic mecha-
nisms. A prominent pathway involves crosstalk between excitatory and inhibitory synapses whereby Ca21-entering through
postsynaptic NMDARs promotes the recruitment and strengthening of GABAA receptor synapses via Ca21/calmodulin-de-
pendent protein kinase II. Although Ca21 transport by NMDARs is also tightly coupled to nNOS activity and NO production,
it has yet to be determined whether this pathway affects inhibitory synapses. Here, we show that activation of NMDARs trig-
ger a NO-dependent pathway that strengthens inhibitory GABAergic synapses of cerebellar molecular layer interneurons.
Given the widespread expression of NMDARs and nNOS in the mammalian brain, we speculate that NO control of
GABAergic synapse efficacy may be more widespread than has been appreciated.

Introduction
The NMDA receptor (NMDAR) is an abundant neurotransmit-
ter-gated ion-channel that orchestrates the formation, mainte-
nance, and plasticity of almost all glutamatergic synapses in the
developing and adult brain (Hardingham and Bading, 2003;
Paoletti et al., 2013). It is implicated in numerous neurologic dis-
eases from neurodevelopmental disorders (Bello et al., 2013; Hu
et al., 2016) to neurodegenerative disease including Huntington’s
(Milnerwood and Raymond, 2010) and Alzheimer’s disease (Liu
et al., 2019). Two synergistic features of the NMDAR critical for
its role in synaptic signaling are its slow channel gating (Glasgow
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et al., 2015) and high Ca21 permeability (Gnegy, 2000). These
properties of the NMDAR act together to ensure that the presyn-
aptic release of L-glutamate elevates postsynaptic Ca21 and trig-
gers a cascade of Ca21-dependent biochemical events inside the
cell. Much of the activity initiated by NMDARs is relayed
through the actions of Ca21/calmodulin-dependent protein ki-
nase II (CaMKII; Sanhueza and Lisman, 2013), which is anch-
ored to the NMDAR (Bayer et al., 2006) and thus ideally suited
to act as a signaling hub. For example, it has been shown that
this pathway originating at glutamatergic synapses strengthens
GABAergic synapses (Marsden et al., 2007; Petrini et al., 2014;
Chiu et al., 2018).

NMDA receptor signaling is also tightly coupled to neuronal
nitric oxide synthase (nNOS) activity through the postsynaptic
scaffold of PSD-95 and -93 (Brenman et al., 1996a,b). By elevat-
ing cytosolic Ca21, synaptic NMDARs activate nNOS generating
nitric oxide (NO), which has a variety of roles in neuronal com-
munication and blood vessel modulation (Bredt, 1999; Kiss and
Vizi, 2001). Accordingly, NO participates in numerous CNS
functions including learning and memory, sleep and feeding
behavior, movement, pain, anxiety, and reproductive activity
(Garthwaite, 2019). An area of ongoing investigation is to iden-
tify the molecular and cellular targets of NO. What is known is
that physiological levels of NO elevated by NMDAR stimulation
act as a retrograde signal (Garthwaite, 2016), stimulate gene
expression (Lu et al., 1999) and/or promote AMPA receptor
(AMPAR) trafficking (Serulle et al., 2007). Conversely, excessive
levels of NO promote neurotoxicity (Brown, 2010).

Here, we identify a new role for NO in strengthening
GABAergic synapses of cerebellar molecular layer inhibitory
neurons. We show that an elevation in cytosolic Ca21 mediated
by NMDARs triggers a cascade of signaling events that begin
with nNOS activation and release of NO, which through the gen-
eration of cGMP activates protein kinase G (PKG). This pathway
stimulates NADPH oxidase and protein kinase C (PKC) to
strengthen a3-containing GABAA receptor (GABAAR) synapses
through a GABA receptor-associated protein (GABARAP)-de-
pendent mechanism. Given the widespread but cell-type-specific
expression of the NMDAR/nNOS complex in the mammalian
CNS, our data suggest that NMDARs may uniquely strengthen
inhibitory GABAergic transmission through a novel NO-medi-
ated pathway in cerebellar molecular layer interneurons (MLIs)
and other nNOS-positive (nNOS1) neurons.

Materials and Methods
Animals
Wild-type mice with a C57BL/6 background were obtained from Charles
River Laboratories and maintained as a breeding colony at McGill
University. Mice (male and female) used for the experiments ranged
from 18 to 30 d old. All experiments have been approved and were per-
formed in accordance with the guidelines of the Canadian Council on
Animal Care and were approved by the Animal Care Committee of
McGill University. Breeder pairs of Gabra3 KO (1-Gabra3tm2Uru/Uru),
C57BL/6 background, were kindly provided by Dr. Rudolph (Harvard
Medical School, McLean Hospital; Yee et al., 2005).

Cerebellum slice preparation
Mice were anaesthetized with isoflurane and immediately decapitated.
The cerebellum was rapidly removed from the whole brain while sub-
merged in oxygenated (95% O2, 5% CO2) ice-cold cutting solution,
which contained the following (in mM): 235 sucrose, 2.5 KCl, 1.25
NaH2PO4, 28 NaHCO3, 0.5 CaCl2, 7 MgSO4, 28 D-glucose, pH 7.4, 305–
315 mOsm/L. The tissue was maintained in ice-cold solution while sagit-
tal slices of cerebellar vermis (300mm) were cut using a vibrating tissue

slicer (Leica VT1200, Leica Instruments). The slices were transferred to
oxygenated artificial CSF (aCSF) and held at room temperature (20–23°
C) for at least 1 h before recordings were performed. aCSF contained the
following (in mM): 125 NaCl, 2.5 KCl, 1.25 NaH2PO4, 26 NaHCO3, 2
CaCl2, 1 MgCl2, 25 D-glucose, pH 7.4, 305–315 mOsm/L.

Electrophysiology
Slice experiments were performed on an Olympus BX51 upright micro-
scope equipped with differential interference contrast/infrared optics.
Whole-cell patch-clamp recordings were made from visually-identified
MLIs, primarily in lobules IV and V, which were distinguished from
misplaced or migrating granule cells by their soma diameter (8–9mm)
and location in the molecular layer. For current-clamp experiments,
patch pipettes were prepared from thick-walled borosilicate glass
[GC150F-10, outer diameter (o.d.): 1.5 mm, inner diameter (i.d.): 0.86
mm; Harvard Apparatus] and had open tip resistances of 4–10 MV
when filled with an intracellular solution that contained the following
(in mM): 126 K-gluconate, 0.05 CaCl2, 0.15 K4BAPTA, 4 NaCl, 1 MgSO4,
5 HEPES, 3Mg-ATP, 0.1 NaGTP, 15 D-glucose, 2 QX314 to block volt-
age-activated Na1 channels, and 0.5mg/ml Lucifer yellow as a post hoc
dye indicator, pH 7.4 with KOH, 300–310 mOsm/L. High BAPTA intra-
cellular current-clamp solution contained the following (in mM): 110 K-
gluconate, 0.05 CaCl2, 10 K4BAPTA, 4 NaCl, 5 HEPES, 4Mg-ATP,
0.1NaGTP, 15 D-glucose, and 2 QX314, pH 7.4 with KOH, 300–310
mOsm/L. Voltage-clamp recordings were made with patch pipettes pre-
pared as described but filled with an intracellular solution that contained
the following (in mM): 140 CsCl, 4 NaCl, 0.5 CaCl2, 10 HEPES, 5 EGTA,
2Mg-ATP, 2QX314, pH7.4withCsOH, 300–310mOsm/L.HighBAPTA
voltage-clamp solution contained 110 CsCl, 4 NaCl, 10 HEPES, 10
Cs4BAPTA, 2Mg-ATP, 2 QX314, pH 7.4 with CsOH, 300–310 mOsm/L.
Specific n numbers reported refer to technical replications (i.e., patch-
clamp recordings), while each experiment was replicated using at least
threedifferentmice.

