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ABSTRACT 36 

In the striatum, medium spiny neurons (MSN) are heavily involved in controlling 37 

movement and reward. MSNs form two distinct populations expressing either dopamine receptor 38 

1 (D1-MSN) or dopamine receptor 2 (D2-MSN), which differ in their projection targets and 39 

neurochemical composition. The activity of both types of MSNs is shaped by multiple 40 

neuromodulatory inputs processed by G protein coupled receptors (GPCRs) that fundamentally 41 

impact their synaptic properties biasing behavioral outcomes. How these GPCR signaling 42 

cascades are regulated and what downstream targets they recruit in D1-MSN and D2-MSN 43 

populations are incompletely understood.  44 

In this study we examined the cellular and molecular mechanisms underlying the action 45 

of RGS9-2, a key GPCR regulator in MSNs implicated in both movement control and actions of 46 

addictive drugs. Imaging cultured striatal neurons, we found that ablation of RGS9-2 47 

significantly reduced calcium influx through NMDARs. Electrophysiological recordings in slices 48 

confirmed inhibition of NMDAR function in MSNs, resulting in enhanced AMPAR/NMDAR 49 

ratio. Accordingly, male mice lacking RGS9-2 displayed behavioral hypersensitivity to NMDAR 50 

blockade by MK-801 or ketamine. Recordings from genetically identified populations of striatal 51 

neurons revealed that these changes were selective to D2-MSNs. Surprisingly, we found that 52 

these post-synaptic effects resulted in remodeling of presynaptic inputs to D2-MSNs increasing 53 

the frequency of mEPSC and inhibiting paired-pulse ratio. Pharmacological dissection revealed 54 

that these adaptations were mediated by the NMDAR-dependent inhibition of retrograde 55 

endocannabinoid signaling from D2-MSNs to CB1 receptor on presynaptic terminals. Together, 56 

these data demonstrate a novel mechanism for pathway selective regulation of synaptic plasticity 57 

in MSNs controlled by GPCR signaling. 58 
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SIGNIFICANCE STATEMENT 59 

This study identifies a role for a major G protein regulator in controlling synaptic properties of 60 

striatal neurons in a pathway selective fashion. 61 

 62 

INTRODUCTION 63 

The striatum integrates excitatory inputs from the cortex and thalamus to coordinate 64 

voluntary movement, reward valuation, motor learning and decision-making (Corbit and 65 

Balleine, 2003; Balleine et al., 2007; Smith et al., 2011). These functions critically rely on 66 

medium spiny neurons (MSNs), which account for ~95% of neurons in this region (Kemp and 67 

Powell, 1971). In the dorsal striatum, two types of MSNs project to different areas and exert 68 

opposite effects on behavior. MSNs forming the direct pathway (D1-MSNs) project primarily to 69 

substantia nigra pars reticulata (SNr) and internal globus pallidus (GPi), whereas the indirect 70 

pathway (D2-MSNs) project to external segment of globus pallidus (Smith et al., 1998). In 71 

addition, these two types of MSNs differentially express distinct signaling molecules. The most 72 

notable example is the selective expression of D1-type dopamine receptors (D1R) in D1-MSNs 73 

and D2-type dopamine receptors (D2R) in D2-MSNs. While D1Rs activate Gαs/olf, D2Rs signal 74 

via Gαi/o to activate or inhibit adenylate cyclase activity and cAMP production, respectively 75 

(Gerfen et al., 1990; Taussig et al., 1994). Behaviorally, activation of D1-MSNs generally 76 

stimulates movements, whereas activation of D2-MSNs inhibits them (Gerfen et al., 1990; Smith 77 

et al., 1998; Kravitz et al., 2012). However, recent models propose a more intricate interplay that 78 

relies on synergy and synchronization of D1-MSN and D2-MSN in action selection (Jin et al., 79 

2014; Tecuapetla et al., 2016; Nakamura et al., 2017).  In addition, striatal MSNs play essential 80 

roles in processing reward signals and their modulation by addictive drugs such as cocaine, 81 
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amphetamines, heroin, and cannabinoids underlies dependence, craving and relapse (Nestler, 82 

2001; Kosten and George, 2002). In general, the prevalent models posit that the modulation of 83 

D1-MSNs and D2-MSNs activity by neuromodulatory inputs play a key role in reward seeking, 84 

motivation and motor control.  85 

Most neuromodulators and addictive drugs acting on MSNs exert their effects through G 86 

protein-coupled receptors (GPCRs), which are abundantly expressed in this region. In addition to 87 

segregated dopamine D1R and D2R receptors, others include opioids that act on μ-, κ-, and δ-88 

opioid receptors (Winzer-Serhan et al., 2003; Le Merrer et al., 2009), and endocannabinoids 89 

(eCBs) that engage type 1 or type 2 cannabinoid receptors (CB1 or CB2) (Araque et al., 2017). 90 

How these various GPCR inputs are regulated to control synaptic properties of MSNs and 91 

striatal-mediated behaviors are poorly understood.  92 

A key role in regulation of GPCR signaling belongs to Regulators of G protein Signaling 93 

(RGS) proteins, which limit G protein signaling by accelerating the rate of GTP hydrolysis on 94 

Gα subunits (for review, see Siderovski and Willard, 2005). The long splice isoform of the ninth 95 

member of RGS family (RGS9-2) is selectively enriched in striatal MSNs (Rahman et al., 1999; 96 

