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 42 
 43 
Abstract 44 

Nitric oxide (NO) is an important signaling molecule that fulfills diverse functional roles as a 45 

neurotransmitter or diffusible second messenger in the developing and adult CNS. Although the 46 

impact of NO on different behaviours such as movement, sleep, learning, and memory has been 47 

well documented, the identity of its molecular and cellular targets is still an area of ongoing 48 

investigation. Here, we identify a novel role for NO in strengthening inhibitory GABAA receptor-49 

mediated transmission in molecular layer interneurons (MLIs) of the mouse cerebellum. NO 50 

levels are elevated by the activity of neuronal nitric oxide synthase (nNOS) following Ca2+ entry 51 

through extrasynaptic NMDA-type ionotropic glutamate receptors (NMDARs). NO activates 52 

protein kinase G (PKG) with the subsequent production of cyclic GMP (cGMP) which prompts 53 

the stimulation of NADPH oxidase and protein kinase C (PKC). The activation of PKC promotes 54 

the selective strengthening of 3-containing GABAA receptor synapses through a -55 

aminobutyric acid receptor-associated protein (GABARAP)-dependent mechanism. Given the 56 

widespread but cell type specific expression of the NMDAR/nNOS complex in the mammalian 57 

brain, our data suggest that NMDARs may uniquely strengthen inhibitory GABAergic 58 

transmission in these cells through a novel NO-mediated pathway. 59 

 60 
  61 
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Significance Statement 62 

Long-term changes in the efficacy of GABAergic transmission is mediated by multiple pre- and 63 

postsynaptic mechanisms. A prominent pathway involves crosstalk between excitatory and 64 

inhibitory synapses whereby Ca2+-entering through postsynaptic NMDARs promotes the 65 

recruitment and strengthening of GABAA receptor synapses via Ca2+/calmodulin-dependent 66 

protein kinase II (CaMKII). Although Ca2+-transport by NMDARs is also tightly coupled to nNOS 67 

activity and NO production, it has yet to be determined whether this pathway affects inhibitory 68 

synapses. Here, we show that activation of NMDARs trigger a NO-dependent pathway that 69 

strengthens inhibitory GABAergic synapses of cerebellar MLIs. Given the widespread expression 70 

of NMDARs and nNOS in the mammalian brain, we speculate that NO control of GABAergic 71 

synapse efficacy may be more widespread than has been appreciated. 72 

  73 
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Introduction 74 

The NMDA receptor (NMDAR) is an abundant neurotransmitter-gated ion-channel that 75 

orchestrates the formation, maintenance and plasticity of almost all glutamatergic synapses in 76 

the developing and adult brain (Hardingham and Bading, 2003; Paoletti et al., 2013). It is 77 

implicated in numerous neurological diseases from neurodevelopmental disorders (Bello et al., 78 

2013; Hu et al., 2016) to neurodegenerative disease including Huntington’s (Milnerwood and 79 

Raymond, 2010) and Alzheimer’s disease (Liu et al., 2019). Two synergistic features of the 80 

NMDAR critical for its role in synaptic signaling are its slow channel gating (Glasgow et al., 2015) 81 

and high Ca2+ permeability (Gnegy, 2000). These properties of the NMDAR act together to 82 

ensure that the presynaptic release of L-glutamate elevates postsynaptic Ca2+ and triggers a 83 

cascade of Ca2+-dependent biochemical events inside the cell. Much of the activity initiated by 84 

NMDARs is relayed through the actions of Ca2+/calmodulin-dependent protein kinase II 85 

(CaMKII) (Sanhueza and Lisman, 2013) which is anchored to the NMDAR (Bayer et al., 2006) and 86 

thus ideally suited to act as a signaling hub. For example, it has been shown that this pathway 87 

originating at glutamatergic synapses strengthens GABAergic synapses (Marsden et al., 2007; 88 

Petrini et al., 2014; Chiu et al., 2018). 89 

 90 

NMDA receptor signaling is also tightly coupled to neuronal nitric oxide synthase (nNOS) 91 

activity through the postsynaptic scaffold of PSD-95 and -93 (Brenman et al., 1996b; Brenman 92 

et al., 1996a). By elevating cytosolic Ca2+, synaptic NMDARs activate nNOS generating nitric 93 

oxide (NO) which has a variety of roles in neuronal communication and blood vessel modulation 94 

(Bredt, 1999; Kiss and Vizi, 2001). Accordingly, NO participates in numerous CNS functions 95 
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including learning and memory, sleep and feeding behavior, movement, pain, anxiety and 96 

reproductive activity (Garthwaite, 2019). An area of ongoing investigation is to identify the 97 

molecular and cellular targets of NO. What is known is that physiological levels of NO elevated 98 

by NMDAR stimulation act as a retrograde signal (Garthwaite, 2016), stimulate gene expression 99 

(Lu et al., 1999) and/or promote AMPA receptor (AMPAR) trafficking (Serulle et al., 2007). 100 

Conversely, excessive levels of NO promote neurotoxicity (Brown, 2010). 101 

 102 

Here, we identify a new role for NO in strengthening GABAergic synapses of cerebellar 103 

molecular layer inhibitory neurons. We show that an elevation in cytosolic Ca2+ mediated by 104 

NMDARs triggers a cascade of signaling events that begin with nNOS activation and release of 105 

NO which through the generation of cyclic GMP (cGMP) activates protein kinase G (PKG). This 106 

pathway stimulates NADPH oxidase and protein kinase C to strengthen α3-containing GABAA 107 

receptor synapses through a γ-aminobutyric acid receptor-associated protein (GABARAP)-108 

dependent mechanism. Given the widespread but cell-type specific expression of the 109 

NMDAR/nNOS complex in the mammalian CNS, our data suggest that NMDARs may uniquely 110 

strengthen inhibitory GABAergic transmission through a novel NO-mediated pathway in 111 

cerebellar MLIs and other nNOS positive (nNOS+) neurons. 112 

  113 
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Materials and Methods 114 

Animals 115 

Wild-type mice with a C57BL/6 background were obtained from Charles River Laboratories 116 

(Wilmington, MA, USA) and maintained as a breeding colony at McGill University. Mice (male 117 

and female) used for the experiments ranged from eighteen to thirty days old. All experiments 118 

have been approved and were performed in accordance with the guidelines of the Canadian 119 

Council on Animal Care and were approved by the Animal Care Committee of McGill University. 120 

Breeder pairs of Gabra3 KO (1-Gabra3tm2Uru/Uru), C57BL/6 background, were kindly provided 121 

by Dr. Rudolph (Harvard Medical School, McLean Hospital, MA 02478, USA)(Yee et al., 2005). 122 

 123 

Cerebellum slice preparation 124 

Mice were anaesthetized with isoflurane and immediately decapitated. The cerebellum was 125 

rapidly removed from the whole brain while submerged in oxygenated (95% O2, 5% CO2) ice-126 

cold cutting solution which contained (in mM): 235 sucrose, 2.5 KCl, 1.25 NaH2PO4, 28 NaHCO3, 127 

0.5 CaCl2, 7 MgSO4, 28 D-glucose (pH 7.4; 305 - 315 mOsmol/L). The tissue was maintained in 128 

ice-cold solution while sagittal slices of cerebellar vermis (300 μm) were cut using a vibrating 129 

tissue slicer (Leica VT1200, Leica Instruments, Nussloch, Germany). The slices were transferred 130 

to oxygenated artificial cerebrospinal fluid (aCSF) and held at room temperature (20–23°C) for 131 

at least 1 hr before recordings were performed. aCSF contained (in mM): 125 NaCl, 2.5 KCl, 1.25 132 

NaH2PO4, 26 NaHCO3, 2 CaCl2, 1 MgCl2, 25 D-glucose (pH of 7.4; 305 - 315 mOsmol/L). 133 