In each case, recordings were made with a MultiClamp 700A ampli-
fier (Molecular Devices) in voltage- or current-clampmode. Series resist-
ance and whole-cell capacitance were corrected and estimated by
cancelling the fast current transients evoked at the onset and offset of
brief (10–20ms) 5mV voltage-command steps. Series resistance during
postsynaptic whole-cell recording (10–25 MV) was checked for stability
throughout the experiments (,20% drift tolerance). The capacitance of
the MLIs was in the range of 5–14pF. The bath was continuously per-
fused at room temperature (22–23°C) with aCSF at a rate of 1–2 ml/min.
We chose to perform recordings at room temperature rather than physi-
ological temperature because it tended to increase the viability of the
slice tissue and slowed the time course of synaptic events making them
easier to resolve. Membrane currents were filtered at 5 kHz with an 8-
pole low-pass Bessel filter (Frequency Devices) and digitized at 25 kHz
with a Digidata 1322A data acquisition board and Clampex9 (Molecular
Devices) software. Curve fitting and figure preparation of all electro-
physiology data were performed using Origin 7.0 (OriginLab), Microsoft
Excel, and Clampfit 10 (Molecular Devices) software.

For extracellular stimulation, thin walled borosilicate glass electrodes
(o.d. 1.65 mm, i.d. 1.15 mm; King Precision Glass) were used with a tip
resistance of, 3 MV when filled with aCSF. The ground electrode for
the stimulation circuit was made with a platinum wire wrapped around
the stimulation electrode. The stimulating electrode was positioned in the
molecular layer at or just beneath the slice surface. Voltage pulses
(10–25 V in amplitude, 200–400 ms in duration) were applied at low-
frequency stimulation (0.1Hz) through the stimulating electrode. To
minimize variability between responses, the stimulating electrode was
positioned 50–100mm away from the recorded cell. The stimulus
voltage used during each experiment was at the lowest intensity to
elicit the maximal evoked excitatory post synaptic potential/inhibitory
post synaptic current (eEPSP/IPSC) response within the range
described above. Stimulation strength and duration were kept con-
stant throughout the experiment. For high-frequency stimulation
(HFS), trains of six stimuli were delivered at 100Hz (intertrain inter-
val of 20 s) as described previously (Li et al., 2011). This HFS proto-
col has been previously shown to generate reactive oxygen species
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(ROS; Li et al., 2011) and mimics somatosensory stimulation patterns
(Jörntell and Ekerot, 2006; Saviane and Silver, 2006; Rancz et al.,
2007; Arenz et al., 2008; Coddington et al., 2013). The HFS was per-
formed every 5 min to ensure a continual accumulation of ROS.
During the voltage-clamp experiments of evoked GABA currents
(compare Fig. 2), we performed the HFS protocol at a holding poten-
tial of 140mV to relieve Mg21 block of NMDARs. We performed
the single stimulation recordings at �60mV to isolate the response
from NMDA currents and used GYKI 53 655 to pharmacologically
block AMPA currents. For all experiments that included perfusion of
either pharmacological or peptide blocker compounds in the internal
solution we waited 15min before beginning the HFS induction proto-
col. In experiments where the antioxidant N-acetyl-cysteine (NAC)
was included in the patch electrode solution, we unexpectedly
observed that NAC alone increased the amplitude of baseline
responses to 191.5% 6 36 (n= 4) of the starting response, which sta-
bilized 20 min after whole-cell breakthrough. Because this was not
observed in the absence of NAC (Peak15: 100.26 5.5%, n= 21), we
concluded that the resting redox state of the cell affects the synaptic
properties of MLIs. Antioxidants have been shown to potentiate both
AMPARs (Lee et al., 2012) and NMDARs (Köhr et al., 1994). As our
plasticity mechanism relies on NMDAR activation we would expect
that any potentiating effect of NAC on the NMDAR current would
be more likely to strengthen long term potentiation of inhibitory syn-
apses (iLTP). Given this, HFS was commenced only after the effect of
NAC on basal synaptic properties stabilized.

Pharmacological compounds
NMDAR antagonist, D-(-)�2-amino-5-phosphonopentanoic acid(D-APV;
10mM), AMPA antagonist 1-(4-aminophenyl)-3-methylcarbamyl-4-methyl-
3,4-dihydro-7,8-methylenedioxy-5H-2,3-benzodiazepine hydrochlor-
ide (GYKI 53 655; 10mM), and the GABAARs antagonist bicuculline (10
mM) were purchased from Tocris Bioscience. Stock solutions of these
antagonistswereprepared inwaterandwerestoredat�20°Candworking
solutions were diluted with aCSF shortly before application to the bath.
NAC (1mM; Sigma-Aldrich), protein kinaseA (PKA) inhibitor fragment
(6–22) amide (PKA6-22; 5mM;Tocris Bioscience), Rutheniumred (1mM;
Tocris Bioscience), and cGMP analog pCPT-cGMP (10 mM; Tocris
Bioscience) were prepared as a stock solution in water and dissolved in
patch electrode solution on the day of the experiment. Apocynin (Apo;
100 mM; Tocris Bioscience), 3-bromo-7-nitroindazole (3-Br-7-NI;
10 mM; Tocris Bioscience), KN-93 (5 mM; Tocris Bioscience), Gö 6983
(5 mM; Tocris Bioscience), phorbol 12-myristate 13-acetate (PMA; 100
nM; Tocris Bioscience), 1H-[1,2,4]oxadiazolo[4,3-a]quinoxalin-1-one
(ODQ; 10 mM; Tocris Bioscience), KT 5823 (5 mM; Tocris Bioscience),
and antimycin-A (2 mM; Sigma-Aldrich) were dissolved in DMSO and
stored at �20°C. The K1 GABARAP, K1 GABARAP scrambled, and
a3-derived peptides (all 100 mM; Genscript) were dissolved in DMSO
and stored at �20°C. The final maximum DMSO concentration for all
experiments (0.1% v/v) had no effect on GABAergic responses, which
was consistent with other studies (Nakahiro et al., 1992).

cDNA constructs
HA-GABAR-a3 contains the signal sequence of rat neuroligin1, the HA
tag and mature sequence of rat GABAR-a3 (NM_017069) included in
the Clontech EGFP-C1 vector. Human GABAR-b 2 (NM_000813) and
human GABAR-g2 (NM_000816) were cloned into the pcDNA3 vector.
Mouse GABARAP (BC030350) was C-terminally tagged with CFP in the
Clontech ECFP-N1 vector. Rat gephyrin (NM_022865), N-terminally
tagged with YFP, was cloned in the Clontech EYFP-C1 vector. All
expression constructs were driven by the CMV promoter.