Zachariou et al., 2003). In the striatum, RGS9-2 exists in a macromolecular complex with the 97 

type 5 G-protein β subunit and R7 binding-protein (Xie and Martemyanov, 2011). The RGS9-2 98 

complex is well documented to have an essential role in motor control and reward responses 99 

(Traynor et al., 2009). Mice lacking RGS9-2 display augmented responses to the rewarding and 100 

motor-stimulatory effects of morphine and cocaine (Rahman et al., 2003; Psifogeorgou et al., 101 

2007), as well as deficits in motor learning tasks (Blundell et al., 2008). At the molecular level, 102 

RGS9-2 has been shown to control signaling initiated by D2R and opioid receptor (MOR) 103 

(Rahman et al., 2003; Cabrera-Vera et al., 2004; Psifogeorgou et al., 2011). However, the 104 
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downstream effector targets of RGS9-2 complex are not well defined. One of the prominent 105 

targets of MOR signaling is the N-methyl-D-aspartate receptor (NMDAR) (Rusin and Randić, 106 

1991; Xie and Lewis, 1997; Rodríguez-Muñoz et al., 2012). Accordingly, RGS9-2 has been 107 

implicated in the regulation of NMDAR function (Kovoor et al., 2005; Bouhamdan et al., 2006) 108 

and synaptic plasticity (Busse et al., 2014). However, the cellular mechanisms of RGS9-2 109 

mediated effects on synaptic adaptations and their relevance in behavior and circuit specificity 110 

remain unclear.  111 

In this study we examined the role of RGS9-2 in controlling synaptic functions of MSN 112 

at the molecular level and within the context of the intact striatal circuitry. We report a 113 

mechanism whereby RGS9-2 acts specifically to adjust synaptic strength of inputs to D2-MSN 114 

via a retrograde mechanism that involved the action of the postsynaptic NMDAR receptors to 115 

control endocannabinoid release and modulation of the presynaptic function via CB1R.  116 

 117 
MATERIALS AND METHODS 118 

Experimental models and subject details 119 

All studies were carried out in accordance with the National Institute of Health guidelines 120 

and were granted formal approval by the Institutional Animal Care and Use Committee. 121 

Generation and characterization of mouse knock-out strains with targeted disruption of RGS9 122 

(Rgs9−/−) was described previously (Chen et al., 2000). For electrophysiological recording, 123 

Rgs9−/− mice were crossed with D2R-EGFP line so that GFP was selectively expressed in D2- 124 

MSN neurons. Mice were housed in groups on a 12-hour light-dark cycle with food and water 125 

available ad libitum. Both male and female mice between 2-5 months of age were used.  126 

 127 

 128 
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Primary Striatal Neuron Cultures 129 

Primary cultures of striatal neurons were prepared as developed by Ivkovic and Ehrlich 130 

(Ivkovic and Ehrlich, 1999). Briefly, brains were first dissected from wild-type and RGS9-2 KO 131 

mice (all in C57BL/6J background) on postnatal day 1. Striatum were dissected in ice-cold 132 

dissection media [Ca2+/Mg2+ free Hank’s buffered salt solution (CellGro) containing 3 mM 133 

HEPES, 1 mM Kynurenic acid, 12 mM MgSO4, and 5.5 mM Glucose, pH 7.4]. After dissection, 134 

tissues were treated by 250 g/ml papain (Roche) in dissection media, triturated and plated onto 135 

25mm diameter, 0.13mm thick glass coverslips (Fisher) coated with 5 μg/ml poly-L-lysine 136 

(Sigma) at a density of 2000 cells/mm2. Cultures were maintained in Neurobasal-A medium 137 

supplemented with 2% B27, 0.5 mM L-glutamine, and 100 U/ml Penicillin/Streptomycin 138 

(Invitrogen). The cultures were incubated at 37°C in a humidified 5% CO2 incubator. One-half of 139 

media was replaced with the fresh media every 72 hrs.  140 

 141 
Ca2+ Imaging Experiments 142 

All Ca2+ imaging experiments were performed on striatal neurons at 10-12 DIV at room 143 

temperature (22 – 24˚C). Neurons were loaded with the cell-permeant 2 M Indo-1/AM (the 144 

acetoxymethyl derivative of Indo-1; Molecular Probes) for 40 minutes in artificial cerebrospinal 145 

fluid (ACSF; 137 mM NaCl, 5.4 mM KCl, 0.4 mM KH2PO4, 0.3 mM Na2HPO4, 3 mM NaHCO3, 146 

0.5 mM MgCl2, 0.4 mM MgSO4, 1.3 mM CaCl2, 20 mM HEPES, 5.6 mM Glucose, pH 7.4). The 147 

Indo-1/AM was then allowed to fully metabolize to Indo-1 by incubating in fresh ACSF for an 148 

additional 20-25 minutes prior to imaging acquisition. Coverslips were mounted in a perfusion 149 

chamber, and positioned on a movable stage of a Leica CTR6000 inverted microscope, and 150 

perfused with ACSF by gravity at ~2ml/min. Indo-1 was excited using 380nm UV light through 151 

a dichroic filter cube and a 63X objective (Leica). Emitted light was then passed through a DV2 152 
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dual-view image splitter (MAG Biosystems) equipped with band-pass filters of 405 nm (30 nm 153 

cutoff) and 485 nm (25 nm cutoff). 405 nm and 485 nm images were subsequently acquired 154 

using a Hamamatsu Em CCD camera at 1-s interval. Ratiometric images of Indo-1 fluorescence 155 

were analyzed by defining regions of interest outlining the cell soma using MetaFluor Software 156 

version 7.5.6.0 (MDS Analytical Technologies).  157 

Fluorescence changes were converted to [Ca2+]i by using the formula [Ca2+]i = Kd β (R – 158 