 134 

 135 
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Electrophysiology 136 

Slice experiments were performed on an Olympus BX51 upright microscope (Olympus, 137 

Shinjuku, Tokyo, Japan) equipped with differential interference contrast/infrared (DIC/IR) 138 

optics. Whole-cell patch-clamp recordings were made from visually-identified molecular layer 139 

interneurons (MLIs), primarily in lobules IV and V, which were distinguished from misplaced or 140 

migrating granule cells by their soma diameter (8-9 μm) and location in the molecular layer. For 141 

current-clamp experiments, patch pipettes were prepared from thick-walled borosilicate glass 142 

(GC150F-10, OD 1.5 mm, ID 0.86 mm; Harvard Apparatus Ltd, Holliston, Massachusetts) and 143 

had open tip resistances of 4-10 MΩ when filled with an intracellular solution that contained (in 144 

mM): 126 K-Gluconate, 0.05 CaCl2, 0.15 K4BAPTA, 4 NaCl, 1 MgSO4, 5 HEPES, 3 Mg-ATP, 0.1 145 

NaGTP, 15 D-Glucose, 2 QX314 to block voltage-activated Na+ channels and 0.5 mg/ml Lucifer 146 

Yellow as a post-hoc dye indicator (pH 7.4 with KOH, 300-310 mOsmol/L). High BAPTA 147 

intracellular current-clamp solution contained (in mM): 110 K-Gluconate, 0.05 CaCl2, 10 148 

K4BAPTA, 4 NaCl, 5 HEPES, 4 Mg-ATP, 0.1 NaGTP, 15 D-Glucose and 2 QX314 (pH 7.4 with KOH, 149 

300-310 mOsmol/L).  Voltage-clamp recordings were made with patch pipettes prepared as 150 

described above but filled with an intracellular solution that contained (in mM): 140 CsCl, 4 151 

NaCl, 0.5 CaCl2, 10 HEPES, 5 EGTA, 2 Mg-ATP, 2 QX314 (pH 7.4 with CsOH, 300–310 mOsmol/L). 152 

High BAPTA voltage-clamp solution contained 110 CsCl, 4 NaCl, 10 HEPES, 10 Cs4BAPTA, 2 Mg-153 

ATP, 2 QX314 (pH 7.4 with CsOH, 300–310 mOsmol/L). Specific n numbers reported refer to 154 

technical replications (ie patch clamp recordings) while each experiment was replicated using at 155 

least 3 different mice. 156 

 157 
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 158 

In each case, recordings were made with a Multiclamp 700A amplifier (Molecular Devices, 159 

Sunnyvale, CA, USA) in voltage- or current-clamp mode. Series resistance and whole-cell 160 

capacitance were corrected and estimated by cancelling the fast current transients evoked at 161 

the onset and offset of brief (10-20 ms) 5 mV voltage-command steps. Series resistance during 162 

postsynaptic whole-cell recording (10-25 MΩ) was checked for stability throughout the 163 

experiments (<20% drift tolerance). The capacitance of the MLIs was in the range of 5-14 pF. 164 

The bath was continuously perfused at room temperature (22-23 oC) with aCSF at a rate of 1–2 165 

ml/min. We chose to perform recordings at room temperature rather than physiological 166 

temperature because it tended to increase the viability of the slice tissue and slowed the time 167 

course of synaptic events making them easier to resolve. Membrane currents were filtered at 5 168 

kHz with an eight-pole low-pass Bessel filter (Frequency Devices, Haverhill, MA, USA) and 169 

digitized at 25 kHz  with a Digidata 1322A data acquisition board and Clampex9 (Molecular 170 

Devices) software. Curve fitting and figure preparation of all electrophysiology data was 171 

performed using Origin 7.0 (OriginLab, Northampton, MA, USA), Microsoft Excel, and Clampfit 172 

10 (Molecular Devices) software. 173 

 174 

For extracellular stimulation, thin walled borosilicate glass electrodes (OD 1.65mm, ID 1.15mm; 175 

King Precision Glass Inc, Claremont, CA, USA) were used with a tip resistance of < 3 MΩ when 176 

filled with aCSF. The ground electrode for the stimulation circuit was made with a platinum wire 177 

wrapped around the stimulation electrode. The stimulating electrode was positioned in the 178 

molecular layer at or just beneath the slice surface. Voltage pulses (10—25 V in amplitude, 200-179 
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400 s in duration) were applied at low frequency stimulation (0.1 Hz) through the stimulating 180 

electrode. To minimize variability between responses, the stimulating electrode was positioned 181 

50-100 μm away from the recorded cell. The stimulus voltage used during each experiment was 182 

at the lowest intensity to elicit the maximal eEPSP/IPSC response within the range described 183 

above. Stimulation strength and duration were kept constant throughout the experiment. For 184 

high frequency stimulation (HFS), trains of six stimuli were delivered at 100 Hz (inter-train 185 

interval of 20 s) as described previously (Li et al., 2011). This HFS protocol has been previously 186 

shown to generate ROS (Li et al., 2011) and mimics somatosensory stimulation patterns 187 

(Jorntell and Ekerot, 2006; Saviane and Silver, 2006; Rancz et al., 2007; Arenz et al., 2008; 188 

Coddington et al., 2013). The HFS was performed every five minutes to ensure a continual 189 

accumulation of ROS. During the voltage-clamp experiments of evoked GABA currents (cf Fig. 190 

2), we performed the HFS protocol at a holding potential of +40 mV to relieve Mg2+ block of 191 

NMDARs. We performed the single stimulation recordings at -60 mV to isolate the response 192 

from NMDA currents and used GYKI 53655 to pharmacologically block AMPA currents. For all 193 

experiments which included perfusion of either pharmacological or peptide blocker compounds 194 

in the internal solution we waited 15 minutes prior to beginning the HFS induction protocol.  In 195 

experiments where the antioxidant N-acetyl-cysteine (NAC) was included in the patch electrode 196 

solution, we unexpectedly observed that NAC alone increased the amplitude of baseline 197 

responses to 191.5 % ± 36 (n=4) of the starting response which stabilized 20 mins after whole-198 

cell breakthrough. Since this was not observed in the absence of NAC (Peak15, 100.2 ± 5.5 %, n = 199 

21), we concluded that the resting redox state of the cell affects the synaptic properties of 200 

MLIs. Antioxidants have been shown to potentiate both AMPARs (Lee et al., 2012) and NMDARs 201 
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(Köhr et al., 1994). As our plasticity mechanism relies on NMDAR activation we would expect 202 

that any potentiating effect of NAC on the NMDAR current would be more likely to strengthen 203 

iLTP. Given this, HFS was commenced only after the effect of NAC on basal synaptic properties 204 

stabilized. 205 

 206 

Pharmacological compounds 207 

NMDAR antagonist, D-(-)-2-Amino-5-phosphonopentanoic acid (D-APV; 10 μM), AMPA 208 

antagonist 1-(4-Aminophenyl)-3-methylcarbamyl-4-methyl-3,4-dihydro-7,8-methylenedioxy-5H-209 

2,3-benzodiazepine hydrochloride (GYKI 53655; 10 μM), and the GABAA receptor antagonist 210 

bicuculline (10 μM) were purchased from Tocris Bioscience (Ellisville, MO, USA). Stock solutions 211 

of these antagonists were prepared in water and were stored at −20°C and working solutions 212 

were diluted with aCSF shortly before application to the bath. N-acetylcysteine (NAC, 1 mM) 213 

(Sigma-Aldrich Canada, Oakville, ON, Canada), PKA inhibitor fragment (6-22) amide (PKA 6-22, 214 

5μM, Tocris), Ruthenium Red (1 μM, Tocris), and cGMP analogue pCPT-cGMP (10 μM, Tocris) 215 

were prepared as a stock solution in water and dissolved in patch electrode solution on the day 216 

of the experiment. Apocynin (100 μM, Tocris), 3-bromo-7-nitroindazole (3-Br-7-NI; 10 μM, 217 