Coimmunoprecipitation protocol
Semi-confluent HEK 293 cells were plated on 60 mm dishes and trans-
fected with YFP-Gephyrin, GABARAP-CFP or negative control YFP.
Cotransfections were done with equivalent amounts of HA-GABAR-a3,
GABAR-b 2, and GABAR-g2 (short). Cells were then allowed to grow
for 24 h post-transfection. Protein-G Sepharose bead slurry (50ml) was
incubated with 5mg of rat anti-HA antibody (3F10, Sigma-Aldrich) for 4

h at 4°C. Cells were subsequently washed twice and collected in cold
PBS. Harvested cells were lysed using 250ml of complexiolyte-48
(Logopharm) and further disrupted by passaging 10–15 times through a
25G needle. Lysed cells were incubated at 4°C for 1 h on an end-over ro-
tator. Subsequently, lysates were centrifuged at 14,000 � g at 4°C for
10min. The resulting supernatants were incubated overnight at 4°C with
Protein-G beads conjugated with anti-HA antibody. The beads were
washed 3–4 times with complexiolyte-48 dilution buffer and eluted in
2� SDS-PAGE sample buffer. The resulting eluates along with 10ml of
the supernatants used as expression control (input) were subjected to
SDS-PAGE electrophoresis, immunoblotted on PVDF membranes, and
probed with rabbit anti-GFP antibody (A11122, Life Technologies;
1:1000) followed by anti-rabbit HRP antibody (4030-05, Southern
Biotech; 1:7000). The blots were developed using chemiluminescence in
the ChemiDoc imaging system (Bio-Rad). For peptide interference
experiments, the same protocol was followed with a third of the anti-
body, beads and lysates used. The scrambled GABARAP and GABARAP
peptides were added to the lysates just before they were added to the
beads with a final concentration 2.5 mM.

Statistical analysis
Data were analyzed using SPSS (IBM) and custom statistical software
kindly provided by Joe Rochford (McGill University). All data were
tested for normality and appropriate parametric or nonparametric tests
were conducted accordingly. For all repeated-measures ANOVA pre-
sented, Tukey’s post hoc tests were conducted as indicated in the figure
legends. For all Friedman tests, a Wilcoxon signed rank test with a
Bonferroni–Holmes correction was conducted on the combinations.
All statistical analysis of amplitudes (repeated-measures ANOVA or
Friedman tests) were conducted comparing the baseline 5min average of
the datasets and each subsequent 5min intervals following treatment up
to 25 min posttreatment.

Results
HFS of glutamatergic synapses strengthens inhibitory
transmission
To study activity-dependent plasticity of GABAergic synapses,
we performed whole-cell current- and voltage-clamp electro-
physiological recordings on cerebellar MLIs which receive synap-
tic input from both excitatory and inhibitory neurons (Fig. 1A).
Current-clamp recordings were performed to examine the effect
of GABAergic signaling on neuronal excitability whereas we
used voltage-clamp recordings to study the GABAAR response in
isolation. Previous work from our laboratory has shown that
GABAergic synapses of MLIs can be strengthened by elevating
cytosolic ROS with the mitochondrial uncoupler, antimycin A
(Accardi et al., 2014). It remains to be established, however,
whether cytosolic ROS levels can be elevated by physiologically
relevant stimuli, for example, through synaptic transmission.
Because MLIs express extrasynaptic NMDARs (Clark and Cull-
Candy, 2002), we reasoned that activation of these receptors by
neurotransmitter spillover from glutamatergic fibers might ele-
vate cytosolic ROS through a non-canonical signaling pathway
that was previously described in cultured neurons (Dugan et al.,
1995; Reynolds and Hastings, 1995).

To test this, we performed stimulation experiments of MLI
glutamatergic synapses using a field-stimulating electrode placed
in the molecular layer of the cerebellum to activate the parallel
fiber axons from granule cells (Fig. 1A). Using this approach,
two types of responses were observed in current-clamp record-
ings (Fig. 1B,C). In most of the recordings (n=10), a single stim-
ulation elicited a compound response composed of an initial
EPSP that overlapped with an IPSP (Fig. 1B) suggesting that
both excitatory parallel fiber-MLI (PF-MLI) synapses and inhibi-
tory synapses had been stimulated. MLIs receive input from
many inhibitory cells in the cerebellar cortex; therefore, the

3350 • J. Neurosci., April 22, 2020 • 40(17):3348–3359 Larson et al. · Nitric Oxide Strengthens GABA Receptor Synapses



observed inhibitory signal could arise from the axons of adjacent
MLIs and/or Lugaro and globular cells (Fritschy and Panzanelli,
2006). In other recordings (n=8), field stimulation evoked a
monophasic EPSP without any detectable hyperpolarization, sug-
gesting that only PF-MLI excitatory synapses were activated
(Fig. 1C).

To study GABAergic synapse plasticity, we adapted a HFS
protocol used in other studies to elevate ROS (Li et al., 2011).

This HFS protocol is also in line
with in vivo firing rates of cerebellar
granule cells and the frequency of
synaptic transmission for cerebellar
MLIs (Chadderton et al., 2004). Using
this protocol, a decline in the eEPSP
amplitude was observed in recordings
with a biphasic response over the
25min followingHFS (Peak25: 48.66 5%
of initial response, n=10, F(5,45) = 34.55,
p, 0.00,001, repeated-measuresANOVA;
Fig. 1B,E,F). In contrast, the EPSP ampli-
tude was unchanged in cells exhibiting a
monophasic response (Peak25: 98.3 6
2%,n=8,F(5,40)=1.70,p=0.15, repeated-
measures ANOVA) suggesting that HFS
didnotdirectly affect the efficacyof gluta-
matergic transmission (Fig. 1C,E,F). We
therefore reasoned that the decline eli-
cited by HFS in cells with a biphasic
response was due to a strengthening
of inhibitory transmission. In agree-
ment with this, application of 10mM

bicuculline, to block GABAARs and
the observed hyperpolarization, pre-
vented the decline in the eEPSP am-
plitude (Peak25: 115.66 17%, n= 4,
x 2
(5) = 2.74, p= 0.74, Friedman test;

Fig.1D–F).
To better quantify the increase

in GABAergic transmission, we per-
formed the same HFS protocol in volt-
age-clamp mode and measured the
evoked IPSCs (eIPSCs; Fig. 2). We
observed a twofold increase in the
eIPSC amplitude following the HFS
protocol (HFS Peak25: 200.36 35%,
n=7,F(5,30) = 5.97,p=0.0006, repeated-
measures ANOVA), which was accom-
panied by a slowing in decay kinetics
(Fig. 2A–D). This latter observation is
consistent with our previous finding
showing that elevation in ROS levels
promotes the recruitment of a3-
containing GABAAR into inhibitory
MLI synapses (Accardi et al., 2014).
Potentiation was absent in experiments
where the recorded cell did not receive
HFS reaffirming that GABAergic
transmission is stable under basal con-
ditions (Control Peak25: 105.56 8%,
n = 8, x 2