Rmin)/(Rmax – R), where R is 405/490 nm fluorescence ratio (Grynkiewicz et al., 1985). The 159 

dissociation constant (Kd) for indo-1 was 250 nM and β was the ratio of fluorescence emitted at 160 

490 nm and measured in the absence and presence of Ca2+. Rmin, Rmax, and β were determined by 161 

bathing intact cells in 2 μM ionomycin in Ca2+-free buffer (1 mM EGTA) and saturating Ca2+ (5 162 

mM Ca2+). Values for Rmin, Rmax, and β were 0.25, 2.3, and 3.5, respectively. Background light 163 

levels were determined at each wavelength and subtracted prior to calculating ratios. 164 

 165 
Patch clamp recordings  166 

Coronal slices (300 μm) containing striatum (AP + 0.2 – 1.3) were cut in ice-cold aCSF 167 

(in mM: 124 NaCl, 2.8 KCl, 1.25 NaH2PO4, 2 CaCl2, 1.25 MgSO4, 26 NaHCO3, 10 glucose, pH 168 

7.5, bubbled with 95% O2/5% CO2) using a vibrating tissue slicer (VT1200, Leica). The slice 169 

was divided into two hemispheres along the midline and each hemisphere was placed into an 170 

individual well of a custom slice incubation chamber (Moyer and Brown, 2007) where they 171 

remained in oxygenated aCSF at 32 – 36°C until use. During recording, striatal slices were 172 

transferred to a submerged recording chamber where they were continuously perfused at 2 ml/min 173 

with oxygenated aCSF with picrotoxin (100 μM), and maintained at 32 – 36°C. Voltage-clamp 174 

whole-cell recordings were obtained with borosilicate glass pipettes (2–5 MΩ) filled with the 175 

following solution (in mM): 130 CsMeSO3, 20 CsCl, 5 NaCl, 10 HEPES, 0.6 EGTA, 20 TEA, 4 176 
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MgATP, 0.3 Na2GTP, with a pH of 7.3 and osmolarity of 290 mOsmol. Membrane capacitance 177 

(Cm) and resistance were determined by application of a depolarizing pulse of 5 mV for 5 ms. 178 

After the measurement of Cm and Rs, cells were briefly switched to current recording mode to obtain 179 

resting membrane potential (RMP). Genetic deletion of RGS9 did not affect RMP or Cm in either 180 

D2-MSNs or D1-MSNs (Table 1). Cells were recorded only if initial series resistance ≤ 20 MΩ and 181 

were excluded from analysis if the series resistance (Rs) changed more than 20% during recording 182 

period. For miniature excitatory postsynaptic currents (mEPSCs) recording, tetrodotoxin (TTX, 1 183 

μM) was added to the perfusion solution and spontaneous activities were recorded 3 minutes after 184 

whole-cell mode was obtained for at least 3 minutes. Evoked EPSCs were recorded using a bipolar 185 

stimulating electrode located within the striatum and ~ 200 μm away dorsal to the soma. AMPAR- 186 

and NMDAR-mediated components were identified according to their distinct activation 187 

mechanisms and deactivation kinetics (Myme et al., 2003; Chung et al., 2015). AMPAR mediated 188 

EPSCs were recorded at – 70 mV and measured as the peak response following the stimulus. 189 

NMDAR mediated EPSCs were recorded at + 40 mV and measured as the mean current over a 5-ms 190 

window, 50 ms after the stimulus. Mean EPSCs were an average of 10 – 15 sweeps obtained at 0.1 191 

Hz. For paired-pulse ratio (PPR) recordings, a paired-pulse protocol of two stimuli at an inter pulse 192 

interval of 50 ms was applied. Paired-pulse ratio was defined as the second peak amplitude (P2) 193 

divided by the first peak amplitude (P1). Mean PPRs were an average of 10 sweeps acquired at 1/15 194 

Hz. Fatty acid amide hydrolase (FAAH) activator PDP-EA (0.3 mM) was added to the internal 195 

solution to facilitate hydrolysis of anandamide. CB1 blocker AM251 (5 μM) and calcium 196 

chelator BAPTA-AM (10 μM) were added in the external solution. TTX (catalog #1069), PDP-197 

EA (catalog #5210), AM251 (catalog #1117), and BAPTA-AM (catalog #2787) were obtained 198 

from Tocris and made into appropriate stock solutions in DMSO before use. All other chemicals 199 
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were purchased from Sigma. All data were collected with a HEKA EPC10 amplifier system 200 

(HEKA Instruments, Holliston, MA), and transferred to a PC computer using an ITC-16 digital-201 

to-analog converter (HEKA Instruments). The signals were filtered at 2.9 kHz and digitized at 10 202 

kHz using Patchmaster software (HEKA Instruments). Data were analyzed offline using 203 

Patchmaster. Voltages were not corrected for the liquid-liquid junction potential. 204 