Tocris), KN-93 (5 μM, Tocris), Gö 6983 (5 μM, Tocris), phorbol 12-myristate 13-acetate (PMA, 218 

100nM, Tocris), 1H-[1,2,4]Oxadiazolo[4,3-a]quinoxalin-1-one (ODQ; 10 μM, Tocris), KT 5823 (5 219 

μM, Tocris), and Antimycin-A (2 μM, Sigma) were dissolved in DMSO and stored at −20°C. The 220 

K1 GABARAP, K1 GABARAP scrambled, and α3-derived peptides (all 100μM, Genscript, 221 

Piscataway, NJ, USA) were dissolved in DMSO and stored at -20°C. The final maximum DMSO 222 
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concentration for all experiments (0.1% v/v) had no effect on GABAergic responses which was 223 

consistent with other studies (Nakahiro et al., 1992). 224 

 225 

cDNA constructs 226 

HA-GABAR-α3 contains the signal sequence of rat neuroligin1, the HA tag and mature sequence 227 

of rat GABAR-α3 (NM_017069) included in the Clontech EGFP-C1 vector. Human GABAR-β2 228 

(NM_000813) and human GABAR-γ2 (NM_000816) were cloned into the pcDNA3 vector. Mouse 229 

GABARAP (BC030350) was C-terminally tagged with CFP in the Clontech ECFP-N1 vector. Rat 230 

Gephyrin (NM_022865), N-terminally tagged with YFP, was cloned in the Clontech EYFP-C1 231 

vector. All expression constructs were driven by the CMV promoter. 232 

 233 

Co-immunoprecipitation protocol 234 

Semi-confluent HEK 293 cells were plated on 60mm dishes and transfected with YFP-Gephryin, 235 

GABARAP-CFP or negative control YFP. Co-transfections were done with equivalent amounts of 236 

HA-GABAR-α3, GABAR-β2 and GABAR-γ2 (short). Cells were then allowed to grow for 24h post-237 

transfection. 50 μl Protein-G sepharose beads slurry was incubated with 5 μg of rat anti-HA 238 

antibody (3F10, Sigma) for 4h at 4°C. Cells were subsequently washed twice and collected in 239 

cold phosphate-buffered saline (PBS). Harvested cells were lysed using 250 μl of complexiolyte-240 

48 (Logopharm) and further disrupted by passaging 10-15 times through a 25G needle. Lysed 241 

cells were incubated at 4°C for 1h on an end-over rotator. Subsequently, lysates were 242 

centrifuged at 14,000 x g at 4°C for 10 min. The resulting supernatants were incubated 243 

overnight at 4°C with Protein-G beads conjugated with anti-HA antibody. The beads were 244 
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washed 3 to 4 times with complexiolyte-48 dilution buffer and eluted in 2x SDS-PAGE sample 245 

buffer. The resulting eluates along with 10 μl of the supernatants used as expression control 246 

(input) were subjected to SDS-PAGE electrophoresis, immunoblotted on PVDF membranes and 247 

probed with rabbit anti-GFP antibody (A11122, Life Technologies, 1:1000) followed by anti-248 

rabbit HRP antibody (4030-05, Southern Biotech, 1:7000). The blots were developed using 249 

chemiluminescence in the ChemiDoc imaging system (Bio-Rad). For peptide interference 250 

experiments, the same protocol was followed with a third of the antibody, beads and lysates 251 

used. The scrambled GABARAP and GABARAP peptides were added to the lysates just before 252 

they were added to the beads with a final concentration 2.5 mM. 253 

 254 

Statistical analysis 255 

Data were analyzed using SPSS (IBM) and custom statistical software kindly provided by Dr. Joe 256 

Rochford (McGill University). All data were tested for normality and appropriate parametric or 257 

nonparametric tests were conducted accordingly. For all repeated measures ANOVA presented, 258 

Tukeys post hoc tests were conducted as indicated in the figure legends. For all Friedman tests, 259 

a Wilcoxon signed-rank test with a Bonferroni-Holmes correction was conducted on the 260 

combinations. All statistical analysis of amplitudes (repeated measures ANOVA or Friedman 261 

tests) were conducted comparing the baseline 5 min average of the data sets and each 262 

subsequent 5 minute intervals following treatment up to 25mins post treatment. 263 

 264 

 265 

  266 
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Results 267 

High frequency stimulation of glutamatergic synapses strengthens inhibitory transmission 268 

To study activity-dependent plasticity of GABAergic synapses, we performed whole-cell current- 269 

and voltage-clamp electrophysiological recordings on cerebellar MLIs which receive synaptic 270 

input from both excitatory and inhibitory neurons (Fig. 1A). Current-clamp recordings were 271 

performed to examine the effect of GABAergic signaling on neuronal excitability whereas we 272 

used voltage-clamp recordings to study the GABAA receptor response in isolation. Previous 273 

work from our lab has shown that GABAergic synapses of MLIs can be strengthened by 274 

elevating cytosolic reactive oxygen species (ROS) with the mitochondrial uncoupler, antimycin A 275 

(Accardi et al., 2014). It remains to be established, however, if cytosolic ROS levels can be 276 

elevated by physiologically relevant stimuli, for example, through synaptic transmission. Since 277 

MLIs express extrasynaptic NMDARs (Clark and Cull-Candy, 2002), we reasoned that activation 278 

of these receptors by neurotransmitter spillover from glutamatergic fibers might elevate 279 

cytosolic ROS through a non-canonical signaling pathway that has been previously described in 280 

cultured neurons (Dugan et al., 1995; Reynolds and Hastings, 1995). 281 

 282 

To test this, we performed stimulation experiments of MLI glutamatergic synapses using a field-283 

stimulating electrode placed in the molecular layer of the cerebellum to activate the parallel 284 

fiber axons from granule cells (Fig. 1A). Using this approach, two types of responses were 285 

observed in current-clamp recordings (Fig. 1B,C). In most of the recordings (n = 10), a single 286 

stimulation elicited a compound response composed of an initial excitatory postsynaptic 287 

potential (EPSP) that overlapped with an inhibitory postsynaptic potential (IPSP) (Fig. 1B) 288 
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suggesting that both excitatory parallel fiber-MLI (PF-MLI) synapses and inhibitory synapses had 289 

been stimulated. MLIs receive input from many inhibitory cells in the cerebellar cortex; 290 

therefore, the observed inhibitory signal could arise from the axons of adjacent MLIs and/or 291 

Lugaro and globular cells (Fritschy and Panzanelli, 2006). In other recordings (n = 8), field 292 

stimulation evoked a monophasic EPSP without any detectable hyperpolarization, suggesting 293 

that only PF-MLI excitatory synapses were activated (Fig. 1C). 294 

 295 

To study GABAergic synapse plasticity, we adapted a high frequency stimulation (HFS) protocol 296 

used in other studies to elevate ROS (Li et al., 2011). This HFS protocol is also in line with in-vivo 297 

firing rates of cerebellar granule cells and the frequency of synaptic transmission for cerebellar 298 

MLIs (Chadderton et al., 2004). Using this protocol, a decline in the eEPSP amplitude was 299 

observed in recordings with a biphasic response over the 25 minutes following HFS (Peak25 48.6 300 ± 5 % of initial response, n = 10, F(5,45)=34.55, p<0.00001, repeated measures ANOVA) (Fig. 301 

1B,E,F). In contrast, the EPSP amplitude was unchanged in cells exhibiting a monophasic 302 

response (Peak25, 98.3 ± 2 %, n = 8, F(5,40)=1.70, p=0.15, repeated measures ANOVA) 303 

suggesting that HFS did not directly affect the efficacy of glutamatergic transmission (Fig. 304 