(5) =2.67, p = 0.75, Friedman
test). Furthermore, the potentiation
of eIPSC amplitude was present only
when the HFS protocol was paired
with a depolarization to 140 mV and

not when HFS was performed at �60 mV (Peak25: 95.66 9%,
n= 6, x 2

(5) = 0.57, p= 0.98, Friedman test; Fig. 2A–C). This latter
finding suggests that the induction of long-term potentiation in
GABAergic transmission (i.e., iLTP) may be postsynaptic and
also involve an elevation in cytosolic Ca21. In agreement with
this, inclusion of 10 mM BAPTA, to chelate cytosolic Ca21,
eliminated the increase in eIPSC amplitude (Peak25: 896 5%,

Figure 1. Repetitive stimulation of MLI excitatory synapses strengthens inhibitory neurotransmission. A, Schematic illustrating
the arrangement of stimulating and recording electrodes. Stimulating electrode was positioned to focally depolarize (yellow circle)
excitatory and inhibitory axons of cells innervating MLIs. PC, Purkinje cell; GC, granule cell. B, C, Representative current-clamp
recordings from two MLIs with either a biphasic (B; cell 141105r2) or monophasic (C; cell 141125r3) response at three time
points; before (baseline) and after (5 min or 25 min) HFS. D, Representative current-clamp recordings from a MLI with a biphasic
response at three time points; before (baseline) and 5 min after application of the GABAARs antagonist bicuculline and 25 min after
HFS 1 bicuculline treatment (cell 150225r1). E, Time course plot of the eEPSP amplitude before and after HFS from monophasic
(n=7) or biphasic (n=10) cells or biphasic cells in the presence of the bicuculline (n=4). F, Summary plot of the eEPSP amplitude
at 25 min following HFS shown as a percentage of the initial baseline. Tukey’s post hoc contrasts: ***p, 0.001. ns, not significant.
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n= 5, x 2
(5) = 9.45, p= 0.06, Friedman test) and prevented the

slowing in decay kinetics (control t , 15.36 1.1ms,140mVHFS
t : 20.16 1.9ms,1BAPTA t : 14.16 1.7ms) observedwhenHFS
waspairedwithadepolarizationstepto140mV(Fig.2A–D).

Activation of NMDARs strengthens postsynaptic inhibitory
synapses
Previous work has shown that fast glutamatergic signaling in
MLIs is primarily mediated by synaptic AMPARs, with a smaller
contribution from extrasynaptic NMDARs (Clark and Cull-

Candy, 2002). To determine the impact of each receptor subtype
following a single stimulus or HFS, we compared the effect of
AMPAR and NMDAR selective antagonists on the glutamatergic
response (Fig. 3A–D). Given the strong voltage-dependent block
of NMDARs by external Mg21 at negative membrane potentials,
we recorded membrane currents at both �60 and 140mV. As
previously reported (Clark and Cull-Candy, 2002), most of the
glutamatergic response from a single stimulation at a holding
potential of�60mV was blocked by the selective AMPAR antag-
onist, GYKI 53 655 (10 mM) demonstrating the predominant

Figure 3. GABAergic synapses are strengthened by the activation of extrasynaptic NMDARs. A, Representative traces of evoked currents from a single stimulus at140mV (top) or�60mV
(bottom) membrane potential (cell 150317r1). Traces in blue or black denote responses observed in the presence or absence of the AMPAR antagonist, GYKI 53 655 (10 mM), respectively. B,
Representative traces of evoked currents (from the same cell as A) during a 100 Hz 6 train stimulus (or HFS) at a membrane potential of140mV (top) and�60mV (bottom) in the presence
(orange trace) and absence (black trace) of GYKI 53 655. C, Overlay of pharmacologically-isolated NMDAR currents (same traces as in A and B) following a single stimulus (blue trace) or during
a 100 Hz 6 stimulus train (orange trace, HFS) at 140mV and �60mV membrane potential. Stimulation artifacts have been removed for clarity. D, Bar graph of the peak amplitude (left;
t(9) = 3.43, p= 0.007, paired t test) or charge transfer (right; t(9) = 3.32, p= 0.009, paired t test) of NMDAR responses following a single stimulus or during a HFS train. E, Representative cur-
rent-clamp recordings from a MLI with a biphasic response in the presence of the NMDAR antagonist D-APV before and after HFS treatment (cell 150203r2). F, Time course plot of the eEPSP am-
plitude before and after HFS in the presence (n= 4; open circle) and absence (n= 10; filled circles) of D-APV. Arrows indicate when the HFS protocol was performed. G, Summary plot of the
eEPSP amplitude at 25 min following HFS expressed as a percentage of the baseline. Error bars indicate SEM. Control data represents the biphasic response from Figure 1 and is shown for com-
parison purposes. **p, 0.01, ***p, 0.001. ns, not significant.

Figure 2. High-frequency stimulation evokes an increase in eIPSC amplitude and a slowing of decay kinetics. A, GABAAR currents from different MLIs just before the start (i.e., baseline) of
the HFS protocol at t= 0 min and after 25 min (cell numbers, Control: 160718r1, �60HFS: 171101r1, 140HFS: 160714r1, 1BAPTA: 171019r1). Inset, Scaled response from the same trace
as the 140HFS demonstrating the slowing of decay kinetics following the HFS treatment. Stimulation artifacts have been removed for clarity. B, Summary plot of the time course of eIPSC
amplitude during and following HFS expressed as a percentage of the baseline. C, Summary bar graph of the eIPSC amplitude observed in different experimental conditions at 25 min after
HFS and expressed as a percentage of the baseline. D, Summary plot comparing the decay kinetics of eIPSCs at 25 min in different experimental conditions after HFS. Error bars indicate SEM.
Tukey’s post hoc contrasts: *p, 0.05, **p, 0.01, ***p, 0.001. ns, not significant.
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contribution of postsynaptic AMPARs (Fig. 3A,D). In contrast,
the glutamatergic response after HFS stimulation at 140mV,
exhibited a greater APV-sensitive component due to a greater
contribution of NMDARs (Fig. 3B–D). In keeping with this, the
charge transfer (Q) observed in control conditions at 140mV
(Q= 49.16 8.6 pC, n=10) was similar to the charge transfer
measured following bath application of 10mM GYKI 53655 to
isolate the NMDAR response (Q=41.76 12.3 pC, n= 10,W(9) =
12, p= 0.25, Wilcoxon signed rank test; Fig. 3B–D). To directly
test the hypothesis that NMDAR activation is required for
strengthening GABAergic signaling, we repeated the HFS proto-
col in slices pre-incubated with 10mM D-APV to block
NMDARs (Fig. 3E–G). Under these conditions, the reduction in
peak eEPSP of the biphasic response failed to occur (Peak25:

111.26 8%, n = 4, F(5,15) = 0.33, p= 0.88, repeated-measures
ANOVA; Fig. 3E–G) establishing that extrasynaptic NMDARs
couple signaling between glutamatergic and GABAergic synapses
in cerebellar MLIs. In agreement with our previous result in volt-
age-clamp (Fig. 2), inclusion of high concentrations of BAPTA
in the patch electrode also eliminated the reduction in the eEPSP
amplitude (Fig. 3G) demonstrating that NMDARs strengthen
GABAergic transmission through an elevation in cytosolic Ca21.