 205 

Behavioral testing in the open field and rotarod  206 

Locomotor performance was evaluated using male mice in an open field arena (140 cm × 207 

140 cm × 140 cm). All animals were allowed to habituate to the behavioral room and apparatus 208 

prior to the start of study. On the test day, mice were injected with MK-801 (0, 0.3, 1.0, 3.0, and 209 

6.0 mg/kg, i.p.) and placed into the center of the arena and activity was recorded with ANY-210 

maze automated video tracking software (ANY-Maze, Stoelting Co., Wood Dale, IL USA) for 211 

90 minutes. All animals were given several days of recovery between doses and monitored for 212 

normal behavior before each session. 213 

Rotarod performance was tested using a five-station rotarod treadmill with a 1.25” rod 214 

diameter (IITC Life Sciences). Initially, male mice were trained on the accelerating rotarod (8 – 215 

20 rpm) to reach a time of 60 seconds, with 5 min between intertrial intervals. The following day 216 

the mice were re-trained on the rotarod with a cut-off time of 60 s to ensure each mouse had the 217 

same initial motor performance. Mice were injected with saline or ketamine (3, 10, 20 or 218 

30mg/kg; ip) and their performance on the rotarod was assessed 15, 30 and 60 min following 219 

injection. Each trial ended when a mouse fell off the rod or completed one full revolution on the 220 

rod or reached 60 s and the time was scored as the latency to fall. 221 

 222 
 223 
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Statistical analysis 224 

Statistical analysis was performed using GraphPad Prism (Prism6.0, GraphPad, San 225 

Diego, California). Student’s t-test was used to compare means between two groups, and one-226 

way analysis of variance (ANOVA) followed by Bonferroni post hoc tests were used to 227 

determine significant differences among multiple groups. Repeated measures ANOVA followed 228 

by Bonferroni post hoc tests was used to determine the effect of ketamine on rotarod test. All 229 

statistical tests were performed two-sided. Differences were considered significant if P < 0.05. 230 

All data are expressed as means ± SEM. No statistical methods were used to predetermine 231 

sample sizes, but our sample sizes are similar to those generally employed in comparable studies. 232 

 233 
RESULTS 234 

Knockout of RGS9-2 suppresses calcium influx through NMDARs in MSNs  235 

We began probing the role of RGS9-2 in controlling signaling in striatal neurons, by 236 

evaluating Ca2+ influx in response to glutamate application using ratiometric calcium imaging in 237 

neurons grown in primary culture (Figure 1A,B). Bath application of glutamate (30 μM) induced 238 

a fast increase in the intracellular Ca2+ concentration in both Rgs9+/+ and Rgs9−/− neurons (Figure 239 

1C). However, the Ca2+ influx was significantly smaller in Rgs9−/− neurons (~35% suppression) 240 

compared to Rgs9+/+ neurons [t(83) = 3.29, p = 0.002; two-tailed independent samples t test], 241 

suggesting that RGS9-2 facilitates glutamate activated Ca2+ entry (Figure 1 C,D). In response to 242 

glutamate application, Ca2+ may enter the cell through NMDARs or voltage-gated calcium 243 

channels (VGCCs). To dissect which route Ca2+ is affected by RGS9-2 loss, we sequentially 244 

blocked Ca2+ entry via NMDAR by bath application of MK801 (10 μM) or via L-type VGCC by 245 

nimodipine (10 μM) (Figure 1B). We found that MK801 significantly suppressed the Ca2+ influx 246 

(74% in WT and 61% in Rgs9−/− neurons respectively) in response to glutamate application 247 
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[t(78) = 6.80, p < 0.001 and t(43) = 4.12, p < 0.001 for Rgs9+/+  and Rgs9−/− neurons 248 

respectively] (Figure 1 C,D). Addition of nimodipine further suppressed glutamate-induced Ca2+ 249 

entry in both genotypes compared to MK801 alone [t(41) = 4.27, p < 0.001; and t(24) = 2.82, p = 250 

0.010 for Rgs9+/+ and Rgs9−/− respectively]. Notably, the Ca2+ influx in MSNs in response to 251 

glutamate was comparable between the genotypes in the presence of MK801 alone or in the 252 

presence of the cocktail of MK801 and nimodipine (p > 0.6 for both experiments), suggesting 253 

that lower calcium influx in response to glutamate application seen in Rgs9−/− neurons is 254 

mediated through suppression of NMDAR activity, with negligible changes in entry via VGCC.  255 

Because RGS9-2 is involved in controlling cAMP levels by modulating adenylyl cyclase 256 

5 (AC5) activity in MSN (Xie et al., 2012), we next investigated the role of cAMP in suppression 257 

of glutamate-induced Ca2+ influx seen in Rgs9−/− neurons. Application of AC activator forskolin 258 

did not significantly change glutamate-induced Ca2+ influx in wild type (p = 0.38) but 259 

significantly enhanced Ca2+ influx in Rgs9−/− neurons [t(48) = 3.5, p < 0.01], abolishing the 260 

difference between the genotypes (Figure 1D; p = 0.97). These data suggest that the inhibition of 261 

glutamate-induced Ca2+ influx in the absence of RGS9-2 involves the reduction in cAMP levels.  262 

In order to confirm that the observed glutamate-induced Ca2+ influx was mediated by 263 

NMDARs, we measured intracellular Ca2+ concentration in response to application of selective 264 