1C,E,F). We therefore reasoned that the decline elicited by HFS in cells with a biphasic response 305 

was due to a strengthening of inhibitory transmission. In agreement with this, application of 10 306 

M bicuculline, to block GABAA receptors and the observed hyperpolarization, prevented the 307 

decline in the eEPSP amplitude (Peak25, 115.6 ± 17 %, n = 4, x2(5)=2.74, p=0.74, Friedman test) 308 

(Fig. 1D,E,F). 309 

 310 
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To better quantify the increase in GABAergic transmission, we performed the same HFS 311 

protocol in voltage-clamp mode and measured the evoked inhibitory postsynaptic currents 312 

(eIPSCs) (Fig. 2). We observed a two-fold increase in the eIPSC amplitude following the HFS 313 

protocol (HFS Peak25, 200.3 ± 35 %, n = 7, F(5,30)=5.97, p=0.0006, repeated measures ANOVA) 314 

which was accompanied by a slowing in decay kinetics (Fig. 2A-D). This latter observation is 315 

consistent with our previous finding showing that elevation in ROS levels promotes the 316 

recruitment of 3-containing GABAA receptors into inhibitory MLI synapses (Accardi et al., 317 

2014). Potentiation was absent in experiments where the recorded cell did not receive HFS 318 

reaffirming that GABAergic transmission is stable under basal conditions (Control Peak25, 105.5 319 

± 8 %, n=8, x2(5)=2.67, p=0.75, Friedman test). Furthermore, the potentiation of eIPSC 320 

amplitude was present only when the HFS protocol was paired with a depolarization to +40mV 321 

and not when HFS was performed at -60mV (Peak25 95.6 ± 9 %, n=6, x2(5)=0.57, p=0.98, 322 

Friedman test) (Fig. 2A-C). This latter finding suggests that the induction of long-term 323 

potentiation in GABAergic transmission (i.e. iLTP) may be postsynaptic and also involve an 324 

elevation in cytosolic Ca2+. In agreement with this, inclusion of 10 mM BAPTA, to chelate 325 

cytosolic Ca2+, eliminated the increase in eIPSC amplitude (Peak25, 89 ± 5 %, n=5, x2(5)=9.45, 326 

p=0.06, Friedman test) and prevented the slowing in decay kinetics (control τ, 15.3 ± 1.1ms, 327 

+40mV HFS τ, 20.1 ± 1.9ms, +BAPTA τ, 14.1 ± 1.7ms) observed when HFS was paired with a 328 

depolarization step to +40 mV (Fig. 2A-D). 329 

 330 

Activation of NMDARs strengthens postsynaptic inhibitory synapses 331 
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Previous work has shown that fast glutamatergic signaling in MLIs is primarily mediated by 332 

synaptic AMPA receptors (AMPARs), with a smaller contribution from extrasynaptic NMDARs 333 

(Clark and Cull-Candy, 2002). To determine the impact of each receptor subtype following a 334 

single stimulus or HFS, we compared the effect of AMPAR and NMDAR selective antagonists on 335 

the glutamatergic response (Fig. 3A-D). Given the strong voltage-dependent block of NMDARs 336 

by external Mg2+ at negative membrane potentials, we recorded membrane currents at both -337 

60 and +40 mV. As previously reported (Clark and Cull-Candy, 2002), most of the glutamatergic 338 

response from a single stimulation at a holding potential of -60 mV was blocked by the selective 339 

AMPAR antagonist, GYKI 53655 (10 μM) demonstrating the predominant contribution of 340 

postsynaptic AMPARs (Fig. 3A,D). In contrast, the glutamatergic response after HFS stimulation 341 

at +40 mV, exhibited a greater APV-sensitive component due to a greater contribution of 342 

NMDARs (Fig. 3B-D). In keeping with this, the charge transfer (Q) observed in control conditions 343 

at +40 mV (Q = 49.1 ± 8.6 pC, n = 10) was similar to the charge transfer measured following 344 

bath application of 10 M GYKI 53655 to isolate the NMDAR response (Q = 41.7 ± 12.3 pC, n = 345 

10, W(9)=12, p=0.25, Wilcoxon signed-rank test) (Fig. 3B-D). To directly test the hypothesis that 346 

NMDAR activation is required for strengthening GABAergic signaling, we repeated the HFS 347 

protocol in slices pre-incubated with 10 M D-APV to block NMDARs (Fig. 3E,F,G). Under these 348 

conditions, the reduction in peak eEPSP of the biphasic response failed to occur (Peak25, 111.2 ± 349 

8 %, n =4, F(5,15)=0.33, p=0.88, repeated measures ANOVA) (Fig. 3E,F,G) establishing that 350 

extrasynaptic NMDARs couple signaling between glutamatergic and GABAergic synapses in 351 

cerebellar MLIs. In agreement with our previous result in voltage-clamp (Fig. 2), inclusion of 352 

high concentrations of BAPTA in the patch electrode also eliminated the reduction in the eEPSP 353 
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amplitude (Fig. 3G) demonstrating that NMDARs strengthen GABAergic transmission through 354 

an elevation in cytosolic Ca2+. 355 

 356 

NMDA receptors strengthen GABAergic synapses via a NO-dependent pathway 357 

Since NMDARs can elevate ROS levels in other neurons (Dugan et al., 1995; Reynolds and 358 

Hastings, 1995) and strengthen GABAergic signaling in cerebellar MLIs (Accardi et al., 2014), we 359 

tested whether a ROS-dependent mechanism could be responsible for the induction of iLTP in 360 

this study. To do this, we first included the antioxidant, N-acetylcysteine (NAC, 1 mM), in the 361 

patch electrode solution (Fig. 4A) which, as anticipated, eliminated the decline in the net 362 

depolarization following HFS (Peak25, 117 ± 21 %, n = 4, F(5,15)=0.35, p=0.87, repeated 363 

measures ANOVA) (Fig. 4B). Since intracellular NAC does not antagonize GABAA receptor 364 

responses (Accardi et al., 2014; Accardi et al., 2015), we concluded that the failure of the HFS 365 

protocol to reduce the net depolarization was due to the antioxidant properties of NAC. To 366 

determine the origin of ROS production, the pharmacological agents 3-Br-7-Nitroindazole (10 367 

M 3-Br-7-Ni), apocynin (100 M Apo), and ruthenium red (1 M RR) were included in the 368 

patch electrode solution to selectively inhibit the activity of neuronal nitric oxide synthase 369 

(nNOS or NOS-1), NADPH oxidase (NOX2) and the mitochondrial Ca2+ uniporter, respectively. 370 

Although 3-Br-7-Ni also inhibits the other NOS isoforms, iNOS (or NOS-2) and eNOS (NOS-3), 371 

RNAseq and data from nNOS specific KO animals reveal that only nNOS is expressed in 372 

cerebellar MLIs (Huang et al., 1993; Zeisel et al., 2018). The decline in the net depolarization 373 

was greatly attenuated by pharmacological block of nNOS and NOX2 with peak responses at 25 374 

mins of 87.1 ± 5 % (3-Br-7-Ni, n=5 F(5,20)=2.40, p=0.073, repeated measures ANOVA) and 100.6 375 
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±7 % (Apocynin, n=5, x2(5)=6.371, p=0.272,  Friedman test) respectively (Fig. 4A,B). In contrast, 376 

inhibition of the mitochondrial Ca2+ uniporter with 1 M RR did not affect the ability of the HFS 377 

protocol to attenuate the eEPSP amplitude (Peak25, 45.5 ± 10 %, n = 4, x2(5)=17.857, p=0.003, 378 

Friedman test) (Fig. 4A,B). These results demonstrate that nNOS and NOX2 are responsible for 379 

the iLTP observed following NMDAR activation. 380 

The fact that iLTP can be eliminated by pharmacological block of nNOS or NOX2 suggests both 381 

enzymes share a common signaling pathway. Since prior work has shown that nNOS activity is 382 

upstream of NOX2 in neurons (Girouard et al., 2009), we reasoned that a similar sequence of 383 

events may occur in MLIs. For example, a rise in nitric oxide levels through nNOS activity is 384 

known to first elevate cGMP levels via guanylate cyclase which in turn activates protein kinase 385 