NMDA receptors strengthen GABAergic synapses via a
NO-dependent pathway
Since NMDARs can elevate ROS levels in other neurons (Dugan
et al., 1995; Reynolds and Hastings, 1995) and strengthen
GABAergic signaling in cerebellar MLIs (Accardi et al., 2014),

Figure 4. Inhibition of NO synthase and NADPH oxidase blocks iLTP. A, Representative recordings from four different MLIs in current-clamp showing the response to patch electrode perfu-
sion with different pharmacological agents. The first three traces (left to right, cell numbers: 151105r2, 150423r1, 150302r1) show the overlay of responses before (black) and after (gray) HFS.
In each case, the recording electrode solution contained either NAC (cell 151105r2), RR (cell 150423r1), or Apo (cell 150302r1). The rightmost trace shows the overlay of two averaged EPSPs at
the beginning (black) of patch perfusion with cGMP and after 25 min (blue; cell 190530r2). B, Summary bar graph of the eEPSP amplitude at 25 min under different conditions expressed as a
percentage of the baseline. Error bars indicate SEM. C, Representative GABAAR membrane currents from three different voltage-clamped MLIs at the start (black) and after 25 min (blue) of in-
ternal patch perfusion with cGMP (cell numbers left to right: 190122r1, 190311r2, 190530r2). D, Representative GABAAR currents from two different voltage-clamped MLIs at baseline (black)
and 25 min after HFS (orange) with internal patch perfusion of KT-5823 (PKG inhibitor, cell 191214r2) or ODQ (guanylate cyclase inhibitor, cell 191217r2). E, Summary plot of the time course
of eIPSC amplitude during internal perfusion of cGMP or HFS treatment. F, Summary bar graph of the change in eIPSC amplitude after 25 min perfusion with internal perfusion of cGMP or HFS
treatment with pharmacological blockers. Data are expressed as a percentage of the baseline. G, Schematic diagram outlining the key signaling steps triggered by Ca21 influx through
NMDARs. An elevation in cytosolic Ca21, activates nNOS which generates NO from arginine (Arg). NO’s action on guanylate cyclase (sGC) generates cGMP from GTP which, in turn, signals to
PKG and NOX2 to generate the ROS, superoxide (O2

�). Line markers in red denote the pharmacological target of 3-Br-7-Ni (nNOS), Apo (NOX2), RR (mitochondria), D-APV (NMDAR), KT-5823
(PKG), and ODQ (sGC). Error bars indicate SEM. *p, 0.05, **p, 0.01, ***p, 0.001. ns, not significant.
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we tested whether a ROS-dependent mechanism could be re-
sponsible for the induction of iLTP in this study. To do this, we
first included the antioxidant, N-acetylcysteine (NAC, 1 mM), in
the patch electrode solution (Fig. 4A) which, as anticipated, elim-
inated the decline in the net depolarization following HFS
(Peak25: 1176 21%, n= 4, F(5,15) = 0.35, p=0.87, repeated-meas-
ures ANOVA; Fig. 4B). Because intracellular NAC does not
antagonize GABAAR responses (Accardi et al., 2014, 2015), we
concluded that the failure of the HFS protocol to reduce the net
depolarization was due to the antioxidant properties of NAC. To
determine the origin of ROS production, the pharmacological
agents 3-Br-7-Nitroindazole (3-Br-7-Ni; 10mM), Apo (100mM),
and ruthenium red (RR; 1mM) were included in the patch elec-
trode solution to selectively inhibit the activity of neuronal
NOS (nNOS or NOS-1), NADPH oxidase (NOX2), and the
mitochondrial Ca21 uniporter, respectively. Although 3-Br-7-
Ni also inhibits the other NOS isoforms, iNOS (or NOS-2),
and eNOS (NOS-3), RNAseq and data from nNOS-specific
KO animals reveal that only nNOS is expressed in cerebellar
MLIs (Huang et al., 1993; Zeisel et al., 2018). The decline in
the net depolarization was greatly attenuated by pharmacological
block of nNOS and NOX2 with peak responses at 25 min of
87.16 5% (3-Br-7-Ni: n=5, F(5,20) = 2.40, p= 0.073, repeated-
measures ANOVA) and 100.66 7% (Apo: n= 5, x 2

(5) = 6.371,
p=0.272, Friedman test), respectively (Fig. 4A,B). In contrast, in-
hibition of the mitochondrial Ca21 uniporter with 1mM RR did
not affect the ability of the HFS protocol to attenuate the eEPSP

amplitude (Peak25: 45.56 10%, n=4, x2
(5) = 17.857, p=0.003,

Friedman test; Fig. 4A,B). These results demonstrate that nNOS
and NOX2 are responsible for the iLTP observed following
NMDAR activation.

The fact that iLTP can be eliminated by pharmacological
block of nNOS or NOX2 suggests both enzymes share a common
signaling pathway. Because prior work has shown that nNOS ac-
tivity is upstream of NOX2 in neurons (Girouard et al., 2009),
we reasoned that a similar sequence of events may occur in
MLIs. For example, a rise in NO levels through nNOS activity is
known to first elevate cGMP levels via guanylate cyclase which in
turn activates PKG with downstream activation of NOX2
(Girouard et al., 2009). To determine whether a similar sequence
of events occurs in MLIs, we directly stimulated PKG by perfus-
ing a non-hydrolyzable cGMP analog through our patch pipette
(Fig. 4A–C,E,F). In separate current- and voltage-clamp experi-
ments, direct activation of PKG resulted in a decrease in eEPSP
amplitude (Peak25: 68.76 10%, n= 7, F(6,30) = 4.56, p= 0.003,
repeated-measures ANOVA) and a potentiation of the eIPSC
amplitude (Peak25: 180.36 10%, n=6, F(5,25) = 3.09, p= 0.02,
repeated-measures ANOVA), respectively (Fig. 4A,C) demon-
strating that iLTP is regulated by cGMP. Consistent with our
HFS treatment, intracellular perfusion of cGMP also resulted in
a slowing of decay kinetics (cGMP t : 21.86 3.7ms). Furthermore,
pharmacological block of nNOS with 3-Br-7-Ni failed to elimi-
nate the eIPSC potentiation (Peak25: 139.96 15%, n=6, F(5,25)
= 2.87, p= 0.03, repeated-measures ANOVA) whereas block of