NMDAR agonist- NMDA (100 μM) in the absence of Mg2+. We found that, similarly to 265 

glutamate application, NMDA resulted in a robust increase in Ca2+ influx in MSNs (Fig 1E). 266 

One-way ANOVA revealed a significant difference between the genotypes [Figure 1F; F(2,45) = 267 

7.44, p = 0.007]. Bonferroni post hoc tests revealed that the Ca2+ influx was also significantly 268 

suppressed (40%) in Rgs9−/− neurons compared to Rgs9+/+ neurons (p < 0.01). Again, forskolin 269 

completely rescued reduction in Ca2+ influx deficits in Rgs9−/− neurons (p < 0.01). Collectively, 270 
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these data suggest that RGS9-2 positively regulates mobilization of NMDAR-mediated Ca2+ 271 

influx in response to glutamate application in a cAMP-dependent manner.  272 

 273 

Mice lacking RGS9-2 are hypersensitive to inhibition of NMDAR by MK801 and ketamine  274 

We next probed the behavioral relevance of the observed changes in NMDAR-mediated 275 

function associated with RGS9-2 loss. Given the role of the striatum in motor control, we first 276 

assessed the effect of NMDAR selective blocker MK-801 on locomotor activity in an open field 277 

(Figure 2A), which is commonly used to assess striatum-dependent motor control. Consistent 278 

with previous reports (Liljequist et al., 1991; Ouagazzal et al., 1993), systemic administration of 279 

MK-801 at low doses (0.3 – 1 mg/kg) caused dopaminergic psychomotor activation and 280 

facilitated locomotion in both genotypes (Figure 2B) as evidence by a significant main effect of 281 

dosage [F(2,28) = 116, p < 0.001]. At these concentrations, no significant effect of genotype was 282 

noted [F(1, 28) = 0.04, p = 0.85], neither was there an interaction between genotype and dose 283 

[F(2, 28) = 1.6, p = 0.22]. Interestingly, at higher doses that produce an anesthetic effect (3 – 6 284 

mg/kg), MK-801 inhibited locomotion (Figure 2C) as evidenced by a significant effect of dose 285 

[F(2,28) = 86.5, p < 0.001]. Furthermore, mice lacking the RGS9 protein were more susceptible 286 

to MK-801 effects as demonstrated by a significant effect of genotype [F(1,28) = 41.2, p < 287 

0.001], as well as a significant genotype and dose interaction [F(2,28) = 24.5, p < 0.001].  288 

To further evaluate the behavioral effect of NMDAR dysregulation, we assessed the 289 

effect of ketamine, another NMDAR antagonist on motor coordination using a standard rotarod 290 

assay. The Rgs9−/− mice have been previously shown to have mild impairments in motor 291 

learning (Blundell et al., 2008), therefore we first trained the mice on the rotarod with a cut-off 292 

time of 60 s to ensure each mouse had the same initial motor performance. Once the criteria had 293 
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been reached we investigated the effect of ketamine on their motor performance. One day 294 

following training, mice were subjected to a test on the rotarod before and 15, 30, 60 min after 295 

either saline or ketamine injection (Figure 2D). At the first time point following either saline or 296 

/ketamine injection we found that Rgs9−/− mice displayed a greater sensitivity to ketamine on the 297 

rotarod as indicated by the reduced latency time across several doses (Figure 2E). Two-way 298 

ANOVA revealed a main effect of ketamine [F(4,40) = 46.2, p = 0.010], genotype [F(1,10) = 299 

19.9, p = 0.001], and a significant interaction of dose and genotype [F(4,40) = 3.8, p = 0.010]. 300 

Further post hoc analysis with Bonferroni correction revealed that the latency to fall from the 301 

rotarod was significantly reduced in Rgs9−/− mice at 3 mg/kg (p < 0.05) and 10 mg/kg (p < 302 

0.001) but were ineffective in Rgs9+ + mice. There were no significant differences in 303 

performance between genotypes in control experiments involving saline (0) or at higher 304 

ketamine concentrations (20 and 30 mg/kg) that induce anesthesia (Figure 2E). At a sub-305 

threshold dose of 10 mg/kg, only Rgs9−/− mice displayed reduced motor performance at 15 min 306 

following ketamine injection and this effect lasted for more than 60 min [Figure 2F, main effect 307 

of genotype as revealed by repeated measures ANOVA followed by Bonferroni post hoc test: 308 

F(1,30) = 7.8, p = 0.019]. At a higher dose of 20 mg/kg, Rgs9+/+mice showed a reduced motor 309 

performance 15 min after injection but were able to recover (30 min post-injection), whereas 310 

Rgs9−/− mice were unable recover as evident from the reduced performance at 60 min (Figure 311 

2G; main effect of time as revealed by repeated-measures ANOVA followed by Bonferroni post 312 

hoc test; F(3,30) = 10.9, p < 0.001). These data indicate that elimination of RGS9-2 in mice 313 

substantially augments their behavioral sensitivity to NMDAR blockade, consistent with the 314 

reduction in the NMDAR function observed in cultured neurons and brain slices.  315 