G (PKG)  with downstream activation of NOX2 (Girouard et al., 2009). To determine if a similar 386 

sequence of events occurs in MLIs, we directly stimulated PKG by perfusing a non-hydrolysable 387 

cGMP analog through our patch pipette (Fig. 4A-C,E,F). In separate current- and voltage-clamp 388 

experiments, direct activation of PKG resulted in a decrease in eEPSP amplitude (Peak25, 68.7 ± 389 

10 %, n=7 F(6,30)=4.56, p=0.003, repeated measures ANOVA) and a potentiation of the eIPSC 390 

amplitude (Peak25, 180.3 ± 10 %, n=6 F(5,25)=3.09, p=0.02, repeated measures ANOVA) 391 

respectively (Fig. 4A,C) demonstrating that iLTP is regulated by cGMP. Consistent with our HFS 392 

treatment, intracellular perfusion of cGMP also resulted in a slowing of decay kinetics (cGMP τ, 393 

21.8 ± 3.7ms). Furthermore, pharmacological block of nNOS with 3-Br-7-Ni failed to eliminate 394 

the eIPSC potentiation (Peak25, 139.9 ± 15 %, n=6 F(5,25)=2.87, p=0.03, repeated measures 395 

ANOVA) whereas block of NOX2 activity with apocynin eliminated the effect of the cGMP 396 

analog (Peak25, 105 ± 14 %, n=6, x2(5)=5.33, p=0.37, Friedman test) (Fig. 4C,F). Conversely, 397 
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including the PKG antagonist, KT-5823 (5 M), in our internal patch solution eliminated any 398 

potentiation of the eIPSC amplitude following HFS (Peak25, 99.3 ± 8 %, n=7 F(6,30)=0.92, 399 

p=0.48, repeated measures ANOVA) (Fig. 4D,E,F). Finally, pharmacological block of guanylate 400 

cyclase by internal perfusion of ODQ (10 M) also prevented any potentiation of the eIPSC 401 

following HFS (Peak25, 112 ± 12 %, n=7, F(6,30)=0.78, p=0.57, repeated measures ANOVA) (Fig. 402 

4D,E,F). Together, these data demonstrate that nNOS activation is upstream of NOX2 in a PKG-403 

dependent pathway as summarized in Fig. 4G. 404 

 405 

Protein kinase C strengthens GABAergic synapses following NMDA receptor activation  406 

Several kinases have been shown to regulate the strength of GABAergic synapses by triggering 407 

the recruitment of synaptic GABAA receptors (Luscher et al., 2011). Many of these kinases also 408 

possess ROS-sensitive amino-acid residues in their regulatory or catalytic domains which can 409 

affect kinase activity. Specifically protein kinase A (PKA), protein kinase C (PKC) and CaMKII can 410 

be activated by ROS in addition to their canonical activation pathways (Knock and Ward, 2011). 411 

Given this, we reasoned that the iLTP observed in the present study could be due to ROS action 412 

on kinase activity. 413 

 414 

To test this, we performed the HFS experiment while perfusing individual MLIs with either KN-415 

93 (5 M), protein kinase inhibitor-(6-22)-amide peptide (5 M) or Gö 6983 (5 M) to 416 

selectively inhibit CaMKII, PKA and PKC respectively (Fig. 5). Pharmacological inhibition of PKA 417 

and CaMKII still resulted in a decline in the eEPSP amplitude following HFS with peak responses 418 

after 25 mins of 71.5 ± 5 % (n=6 x2(5)=23.23, p=0.0003, Friedman test) and 57.2 ± 9 % 419 
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respectively (n = 4 x2(5)=11.43, p=0.04, Friedman test) (Fig. 5 A,B). In contrast, inhibition of PKC 420 

by 5 M Gö 6983 eliminated the induction of iLTP by the HFS protocol (Fig. 5A) with peak 421 

responses at 25 mins of 108.7 ± 16 % (n = 5 x2(5)=5.43, p=0.36, Friedman test) (Fig. 5B). 422 

Similarly, inclusion of 5 M Gö 6983 in voltage-clamp experiments also prevented iLTP (Fig. 423 

5C,D). In support of this, direct activation of PKC with phorbol myristate acetate (PMA, 100nM), 424 

elicited a similar time-dependent onset of iLTP in both current- and voltage-clamp experiments 425 

(Fig. 5A-D). We observed a decrease in the eEPSP to 63.9 ± 12 % of the baseline eEPSP (n = 4, 426 

x2(4)=13.8, p=0.008, Friedman test) in current-clamp recordings and an increase to 146 ± 16 % 427 

of the baseline eIPSC (n = 6, repeated measures ANOVA F(4,20)=4.77, p=0.007) in voltage-clamp 428 

(Fig. 5A-D). Interestingly, we also observed iLTP following the inclusion of the metabolic 429 

uncoupler, antimycin A, to generate mitochondria ROS in MLIs which was eliminated by the PKC 430 

inhibitor (Fig. 5C,D). This latter finding demonstrates that our previous study linking 431 

mitochondrial ROS (mROS) to the strengthening of GABAergic signaling in cerebellar MLIs is 432 

mediated through PKC (Accardi et al., 2014). A similar PKC-dependent pathway may also explain 433 

the effect of mROS on 6-containing GABARs of cerebellar granule cells (Accardi et al., 2015). 434 

Taken together, these data show that ROS-induced iLTP in MLIs relies on a PKC-dependent 435 

signaling pathway. 436 

 437 

Synapse strengthening requires GABARAP and recruitment of 3-containing GABAA receptors 438 

Although MLIs express both 1- and 3-containing GABAA receptors (Laurie et al., 1992), 439 

previous work from our lab has shown that ROS-mediated synapse strengthening relies 440 

exclusively on the recruitment of postsynaptic 3-containing receptors (Accardi et al., 2014). 441 
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Though more numerous, 1-containing GABAR synapses are unaffected by ROS in both stellate 442 

and granule cells of the cerebellum (Accardi et al., 2014; Accardi et al., 2015). To determine 443 

whether NMDAR-dependent strengthening of GABAergic transmission also relies upon 3-444 

containing receptors, we repeated the HFS protocol in cerebellar slices from 3 KO mice (Fig. 445 

6). As anticipated, GABAergic strengthening elicited by HFS was absent in MLIs lacking the 3-446 

subunit (Peak25, 115.3 ± 15 %, n = 7, x2(5)=6.59, p=0.25, Friedman test) (Fig. 6 A-C) confirming 447 

that the strengthening of MLI inhibitory synapses is subunit-dependent.  448 

 449 

GABARs interact with a number of scaffolding proteins which regulate receptor trafficking and 450 

clustering at inhibitory synapses. To investigate which protein interactions are responsible for 451 

synaptic targeting of 3-containing GABAA receptors, we focused on two prominent GABAAR 452 

scaffolding proteins linked to inhibitory synapse plasticity (Petrini and Barberis, 2014): gephyrin 453 

(Tyagarajan and Fritschy, 2014) and GABA(A)-receptor-associated protein (GABARAP) (Wang et 454 

al., 1999). Previous work has identified that gephyrin binds directly to the GABA 3-subunit 455 