Figure 5. Activation of protein kinase C strengthens GABAergic synapses. A, Representative recordings from four different MLIs in current-clamp showing the response to patch electrode
perfusion with different kinase inhibitors or activators. The first three traces (left to right) show the overlay of responses before (black) and after (blue) HFS. In each case, the recording electrode
solution contained either KN-93 (cell 150904r1), PKA 6-22 (cell 150717r2) or Gö 6983 (cell 150629r2). The rightmost trace shows the overlay of two averaged EPSPs at the beginning (black) of
patch perfusion with the phorbol ester, PMA, and after 25 min (blue; cell 160204r2). B, Summary bar graph of the eEPSP amplitude at 25 min under different conditions expressed as a per-
centage of the baseline. Error bars show SEM. C, Representative GABAAR membrane currents from four different MLIs in the voltage-clamp configuration. Synaptically-evoked membrane cur-
rents observed before the onset of HFS (black) and after 25 min (orange) in the presence of the PKC inhibitor, Gö 6983 (left; cell 171027r1). The remaining traces correspond to eIPSCs
observed at the start (black) and after 25 min (orange) of patch perfusion with PMA (cell 160825r1), antimycin A (cell 190630r1), and antimycin A 1 Gö 6983 (cell 190704r1). D, Summary
bar graph of the data shown in C expressed as a percentage of the baseline. Error bars indicate SEM. *p, 0.05, **p, 0.01, ***p, 0.001. ns, not significant.
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NOX2 activity with Apo eliminated the effect of the cGMP
analog (Peak25: 1056 14%, n=6, x 2

(5) = 5.33, p= 0.37,
Friedman test; Fig. 4C,F). Conversely, including the PKG an-
tagonist, KT-5823 (5mM), in our internal patch solution elimi-
nated any potentiation of the eIPSC amplitude following HFS
(Peak25: 99.36 8%, n=7, F(6,30) = 0.92, p=0.48, repeated-meas-
ures ANOVA; Fig. 4D–F). Finally, pharmacological block of gua-
nylate cyclase by internal perfusion of ODQ (10mM) also
prevented any potentiation of the eIPSC following HFS (Peak25:
1126 12%, n=7, F(6,30) = 0.78, p=0.57, repeated-measures
ANOVA; Fig. 4D–F). Together, these data demonstrate that
nNOS activation is upstream of NOX2 in a PKG-dependent path-
way as summarized inFigure 4G.

PKC strengthens GABAergic synapses following NMDA
receptor activation
Several kinases have been shown to regulate the strength of
GABAergic synapses by triggering the recruitment of synaptic
GABAARs (Luscher et al., 2011). Many of these kinases also pos-
sess ROS-sensitive amino-acid residues in their regulatory or cat-
alytic domains which can affect kinase activity. Specifically PKA,
PKC, and CaMKII can be activated by ROS in addition to their
canonical activation pathways (Knock and Ward, 2011). Given
this, we reasoned that the iLTP observed in the present study
could be because of ROS action on kinase activity.

To test this, we performed the HFS experiment while perfus-
ing individual MLIs with either KN-93 (5mM), protein kinase in-
hibitor-(6-22)-amide peptide (5mM) or Gö 6983 (5mM) to
selectively inhibit CaMKII, PKA, and PKC, respectively (Fig. 5).

Pharmacological inhibition of PKA
and CaMKII still resulted in a decline
in the eEPSP amplitude following
HFS with peak responses after 25
min of 71.56 5% (n = 6, x 2

(5) =
23.23, p=0.0003, Friedman test) and
57.26 9%, respectively (n = 4, x 2

(5) =
11.43, p=0.04, Friedman test; Fig.
5A,B). In contrast, inhibition of PKC
by 5mM Gö 6983 eliminated the
induction of iLTP by the HFS proto-
col (Fig. 5A) with peak responses at
25 min of 108.76 16% (n = 5, x 2

(5) =
5.43, p=0.36, Friedman test; Fig. 5B).
Similarly, inclusion of 5mM Gö 6983
in voltage-clamp experiments also
prevented iLTP (Fig. 5C,D). In sup-
port of this, direct activation of
PKC with PMA (100 nM), elicited a
similar time-dependent onset of
iLTP in both current- and voltage-
clamp experiments (Fig. 5A–D). We
observed a decrease in the eEPSP to
63.96 12% of the baseline eEPSP
(n = 4, x 2

(4) = 13.8, p=0.008,
Friedman test) in current-clamp
recordings and an increase to 146
6 16% of the baseline eIPSC (n= 6,
repeated-measures ANOVA, F(4,20)
= 4.77, p= 0.007) in voltage-clamp
(Fig. 5A–D). Interestingly, we also
observed iLTP following the inclu-
sion of the metabolic uncoupler,
antimycin A, to generate mitochon-

drial ROS in MLIs which was eliminated by the PKC inhibitor
(Fig. 5C,D). This latter finding demonstrates that our previous
study linking mitochondrial ROS (mROS) to the strengthening
of GABAergic signaling in cerebellar MLIs is mediated through
PKC (Accardi et al., 2014). A similar PKC-dependent pathway
may also explain the effect of mROS on a6-containing
GABAARs of cerebellar granule cells (Accardi et al., 2015).
Together, these data show that ROS-induced iLTP in MLIs
relies on a PKC-dependent signaling pathway.

Synapse strengthening requires GABARAP and recruitment
of a3-containing GABAA receptors
Although MLIs express both a1- and a3-containing GABAA

receptors (Laurie et al., 1992), previous work from our laboratory
has shown that ROS-mediated synapse strengthening relies
exclusively on the recruitment of postsynaptic a3-containing
receptors (Accardi et al., 2014). Though more numerous, a1-
containing GABAAR synapses are unaffected by ROS in both
stellate and granule cells of the cerebellum (Accardi et al., 2014,
2015). To determine whether NMDAR-dependent strengthening
of GABAergic transmission also relies on a3-containing recep-
tors, we repeated the HFS protocol in cerebellar slices from a3
KO mice (Fig. 6). As anticipated, GABAergic strengthening eli-
cited by HFS was absent in MLIs lacking the a3-subunit (Peak25:
115.36 15%, n=7, x 2

(5) = 6.59, p= 0.25, Friedman test;
Fig. 6A–C) confirming that the strengthening of MLI inhibitory
synapses is subunit-dependent.