 316 
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Deletion of RGS9-2 suppresses NMDAR current and enhances AMPA/NMDA ratio 317 

selectively in D2-MSNs  318 

To test the relevance of the observed NMDAR deficits associated with RGS9-2 loss in an 319 

intact neuronal circuit, we further utilized whole-cell patch clamp recordings of MSNs in brain 320 

slices directly measuring the NMDAR currents. We reasoned that high variability of Ca2+ 321 

responses in cultured neurons (see Figure 1D and F) could be related to differences in the 322 

behavior from the two distinct populations of MSNs, D1-MSNs and D2-MSNs, which have 323 

distinct electrophysiological properties and regulation (Planert et al., 2013). Therefore, in the rest 324 

of our studies we distinguished between MSN populations by crossing Rgs9−/− mice with D2R-325 

EGFP line that expresses GFP selectively in D2-MSN neurons and recording from both 326 

fluorescent (D2-MSN) and non-fluorescent (D1-MSNs) neurons containing or lacking RGS9-2 327 

expression (Figure 3A,B). NMDAR current in MSNs was elicited by direct bath application of 328 

NMDA (30 μM) and the cells were held at -70 mV in the presence of GABAergic blocker 329 

picrotoxin. This manipulation induced a large inward current in both Rgs9+/+ D2-MSNs and D1-330 

MSNs. The amplitude of this current was significantly attenuated in Rgs9−/− D2-MSNs [Figure 331 

3C; t(23) = 2.17, p = 0.041]. In contrast, we observed no significant differences in the amplitude 332 

of NMDA-elicited current between genotypes in D1-MSNs (Figure 3D; t(19) = 0.30, p = 0.77). 333 

These data reinforce our observations that loss of RGS9-2 leads to inhibition of NMDAR activity 334 

in D2-MSNs. 335 

We next examined the contribution of RGS9-2 to synaptic events mediated by NMDAR. 336 

In these experiments glutamatergic inputs from the cortex onto MSNs were electrically 337 

stimulated by concentric electrode placed ~ 200 μm dorsal to the cell body evoking EPSCs while 338 

recording from genetically identified D2-MSN and D1-MSN neurons in the presence of 339 
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picrotoxin (Figure 4A). Contributions of AMPAR and NMDAR to EPSCs were isolated by 340 

holding cells at – 70 mV and + 40 mV, respectively (Figure 4B, C). Consistent with reduction in 341 

chemically evoked NMDAR current in Rgs9−/− mice, we found that NMDAR component was 342 

significantly reduced [t(33) = 2.8, p = 0.008] in Rgs9−/− neurons while AMPAR component was 343 

comparable [t(32) = 1.1, p = 0.278] between genotypes in D2-MSNs (Table 1). Furthermore, 344 

deletion of RGS9-2 significantly increased AMPA/NMDA ratio in D2-MSNs [Figure 4B; t(33) = 345 

2.24, p = 0.032],  In contrast, no significant differences were observed between genotypes in any 346 

of these measurements in D1-MSNs (Figure 4C and Table 1). Together, these data indicate that 347 

the loss of RGS9-2 inhibits NMDAR function selectively in D2-MSN neurons, which results in 348 

greater contribution of AMPAR relative to NMDAR to synaptic responses.  349 

 350 

Loss of postsynaptic RGS9-2 selectively facilitates presynaptic glutamate release onto D2-351 

MSNs  352 

To further examine the mechanisms underlying RGS9-2-mediated modulation of synaptic 353 

properties, we recorded mEPSCs in dorsal striatal MSNs in the presence of TTX and picrotoxin. 354 

As shown in the representative traces in Figure 5A and summarized in Figure 5C, we found that 355 

deletion of RGS9-2 had no effect on the amplitude of mEPSC [t(18) = 0.64, p = 0.530] in D2-356 

MSNs. Because mEPSC are predominantly, if not exclusively, are contributed by AMPAR 357 

currents, this further confirms no influence of RGS9-2 on the synaptic AMPAR function and 358 

demonstrates its exclusivity of NMDAR modulation. Surprisingly, we found that D2-MSN 359 

neurons from Rgs9−/− mice showed significantly increased frequency of mEPSC as compared to 360 

wild-type neurons [Figure 5D; t(20) = 3.78, p = 0.0012] suggesting additional presynaptic 361 

adaptations. This effect was again specific to D2-MSN population as neither frequency nor 362 
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amplitude of mEPSC was significantly different between genotypes in D1-MSNs [Figure 363 

5B,E,F; t(20) = 0.23, p = 0.823, and t(20) = 1.39, p = 0.180 for frequency and amplitude 364 

respectively].  365 

 366 

Enhanced inputs onto D2-MSNs lacking RGS9-2 occur via weakening of retrograde endo-367 

cannabinoid feedback 368 

To confirm the presynaptic modulation of glutamate release onto D2-MSNs triggered by 369 

the loss of postsynaptic RGS9-2, we recorded paired pulse ratio (PPR) in aCSF with picrotoxin 370 

while considering the molecular context of the key events involved in retrograde modulation of 371 

neurotransmitter release (Figure 6A). Consistent with prior reports (Kim et al., 2011; Atwood et 372 

al., 2014) we found that glutamatergic inputs onto both D2-MSN and D1-MSN neurons to be of 373 

low probability showing prominent facilitation upon second pulse delivery as evidence by 374 

representative traces and summarized graphs in Figure 6B (“aCSF”). Remarkably, deletion of 375 

RGS9-2 substantially reduced PPR in D2-MSNs [t(28) = 3.03, p = 0.005] eliminating synaptic 376 

facilitation of these synapses (PPRs were 1.42 ± 0.14 and 0.97 ± 0.05 for Rgs9+/+ and Rgs9−/− 377 

neurons respectively). This effect was specific to D2-MSN and not observed in D1-MSNs where 378 

loss of RGS9-2 still resulted in strong facilitation [“aCSF” in Figure 6C; 1.29 ± 0.10 and 1.12 ± 379 