(Tretter et al., 2011) while GABARAP is known to bind to the 2-subunit (Wang et al., 1999). In 456 

keeping with this, co-expression of recombinant 3 2 2 GABAA receptors in HEK293 cells with 457 

either gephyrin or GABARAP revealed that both scaffolding proteins co-immunoprecipitate with 458 

the ion-channel complex (Fig. 7). Consequently, we used two short-chain peptides, namely 3-459 

derived peptide (Tretter et al., 2011; Maric et al., 2014) and K1 GABARAP peptide (Weiergräber 460 

et al., 2008), to interfere with the binding of gephyrin or GABARAP, respectively to 461 

recombinantly expressed 3-containing GABAA receptors (see Methods) (Fig. 7B). These 462 
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peptides were then used in separate electrophysiology experiments to test for the role of 463 

gephyrin and/or GABARAP in MLI inhibitory synapse strengthening. 464 

 465 

Each peptide was included in the patch electrode solution during HFS protocols to interfere 466 

with the binding of the target protein (Fig. 6A,C). In all cases, we waited 15 mins from 467 

breakthrough before beginning the HFS protocol to allow the peptide to dialyze throughout the 468 

neuron and prevent protein-protein interactions. We observed that the rate and degree of 469 

onset of synapse strengthening induced by HFS was unaffected by the 3-derived, gephyrin-470 

inhibiting peptide (Peak25, 48.7 ± 8 %, n = 5, F(4,20)=6.86, p=0.0007, repeated measures 471 

ANOVA, Fig. 6A,C) suggesting that 3-containing GABAA receptors are not recruited to 472 

inhibitory synapses via a gephyrin-dependent mechanism. In contrast, inclusion of the K1 473 

GABARAP peptide in the patch electrode solution eliminated the induction of synapse 474 

strengthening (Fig. 6A,C; F(5,40)=1.22, p=0.35, repeated measures ANOVA) indicating that 475 

GABARAP is required for the synaptic recruitment of 3-containing GABAA receptors. In 476 

agreement with this, pre-incubation of the K1 GABARAP peptide with lysates of cells co-477 

expressing 3-containing GABAA receptors disrupted GABARAP binding establishing the 478 

specificity of the interaction (Fig. 7C,D). Moreover, a scrambled version of the K1 GABARAP 479 

peptide failed to disrupt the binding of GABARAP to the GABAR complex (Fig. 7C,D). 480 

Additionally, the scrambled peptide failed to prevent the induction of iLTP by the HFS protocol 481 

(n = 4, 69.6 ± 11 %)  (Fig. 6A,C) further confirming the specificity of the K1 GABARAP peptide 482 

interaction with 3-containing GABAA receptors. 483 

 484 
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Discussion 487 

The present study advances our understanding of how NO signaling regulates the 488 

excitatory/inhibitory balance in the mammalian brain in several new and important ways. First, 489 

we show that NO generated by NMDAR activation strengthens inhibitory GABAergic synapses 490 

through a series of sequential steps involving nNOS, NADPH oxidase, and PKC as outlined in 491 

figure 8. These observations are distinct from previous work which has shown that NMDARs 492 

strengthen GABAA receptor synapses through a different pathway involving CaMKII. Second, we 493 

show that the strengthening of 3-containing GABAR synapses in MLIs is reliant on the 494 

scaffolding protein, GABARAP, rather than gephyrin. Our data does not exclude a role for 495 

gephyrin at 3-receptor synapses but nevertheless highlights that GABARAP has a prominent 496 

role in the recruitment process. Finally, given the widespread but cell-selective expression of 497 

the NMDAR/nNOS complex, our findings suggest that NO control of GABAergic synapses 498 

through NMDARs may be more widespread in the vertebrate brain than has been appreciated. 499 

 500 

Nitric oxide strengthens inhibitory GABAergic synapses following NMDAR activation 501 

Multiple pre- and postsynaptic mechanisms elicit long-term changes in the efficacy of 502 

GABAergic synapses (Kullmann et al., 2012) with one of the most prominent pathways involving 503 

an increase in the number of GABAA receptors per synapse (Luscher et al., 2011). NMDAR-504 

mediated strengthening of GABAergic synapses has been linked to an increase in cytoplasmic 505 

Ca2+ and subsequent activation of CaMKII (Marsden et al., 2007; Luscher et al., 2011; Chiu et al., 506 

2019). Although Ca2+ entry through NMDARs is still a requirement in inhibitory synapse 507 

strengthening of MLIs, we excluded a role for CaMKII since its specific kinase inhibitor, KN-93, 508 
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did not affect synaptic plasticity (cf. Fig. 5). 509 

 510 

A recent study has shown that postsynaptic NMDARs of granule cells can enhance inhibitory 511 

transmission by the retrograde action of NO on presynaptic GABA terminals of Golgi cells in the 512 

rat cerebellum (Mapelli et al., 2016). Although we cannot completely exclude a presynaptic role 513 

of NO in the present study on the mouse cerebellum, our data suggest that almost all the 514 

molecular events triggered by NMDARs in MLIs are predominantly postsynaptic. For example, it 515 

is unlikely that a presynaptic mechanism could explain the effect of internal patch perfusion of 516 

the GABARAP blocking peptide on inhibitory synapse strengthening (Figs. 6 and 7) given that 517 

the peptide is membrane impermeant and thus confined to the cytoplasm of the recorded cell. 518 

Likewise, the effect of internal patch perfusion with cGMP and its inhibition by apocynin (Fig. 4) 519 

suggests that the signaling pathway involving both cGMP and NOX2 is postsynaptic. 520 

Furthermore, if NO was acting through a purely presynaptic mechanism, enhanced release of 521 

presynaptic GABA by NO would be expected to be observed at all inhibitory synapses. However, 522 

our data demonstrate that the enhancement of GABAergic transmission by NMDARs and NO 523 

occurs only at 3-containing inhibitory synapses and not 1-receptor synapses (Fig. 6). It is 524 

possible that NO has both pre- and postsynaptic targets at inhibitory synapses of MLIs. In this 525 

case, NO would selectively enhance presynaptic GABA release from 3- and not 1-receptor 526 

synapses whilst triggering the postsynaptic cell to generate NO, cGMP, activate NOX2 and PKC 527 

and finally promote the recruitment of postsynaptic 3-receptors. 528 

 529 

Interestingly, a similar dual effect of NO might be at play at the inhibitory Golgi cell-granule cell 530 
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synapse. In agreement with this, we have previously shown that reactive oxygen species 531 

enhance recruitment of postsynaptic 6- but not 1-containing GABARs in mouse granule cells 532 

(Accardi et al., 2015) whilst others have shown a presynaptic action of NO on GABA release 533 

from rat Golgi cells (Mapelli et al., 2016). Differential regulation of input-specific GABAergic 534 

synapses onto the same neuron has recently been described in the cerebral cortex (Chiu et al., 535 

2018) and striatum (Paraskevopoulou et al., 2019), consequently, it is possible that a similar 536 

arrangement is found in both inhibitory synapses of MLIs and granule cells of the cerebellum. 537 

An important caveat to both pre- and postsynaptic roles of NO in granule cells, however, is that 538 

nNOS expression in the presynaptic terminals of Golgi cells is high in the rat but almost 539 

completely absent from the mouse, particularly mice with the C57BL/6 background used in this 540 

study (Kaplan et al., 2013). Accordingly, NO may act primarily on presynaptic Golgi cell 541 

terminals in the rat and through a postsynaptic pathway in granule cells of the mouse. Whether 542 

nNOS expression at MLI inhibitory synapses is similarly species-dependent has yet to be 543 

examined. 544 

 545 

GABAergic synapse strengthening is dependent on the scaffolding protein, GABARAP 546 

Our experiments establish a key role for GABARAP in the strengthening of GABAergic synapses. 547 

Although different mechanisms may anchor GABAARs at central synapses, the prevalent view is 548 

that gephyrin plays a prominent role in binding the 1-3 (Tretter et al., 2008; Mukherjee et al., 549 

2011; Tretter et al., 2011) and/or 2-3 (Kowalczyk et al., 2013) GABAR subunits to the 550 

cytoskeleton (Tyagarajan and Fritschy, 2014). Although gephyrin-independent clustering of 551 

postsynaptic GABAA receptors has been reported (Kneussel et al., 2001; Levi et al., 2004; 552 
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Panzanelli et al., 2011) the role of other accessory proteins, such as GABARAP (Wang et al., 553 