GABAARs interact with a number of scaffolding proteins
which regulate receptor trafficking and clustering at inhibitory

Figure 6. iLTP is dependent on a3-containing GABAA receptors and GABARAP. A, Overlay of eEPSP recordings from four differ-
ent MLIs in current-clamp configuration before the start of HFS (black) and after 25 min (orange). Left to right, Representative
examples of recordings from MLIs from a GABAAR a3 KO mouse (cell 151110r1) and wild-type cells perfused with the gephyrin
interfering peptide (cell 150612r1), GABARAP interfering peptide (cell 150518r1) and scrambled GABARAP peptide (cell 150908r1).
B, Time course of the averaged eEPSP amplitude before and after HFS for the biphasic response from Figure 1 and in recordings
from GABAAR a3 KO mice. C, Summary bar graph of eEPSP amplitude at 25 min following HFS expressed as a percentage of the
baseline. Error bars indicate SEM. ***p, 0.001. ns, not significant.
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synapses. To investigate which pro-
tein interactions are responsible for
synaptic targeting of a3-containing
GABAARs, we focused on two prom-
inent GABAAR scaffolding proteins
linked to inhibitory synapse plasticity
(Petrini and Barberis, 2014): gephyrin
(Tyagarajan and Fritschy, 2014) and
GABARAP (Wang et al., 1999).
Previous work has identified that
gephyrin binds directly to the GABA
a3-subunit (Tretter et al., 2011) while
GABARAP is known to bind to the
g2-subunit (Wang et al., 1999). In
keeping with this, coexpression of
recombinant a3b 2g2 GABAA recep-
tors in HEK293 cells with either
gephyrin or GABARAP revealed that
both scaffolding proteins coimmuno-
precipitate with the ion-channel com-
plex (Fig. 7). Consequently, we used
two short-chain peptides, namely a3-
derived peptide (Tretter et al., 2011;
Maric et al., 2014) and K1 GABARAP
peptide (Weiergräber et al., 2008),
to interfere with the binding of
gephyrin or GABARAP, respectively,
to recombinantly expressed a3-con-
taining GABAARs (see Materials and
Methods; Fig. 7B). These peptides
were then used in separate electro-
physiology experiments to test for the
role of gephyrin and/or GABARAP in
MLI inhibitory synapse strengthening.

Each peptide was included in the
patch electrode solution during HFS
protocols to interfere with the binding
of the target protein (Fig. 6A,C). In all
cases, we waited 15 min from break-
through before beginning the HFS
protocol to allow the peptide to dialyze
throughout the neuron and prevent
protein–protein interactions. We ob-
served that the rate and degree
of onset of synapse strengthening
induced by HFS was unaffected by the
a3-derived, gephyrin-inhibiting pep-
tide (Peak25: 48.76 8%, n= 5, F(4,20) = 6.86, p = 0.0007, repeated-
measures ANOVA; Fig. 6A,C suggesting that a3-containing
GABAARs are not recruited to inhibitory synapses via a
gephyrin-dependent mechanism. In contrast, inclusion of the K1
GABARAP peptide in the patch electrode solution eliminated
the induction of synapse strengthening (Fig. 6A, C; F(5,40) = 1.22,
p=0.35, repeated-measures ANOVA) indicating that GABARAP is
required for the synaptic recruitment of a3-containing GABAARs.
In agreement with this, pre-incubation of the K1 GABARAP
peptide with lysates of cells coexpressing a3-containing
GABAARs disrupted GABARAP binding establishing the speci-
ficity of the interaction (Fig. 7C,D). Moreover, a scrambled ver-
sion of the K1 GABARAP peptide failed to disrupt the binding
of GABARAP to the GABAR complex (Fig. 7C,D). Additionally,
the scrambled peptide failed to prevent the induction of iLTP by the
HFS protocol (n=4, 69.66 11%; Fig. 6A,C) further confirming the

specificity of the K1 GABARAP peptide interaction with a3-con-
taining GABAARs.

Discussion
The present study advances our understanding of how NO sig-
naling regulates the excitatory/inhibitory balance in the mamma-
lian brain in several new and important ways. First, we show that
NO generated by NMDAR activation strengthens inhibitory
GABAergic synapses through a series of sequential steps involv-
ing nNOS, NADPH oxidase, and PKC as outlined in Figure 8
These observations are distinct from previous work, which has
shown that NMDARs strengthen GABAA receptor synapses
through a different pathway involving CaMKII. Second, we show
that the strengthening of a3-containing GABAAR synapses in
MLIs is reliant on the scaffolding protein, GABARAP, rather
than gephyrin. Our data does not exclude a role for gephyrin

Figure 7. Co-assembly of a3-containing GABAA receptors with GABARAP can be disrupted by short-chain interfering peptides.
A, Western blots of lysates from HEK 293 cells transfected with HA-GABAR-a3, GABAR-b 2, and GABAR-g2 (short) to form
a3b 2g2 GABAR channels that have been coexpressed with either Gephyrin-YFP (left) or GABARAP-CFP (right). A, Left, Blot
with eluates and inputs (n= 3) of cell lysates immunoprecipitated with an anti-HA antibody and analyzed by immunoblotting
with an anti-GFP antibody. YFP is presented as a negative control (note that the anti-GFP antibody recognizes both YFP and
CFP). Right, Blot with eluates and inputs (n= 3) of cell lysates immunoprecipitated with an anti-HA antibody and analyzed by
immunoblotting with an anti-GFP antibody. B, Primary amino-acid sequence of the K1-GABARAP blocking peptide and the a3-
derived-gephyrin blocking peptide. C, Scrambled GABARAP peptide or GABARAP peptide were added to lysates from the same
transfections and pulled down with anti-HA antibody. Immunoblotting was performed with an anti-GFP antibody, as in A. D, Bar
graph comparing GABARAP immunoblot levels after pre-incubation with GABARAP or scrambled peptide. p , 0.001, n= 4,
Student’s t test. Error bars indicate SEM.
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at a3-receptor synapses but nevertheless highlights that
GABARAP has a prominent role in the recruitment process.
Finally, given the widespread but cell-selective expression of
the NMDAR/nNOS complex, our findings suggest that NO
control of GABAergic synapses through NMDARs may be
more widespread in the vertebrate brain than has been
appreciated.

NO strengthens inhibitory GABAergic synapses following
NMDAR activation
Multiple presynaptic and postsynaptic mechanisms elicit long-
term changes in the efficacy of GABAergic synapses (Kullmann
et al., 2012) with one of the most prominent pathways involving
an increase in the number of GABAA receptors per synapse
(Luscher et al., 2011). NMDAR-mediated strengthening of
GABAergic synapses has been linked to an increase in cytoplas-
mic Ca21 and subsequent activation of CaMKII (Marsden et al.,
2007; Luscher et al., 2011; Chiu et al., 2019). Although Ca21

entry through NMDARs is still a requirement in inhibitory syn-
apse strengthening of MLIs, we excluded a role for CaMKII
because its specific kinase inhibitor, KN-93, did not affect synap-
tic plasticity (compare Fig. 5).

A recent study has shown that postsynaptic NMDARs of
granule cells can enhance inhibitory transmission by the retro-
grade action of NO on presynaptic GABA terminals of Golgi
cells in the rat cerebellum (Mapelli et al., 2016). Although we
cannot completely exclude a presynaptic role of NO in the pres-
ent study on the mouse cerebellum, our data suggest that almost
all the molecular events triggered by NMDARs in MLIs are pre-
dominantly postsynaptic. For example, it is unlikely that a pre-
synaptic mechanism could explain the effect of internal patch
perfusion of the GABARAP blocking peptide on inhibitory
synapse strengthening (Figs. 6, 7) given that the peptide is
membrane impermeant and thus confined to the cytoplasm
of the recorded cell. Likewise, the effect of internal patch
perfusion with cGMP and its inhibition by Apo (Fig. 4) sug-
gests that the signaling pathway involving both cGMP and
NOX2 is postsynaptic. Furthermore, if NO was acting through a
purely presynaptic mechanism, enhanced release of presynaptic
GABA by NO would be expected to be observed at all inhibitory
synapses. However, our data demonstrate that the enhancement
of GABAergic transmission by NMDARs and NO occurs only
at a3-containing inhibitory synapses and not a1-receptor

synapses (Fig. 6). It is possible that
NO has both presynaptic and postsy-
naptic targets at inhibitory synapses
of MLIs. In this case, NO would selec-
tively enhance presynaptic GABA
release from a3- and not a1-receptor
synapses while triggering the postsy-
naptic cell to generate NO, cGMP, acti-
vate NOX2 and PKC, and finally
promote the recruitment of postsynap-
tic a3-receptors.