0.051 for Rgs9+/+ and Rgs9−/− neurons respectively; t(33) = 1.55, p = 0.131]. These data suggest 380 

that postsynaptic RGS9-2 in D2-MSNs regulates synaptic feedback that selectively adjusts 381 

release probability in presynaptic terminals. 382 

In order to determine the mechanisms by which the loss of RGS9-2 in postsynaptic D2-383 

MSNs regulate presynaptic release probability, we tested a hypothesis about the involvement of 384 

retrograde endocannabinoid signaling, which plays a prominent role in retrograde feedback in 385 
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striatal synapses (Gerdeman and Lovinger, 2001). Our strategy relied on blocking different steps 386 

in the retrograde endocannabinoid signaling in D2-MSN and D1-MSN neurons from wild-type 387 

and Rgs9−/− mice: blocking CB1R with AM251, chelating intracellular calcium with BAPTA-388 

AM, and facilitating the breakdown of anandamide with a fatty acid amide hydrolase (FAAH) 389 

activator PDP-EA (Figure 6A).  390 

We found that addition of CB1R blocker AM251 reduced the PPR of Rgs9+/+ but not 391 

Rgs9−/− D2-MSNs, eliminating the PPRs differences between the genotypes [Figure 6B; t(21) = 392 

0.92, p = 0.37]. No significant effect of AM251 on D1-MSNs in both genotypes were observed 393 

[Figure 6C; t(17) = 0.35, p = 0.73 between Rgs9+/+ and Rgs9−/− neurons]. Similarly, PDP-EA 394 

also removed the difference of PPR between wild type and RGS9-2 knockout neurons in D2-395 

MSNs [t(17) = 0.37, p = 0.72 ]. Again, no significant effect was observed when PDP-EA was 396 

applied to D1-MSNs [t(13) = 1.2, p = 0.24], when compared between genotypes. Given the 397 

impact of RGS9-2 deletion on Ca2+ influx through the NMDAR, we further tested the effect of 398 

blocking Ca2+ by BAPTA-AM. Consistent with the expectations, it also selectively inhibited 399 

facilitation bringing PPR ratio in wild-type synapses to the level seen in Rgs9−/− neurons and 400 

eliminating the PPR differences between genotypes in D2-MSNs [t(16) = 1.7, p = 0.11]. There 401 

was still no significant difference between genotypes in D1-MSNs in the presence of BAPTA-402 

AM [t(14) = 0.67, p = 0.51].  403 

These data suggest that the increase in release probability observed in D2-MSN following 404 

RGS9-2 deletion was mediated by reduced activation of endocannabinoid signaling system, 405 

which might be associated with the reduction in NMDAR activation.  406 
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DISCUSSION 407 

The current study provides the first evidence that RGS9-2 specifically regulates NMDAR 408 

function and synaptic transmission in D2-MSNs in the dorsal striatum. Both calcium imaging 409 

from primary culture and electrophysiological recording from brain slices reveal that NMDAR 410 

function was significantly attenuated following RGS9-2 deletion. These observations are 411 

consistent with earlier reports that noticed similar dysregulation of NMDAR function (Kovoor et 412 

al., 2005). The experiments performed to dissect the consequences of this alteration lead to 413 

propose a model where NMDAR hypofunction increased AMPAR/NMDAR ratio and 414 

suppressed endocannabinoid signaling system, which led to increased presynaptic glutamate 415 

release (Figure 7). In this model, RGS9-2 suppresses signaling via Gi/o-coupled GPCRs, which 416 

in turn inhibit adenylyl cyclase to control cAMP production. Consequently, deletion of RGS9-2 417 

would increase inhibitory tone suppressing cAMP production and reducing the activity of its key 418 

effector PKA, well known for its stimulatory effects on NMDAR mediated by phosphorylation 419 

(Raman et al., 1996; Crump et al., 2001; Scott et al., 2001; Skeberdis et al., 2006). This would 420 

reduce Ca2+ permeability of NMDARs suppressing endocannabinoid release and engagement of 421 

presynaptic CB1R relieving their inhibitory effects on neurotransmitter release. At the behavioral 422 

level, suppression of NMDAR function made mice lacking RGS9-2 hypersensitive to the 423 

dissociative effects of ketamine and MK801 administration. Collectively, these data clarify 424 

cellular and molecular mechanisms by which RGS9-2 provides pathway selective control of 425 

psychomotor functions mediated by the dorsal striatum. 426 

 427 
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RGS9-2 specifically modulates synaptic properties of D2R expressing MSNs 428 

Although highly restricted to striatum, RGS9-2 is reported to be equally expressed in D1-429 

MSNs and D2-MSNs (Kovoor et al., 2005; Tecuapetla et al., 2016). Interestingly, in the current 430 

study we observed that effects induced by RGS9-2 deletion were specific to D2-MSNs including 431 

changes in NMDAR current, endocannabinoid signaling, AMPA/NMDA ratio, mEPSC 432 

frequency, and PPRs. We think that the pathway selectivity of RGS9-2 effects may be explained 433 

by specificity of RGS9-2 for the Gαi/o protein (Hooks et al., 2003; Xie et al., 2012; Masuho et 434 

al., 2013), which mediates the effects of D2R in the D2-MSNs. This explanation is supported by 435 

the observations that RGS9-2 when ectopically co-expressed in transfected cells interacts with 436 