1999) and/or the dystrophin–glycoprotein complex (DGC) (Pribiag et al., 2014), has received 554 

less attention. Our data argue in favor of GABARAP playing an important role in the recruitment 555 

of 3-containing GABAA receptors during synapse strengthening (cf. Fig. 6). Although, we 556 

cannot exclude a role for gephyrin at 3-receptor synapses, co-staining for the 3 subunit and 557 

gephyrin show very little overlap (Accardi et al., 2014) suggesting that 3 GABAR subunits may 558 

associate with another trafficking/scaffolding protein in MLIs. Our findings are consistent with 559 

studies on cultured hippocampal neurons showing that there are low GABARAP levels at 560 

inhibitory synapses under basal conditions (Kittler et al., 2001) and that the levels increase 561 

following chemically-induced strengthening of inhibitory synapses (Marsden et al., 2007). 562 

 563 

Widespread and cell-selective expression of nNOS+ neurons in the mammalian brain 564 

nNOS+ neurons are expressed throughout the CNS (Vincent and Kimura, 1992; Southam and 565 

Garthwaite, 1993; Rodrigo et al., 1994) and are involved in many different CNS functions that 566 

include learning and memory, sleep, feeding behaviors, movement, pain, anxiety, and 567 

reproductive activity (Garthwaite, 2008; Steinert et al., 2010; Chachlaki et al., 2017; Garthwaite, 568 

2019). It has long been recognized that nNOS activation and the downstream production of 569 

cGMP is linked to glutamatergic signaling, primarily through NMDARs in the cerebellum 570 

(Southam et al., 1991). Of note, nNOS activity is highest in the cerebellum compared to other 571 

brain regions (Forstermann et al., 1990) due to several nNOS+ neuronal types, including granule 572 

cells and MLIs, but is curiously absent from Purkinje cells, the sole output neuron of the 573 

cerebellar cortex (Vincent and Kimura, 1992; Rodrigo et al., 1994). Our data establish a new 574 
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function for nNOS in MLIs which is part of a sequential signaling pathway that strengthens 575 

inhibitory GABAergic synapses following NMDAR activation. NMDARs of MLIs are also involved 576 

in the tight coupling between neuronal communication and local blood flow during functional 577 

hyperemia where activation of NMDARs generates NO which promotes vasodilation of local 578 

capillaries (Rancillac et al., 2006).  579 

 580 

Taken together, these observations suggest that NMDARs expressed by MLIs fulfill multiple 581 

functions that control the excitability of MLIs whilst impacting the physiological state of the 582 

surrounding cells and tissue. In keeping with this, unpublished data from our lab reveals that 583 

NMDARs also directly modulate MLI excitability (Alexander & Bowie, unpublished observation) 584 

through a signaling pathway that leads to a hyperpolarizing shift in sodium channel (Nav) 585 

activation and inactivation recently described (Alexander et al., 2019). Interestingly, this 586 

pathway does not involve PKC but instead signals through the actions of CaMKII (Alexander & 587 

Bowie, unpublished observation) suggesting that Ca2+-influx through NMDARs in MLIs triggers a 588 

bifurcating pathway involving both CaMKII and nNOS. Given the multiple actions of NMDARs 589 

and nNOS in MLIs, it is tempting to speculate that similar roles are found in other nNOS+ cells of 590 

the CNS. On that note, NMDAR activation and the generation of ROS or NO also lead to the 591 

strengthening of GABAergic transmission in cerebellar granule cells (Accardi et al., 2015; 592 

Mapelli et al., 2016) and vasodilation of local blood vessels (Mapelli et al., 2017) in a manner 593 

reminiscent of MLIs. Given this, it would be interesting in future studies to examine whether 594 

NMDAR activation of other nNOS+ neurons outside the cerebellum similarly regulate GABAR 595 

plasticity and local blood flow. 596 
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Figure legends 608 
 609 
Figure 1. Repetitive stimulation of MLI excitatory synapses strengthens inhibitory 610 
neurotransmission. (A) Schematic illustrating the arrangement of stimulating and recording 611 
electrodes. Stimulating electrode was positioned to focally depolarize (yellow circle) excitatory 612 
and inhibitory axons of cells innervating MLIs (MLI = molecular layer interneuron, PC = Purkinje 613 
cell, GC = granule cell). (B,C) Representative current-clamp recordings from two MLIs with 614 
either a biphasic (panel B, cell # 141105r2) or monophasic (panel C, cell #141125r3) response at 615 
three time points; before (baseline) and after (5 mins or 25 mins) HFS. (D) Representative 616 
current-clamp recordings from a MLI with a biphasic response at three time points; before 617 
(baseline) and 5 mins after application of the GABAR antagonist bicuculline and 25 mins after 618 
HFS + bicuculline treatment (cell #150225r1). (E) Time course plot of the eEPSP amplitude 619 
before and after HFS from monophasic (n = 7) or biphasic (n = 10) cells or biphasic cells in the 620 
presence of the bicuculline (n = 4). (F) Summary plot of the eEPSP amplitude at 25 mins 621 
following HFS shown as a percentage of the initial baseline (Tukey’s post-hoc contrasts: 622 
***=p<0.001). 623 
 624 
Figure 2. High frequency stimulation evokes an increase in eIPSC amplitude and a slowing of 625 
decay kinetics. (A) GABAR currents from different MLIs just before the start (i.e. baseline) of 626 
the HFS protocol at t=0 mins and after 25 mins (cell #s, Control: 160718r1, -60HFS: 171101r1, 627 
+40HFS: 160714r1, +BAPTA: 171019r1). (Inset) Scaled response from the same trace as the 628 
+40HFS demonstrating the slowing of decay kinetics following the HFS treatment. (B) Summary 629 
plot of the time course of eIPSC amplitude during and following HFS expressed as a percentage 630 
of the baseline. (C) Summary bar graph of the eIPSC amplitude observed in different 631 
experimental conditions at 25 mins after HFS and expressed as a percentage of the baseline. (D) 632 
Summary plot comparing the decay kinetics of eIPSCs at 25 mins in different experimental 633 
conditions after HFS. Error bars, s.e.m (Tukey’s post hoc contrasts: *=p<0.05, **=p<0.01, 634 
***=p<0.001). 635 
 636 
Figure 3. GABAergic synapses are strengthened by the activation of extrasynaptic NMDARs. 637 
(A) Representative traces of evoked currents from a single stimulus at +40 mV (top) or -60 mV 638 
(bottom) membrane potential (cell #150317r1). Traces in blue or black denote responses 639 
observed in the presence or absence of the AMPAR antagonist, GYKI 53655 (10 μM), 640 
respectively. (B) Representative traces of evoked currents (from the same cell as (A)) during a 641 
100 Hz 6 train stimulus (or HFS) at a membrane potential of +40 mV (top) and -60 mV (bottom) 642 
in the presence (orange trace) and absence (black trace) of GYKI 53655. (C) Overlay of 643 
pharmacologically-isolated NMDAR currents (same traces as in A and B) following a single 644 
stimulus (blue trace) or during a 100 Hz 6 stimulus train (orange trace, HFS) at +40 mV and -60 645 
mV membrane potential. Stimulation artifacts have been removed for clarity. (D) Bar graph of 646 
the peak amplitude (left, t(9)=3.43, p=0.007, paired t-test) or charge transfer (right, t(9)=3.32, 647 
p=0.009, paired t-test) of NMDAR responses following a single stimulus or during a HFS train. 648 
(E) Representative current-clamp recordings from a MLI with a biphasic response in the 649 
presence of the NMDAR antagonist D-APV before and after HFS treatment (cell #150203r2). (F) 650 
Time course plot of the eEPSP amplitude before and after HFS in the presence (n = 4; open 651 
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circle) and absence (n = 10; filled circles) of D-APV. Arrows indicate when the HFS protocol was 652 
performed. (G) Summary plot of the eEPSP amplitude at 25 mins following HFS expressed as a 653 
percentage of the baseline. Error bars, s.e.m. Control data represents the biphasic response 654 
from figure 1 and is shown for comparison purposes. (**=p<0.01, ***=p<0.001). 655 
 656 
Figure 4. Inhibition of nitric oxide synthase and NADPH oxidase blocks iLTP. (A) 657 
Representative recordings from four different MLIs in current-clamp showing the response to 658 
patch electrode perfusion with different pharmacological agents. The first three traces (left to 659 
right, cell #s, 151105r2, 150423r1, 150302r1) show the overlay of responses before (black) and 660 
after (gray) HFS. In each case, the recording electrode solution contained either N-661 
acetylcysteine (NAC, cell #151105r2), ruthenium red (cell #150423r1) or apocynin (cell 662 
#150302r1). The rightmost trace shows the overlay of two averaged EPSPs at the beginning 663 
(black) of patch perfusion with cGMP and after 25 mins (blue) (cell #190530r2). (B) Summary 664 
bar graph of the eEPSP amplitude at 25 mins under different conditions expressed as a 665 
percentage of the baseline. Error bars, s.e.m. (C) Representative GABAR membrane currents 666 
from three different voltage-clamped MLIs at the start (black) and after 25 mins (blue) of 667 
internal patch perfusion with cGMP (cell #s left to right 190122r1, 190311r2, 190530r2). (D) 668 
Representative GABAR currents from two different voltage-clamped MLIs at baseline (black) 669 
and 25 mins after HFS (orange) with internal patch perfusion of KT-5823 (PKG inhibitor, cell 670 
#191214r2) or ODQ (guanylate cyclase inhibitor, cell #191217r2). (E) Summary plot of the time 671 
course of eIPSC amplitude during internal perfusion of cGMP or HFS treatment. (F) Summary 672 
bar graph of the change in eIPSC amplitude after 25 mins perfusion with internal perfusion of 673 
cGMP or HFS treatment with pharmacological blockers. Data is expressed as a percentage of 674 
the baseline. (G) Schematic diagram outlining the key signaling steps triggered by Ca2+ influx 675 
through NMDARs. An elevation in cytosolic Ca2+, activates nNOS which generates NO from 676 
arginine (Arg). NO’s action on guanylate cyclase (sGC) generates cGMP from GTP which, in turn, 677 
signals to PKG and NOX2 to generate the ROS, superoxide (O2