Interestingly, a similar dual effect
of NO might be at play at the inhibi-
tory Golgi cell-granule cell synapse.
In agreement with this, we have pre-
viously shown that reactive oxygen
species enhance recruitment of post-
synaptic a6- but not a1-containing
GABAARs in mouse granule cells
(Accardi et al., 2015), whereas others

have shown a presynaptic action of NO on GABA release from
rat Golgi cells (Mapelli et al., 2016). Differential regulation of
input-specific GABAergic synapses onto the same neuron has
recently been described in the cerebral cortex (Chiu et al., 2018)
and striatum (Paraskevopoulou et al., 2019), consequently, it
is possible that a similar arrangement is found in both inhib-
itory synapses of MLIs and granule cells of the cerebellum.
An important caveat to both presynaptic and postsynaptic
roles of NO in granule cells, however, is that nNOS expres-
sion in the presynaptic terminals of Golgi cells is high in the
rat but almost completely absent from the mouse, particularly
mice with the C57BL/6 background used in this study
(Kaplan et al., 2013). Accordingly, NO may act primarily on
presynaptic Golgi cell terminals in the rat and through a
postsynaptic pathway in granule cells of the mouse. Whether
nNOS expression at MLI inhibitory synapses is similarly spe-
cies-dependent has yet to be examined.

GABAergic synapse strengthening is dependent on the
scaffolding protein, GABARAP
Our experiments establish a key role for GABARAP in the
strengthening of GABAergic synapses. Although different mech-
anisms may anchor GABAARs at central synapses, the preva-
lent view is that gephyrin plays a prominent role in binding
the a1–3 (Tretter et al., 2008; Mukherjee et al., 2011; Tretter
et al., 2011) and/or b 2–3 (Kowalczyk et al., 2013) GABAAR
subunits to the cytoskeleton (Tyagarajan and Fritschy, 2014).
Although gephyrin-independent clustering of postsynaptic
GABAARs has been reported (Kneussel et al., 2001; Levi et
al., 2004; Panzanelli et al., 2011) the role of other accessory
proteins, such as GABARAP (Wang et al., 1999) and/or the
dystrophin–glycoprotein complex (Pribiag et al., 2014), has
received less attention. Our data argue in favor of GABARAP
playing an important role in the recruitment of a3-contain-
ing GABAARs during synapse strengthening (compare Fig.
6). Although, we cannot exclude a role for gephyrin at a3-re-
ceptor synapses, costaining for the a3 subunit and gephyrin
show very little overlap (Accardi et al., 2014) suggesting that a3
GABAAR subunits may associate with another trafficking/scaf-
folding protein in MLIs. Our findings are consistent with stud-
ies on cultured hippocampal neurons showing that there are
low GABARAP levels at inhibitory synapses under basal condi-
tions (Kittler et al., 2001) and that the levels increase following

Figure 8. Summary of iLTP signaling pathway. Schematic summarizing the main signaling events and molecules that lead to
the selective recruitment of a3-containing GABAARs into inhibitory synapses of cerebellar MLIs. HFS of parallel fibers from granule
cells stimulates extrasynaptic NMDARs of MLIs and activates nNOS through the influx of external Ca21. nNOS generates NO, which
acts on guanylate cyclase (sGC) elevating cGMP which, in turn, stimulates PKG and NOX2. We speculate the production of superoxide
by NOX2 leads to the activation of PKC and the recruitment of GABAARs via a GABARAP-dependent pathway. This signaling pathway
selectively acts on a3-containing GABAARs and does not affect synapses containing a1-GABAARs.
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chemically-induced strengthening of inhibitory synapses
(Marsden et al., 2007).

Widespread and cell-selective expression of nNOS1 neurons
in the mammalian brain
nNOS1 neurons are expressed throughout the CNS (Vincent
and Kimura, 1992; Southam and Garthwaite, 1993; Rodrigo et
al., 1994) and are involved in many different CNS functions that
include learning and memory, sleep, feeding behaviors, move-
ment, pain, anxiety, and reproductive activity (Garthwaite, 2008;
Steinert et al., 2010; Chachlaki et al., 2017; Garthwaite, 2019). It
has long been recognized that nNOS activation and the down-
stream production of cGMP is linked to glutamatergic signaling,
primarily through NMDARs in the cerebellum (Southam et al.,
1991). Of note, nNOS activity is highest in the cerebellum com-
pared with other brain regions (Förstermann et al., 1990)
because of several nNOS1 neuronal types, including granule cells
and MLIs, but is curiously absent from Purkinje cells, the sole
output neuron of the cerebellar cortex (Vincent and Kimura,
1992; Rodrigo et al., 1994). Our data establish a new function for
nNOS in MLIs, which is part of a sequential signaling pathway
that strengthens inhibitory GABAergic synapses following
NMDAR activation. NMDARs of MLIs are also involved in the
tight coupling between neuronal communication and local blood
flow during functional hyperemia where activation of NMDARs
generates NO, which promotes vasodilation of local capillaries
(Rancillac et al., 2006).

Together, these observations suggest that NMDARs expressed
by MLIs fulfill multiple functions that control the excitability of
MLIs while impacting the physiological state of the surrounding
cells and tissue. In keeping with this, unpublished data from our
laboratory reveals that NMDARs also directly modulate MLI
excitability (RPD Alexander and D. Bowie, unpublished observa-
tion) through a signaling pathway that leads to a hyperpolarizing
shift in sodium channel (Nav) activation and inactivation
recently described (Alexander et al., 2019). Interestingly, this
pathway does not involve PKC but instead signals through the
actions of CaMKII (Alexander and Bowie, unpublished observa-
tion) suggesting that Ca21 influx through NMDARs in MLIs
triggers a bifurcating pathway involving both CaMKII and
nNOS. Given the multiple actions of NMDARs and nNOS in
MLIs, it is tempting to speculate that similar roles are found in
other nNOS1 cells of the CNS. On that note, NMDAR activation
and the generation of ROS or NO also lead to the strengthening
of GABAergic transmission in cerebellar granule cells (Accardi
et al., 2015; Mapelli et al., 2016) and vasodilation of local blood
vessels (Mapelli et al., 2017) in a manner reminiscent of MLIs.
Given this, it would be interesting in future studies to examine
whether NMDAR activation of other nNOS1 neurons outside
the cerebellum similarly regulate GABAR plasticity and local
blood flow.
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