-). Line markers in red denote the 678 
pharmacological target of 3-Br-7-Ni (nNOS), apocynin (NOX2), ruthenium red (mitochondria), D-679 
APV (NMDAR), KT-5823 (PKG) and ODQ (sGC). Error bars, s.e.m. (*=p<0.05, **=p<0.01, 680 
***=p<0.001) 681 
 682 
Figure 5. Activation of protein kinase C strengthens GABAergic synapses. (A) Representative 683 
recordings from four different MLIs in current-clamp showing the response to patch electrode 684 
perfusion with different kinase inhibitors or activators. The first three traces (left to right) show 685 
the overlay of responses before (black) and after (blue) HFS. In each case, the recording 686 
electrode solution contained either KN-93 (cell #150904r1), PKA 6-22 (cell #150717r2) or Gö 687 
6983 (cell #150629r2). The rightmost trace shows the overlay of two averaged EPSPs at the 688 
beginning (black) of patch perfusion with the phorbol ester, PMA, and after 25 mins (blue) (cell 689 
# 160204r2). (B) Summary bar graph of the eEPSP amplitude at 25 mins under different 690 
conditions expressed as a percentage of the baseline. Error bars, s.e.m. (C) Representative 691 
GABAR membrane currents from four different MLIs in the voltage-clamp configuration. 692 
Synaptically-evoked membrane currents observed prior to the onset of HFS (black) and after 25 693 
mins (orange) in the presence of the PKC inhibitor, Gö 6983 (left) (cell # 171027r1). The 694 
remaining traces correspond to eIPSCs  observed at the start (black) and after 25 mins (orange) 695 
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of patch perfusion with PMA (cell # 160825r1), antimycin A (cell # 190630r1) and antimycin A + 696 
Gö 6983 (cell # 190704r1). (D) Summary bar graph of the data shown in panel C expressed as a 697 
percentage of the baseline. Error bars, s.e.m. (*=p<0.05, **=p<0.01, ***=p<0.001) 698 
 699 
Figure 6. iLTP is dependent on α3-containing GABAA receptors and GABARAP. (A) Overlay of 700 
eEPSP recordings from four different MLIs in current-clamp configuration before the start of 701 
HFS (black) and after 25 mins (orange). (left to right) Representative examples of recordings 702 
from MLIs from a GABAAR α3 KO mouse (cell #151110r1) and wildtype cells perfused with the 703 
gephyrin interfering peptide (cell #150612r1), GABARAP interfering peptide (cell #150518r1) 704 
and scrambled GABARAP peptide (cell # 150908r1).  (B) Time course of the averaged eEPSP 705 
amplitude before and after HFS for the biphasic response from figure 1 and in recordings from 706 
GABAAR α3 KO mice. (C) Summary bar graph of eEPSP amplitude at 25 mins following HFS 707 
expressed as a percentage of the baseline. Error bars, s.e.m. (*=p<0.05, **=p<0.01, 708 
***=p<0.001). 709 
 710 
Figure 7. Co-assembly of α3-containing GABAA receptors with GABARAP can be disrupted by 711 
short-chain interfering peptides. (A) Western blots of lysates from HEK 293 cells transfected 712 
with HA-GABAR-α3, GABAR-β2 and GABAR-γ2 (short) to form 3 2 2 GABAR channels that 713 
have been co-expressed with either Gephyrin-YFP (left) or GABARAP-CFP (right). (A-left) Blot 714 
with eluates and inputs (n = 3) of cell lysates immunoprecipitated with an anti-HA antibody and 715 
analyzed by immunoblotting with an anti-GFP antibody. YFP is presented as a negative control 716 
(Note that the anti-GFP antibody recognizes both YFP and CFP). (A-right) Blot with eluates and 717 
inputs (n = 3) of cell lysates immunoprecipitated with an anti-HA antibody and analyzed by 718 
immunoblotting with an anti-GFP antibody. (B) Primary amino-acid sequence of the K1-719 
GABARAP blocking peptide and the 3-derived-gephyrin blocking peptide. (C) Scrambled 720 
GABARAP peptide or GABARAP peptide were added to lysates from the same transfections and 721 
pulled down with anti-HA antibody. Immunoblotting was performed with an anti-GFP antibody, 722 
as in panel A. (D) Bar graph comparing GABARAP immunoblot levels after pre-incubation with 723 
GABARAP or scrambled peptide (p< 0.001, n=4, Student’s t test; error bars, s.e.m.).  724 
 725 
Figure 8. Summary of iLTP signaling pathway. Schematic diagram summarizing the main 726 
signaling events and molecules that lead to the selective recruitment of 3-containing GABARs 727 
into inhibitory synapses of cerebellar MLIs. HFS of parallel fibers from granule cells stimulates 728 
extrasynaptic NMDARs of MLIs and activates nNOS through the influx of external Ca2+. nNOS 729 
generates NO which acts on guanylate cyclase (sGC) elevating cGMP which, in turn, stimulates 730 
PKG and NOX2. We speculate the production of superoxide by NOX2 leads to the activation of 731 
PKC and the recruitment of GABARs via a GABARAP-dependent pathway. This signaling pathway 732 
selectively acts on 3-containing GABARs and does not affect synapses containing 1-GABARs.       733 
  734 
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