D2Rs but not D1Rs (Rahman et al., 2003; Kovoor et al., 2005), and that NMDA receptors 437 

interact differently with the two subtypes of dopamine receptors such that activation of D1Rs 438 

potentiates whereas activation of D2Rs attenuates NMDA receptor responses (Cepeda et al., 439 

1993; Cepeda et al., 2008). Furthermore, genetic deletion of RGS9-2 causes locomotor deficits 440 

(e.g., autonomic involuntary movements) that are related to D2R but not D1R functions (Kovoor 441 

et al., 2005). Conversely, overexpression of RGS9-2 in rat nucleus accumbens reduced 442 

locomotor responses to cocaine and to D2R but not to D1R receptor agonists (Rahman et al., 443 

2003). The function of RGS9-2 in D1-MSNs is presently unclear and will require further -444 

investigation. It is possible that it may be related to the action of the Gi/o coupled opioid 445 

receptors, clearly regulated by the RGS9-2 at the behavioral level and present in both MSN 446 

populations (Gaspari et al., 2014; Oude Ophuis et al., 2014).  447 

 448 
RGS9-2 regulates NMDAR function and synaptic plasticity 449 

Our data obtained in calcium imaging experiments in cultured neurons and 450 

electrophysiological recordings of acute slices indicate prominent inhibition of NMDARs 451 
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function upon RGS9-2 loss. This is consistent with a previous study showing that NMDAR but 452 

not AMPAR current was attenuated in MSNs in Rgs9 knockout mice (Kovoor et al., 2005). 453 

These data are also consistent with the increase in AMPAR/NMDAR ratio in D2-MSNs lacking 454 

RGS9-2 and suggest that the behavioral deficits observed in Rgs9 knockout animals might be at 455 

least in part related to the hypofunction of NMDAR and ensuing synaptic adaptations.  456 

At the behavioral level, NMDAR function is critical for striatum-dependent motor control 457 

and learning. For example, striatum-specific ablation of NMDAR increases locomotor activity 458 

(Mohn et al., 1999; Ohtsuka et al., 2008), and significantly impairs behavioral performance in 459 

rotarod test (Dang et al., 2006). This is reminiscent of behavioral deficits in the same behavioral 460 

test following RGS9 deletion (Blundell et al., 2008). The observation that mice lacking RGS9 461 

were supersensitive to ketamine reported in this study further reinforces the role of RGS9-2 in 462 

NMDAR modulation at the behavioral level.  463 

At the molecular level, the hypofunction of NMDAR in RGS9-2 deficient mice is likely 464 

driven by alterations in NMDARs function. RGS9-2 deletion is expected to enhance the activity 465 

of Gi/o-linked GPCRs prominent in the region, such as D2R or MOR. The ensuing suppression 466 

of PKA activity would reduce its ability to phosphorylate NMDARs. (Rusin and Randić, 1991; 467 

Martin et al., 1997; Xie and Lewis, 1997; Rodríguez-Muñoz et al., 2012). Phosphorylation of 468 

NMDARs by PKA has been shown to increase the surface expression, gating, and Ca2+ 469 

permeability of the receptors (Scott et al., 2001; Chen and Roche, 2007; Aman et al., 2014). 470 

Conversely, blocking PKA dramatically inhibits NMDAR function (Skeberdis et al., 2006). 471 

Thus, loss of RGS9-2 likely leads to changes in NMDAR gating and/or targeting to plasma 472 

membrane.  Furthermore, RGS9-2 may also exert its facilitatory effects on NMDAR activity by 473 

suppressing its calcium-dependent inactivation through interacting with alpha-actinin-2 474 
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(Bouhamdan et al., 2006). The functional nature of the effects observed is also supported by no 475 

significant changes in the expression of NMDAR transcript in the striatum upon RGS9 ablation 476 

(Busse et al., 2014). 477 

 478 

RGS9-2 regulates endocannabinoid system 479 

In the course of this study we made a surprising observation that postsynaptic RGS9-2 expressed 480 

in MSN modulates mEPSC frequency and PPR of excitatory inputs to D2-MSNs by a 481 

presynaptic mechanism. These results are consistent with a previous study where deletion of 482 

RGS9-2 was noted to increase spontaneous EPSC accompanied by impaired induction of LTD 483 

(Busse et al., 2014). Our pharmacological dissection indicates that changes in presynaptic release 484 

probability are likely due to an inhibition of endocannabinoid signaling caused by RGS9-2 485 

deletion. Accordingly, blockade of presynaptic CB1R or inhibition of endocannabinoid (eCB) 486 

production mimicked the effect of RGS9-2 ablation. Previous studies showed that eCBs are 487 

released from MSNs triggered by calcium influx upon membrane depolarization (Di Marzo et 488 

al., 1994; Alger, 2004) and this process is potentiated when cAMP levels rise (Cadas et al., 489 

1996). After being released, eCBs act as retrograde messengers that regulate synaptic 490 

transmission through presynaptic CB1Rs and suppress neurotransmitter release (for review, see 491 

Heifets and Castillo, 2009). eCB signaling is required for synaptic plasticity in striatum, 492 

especially long-term depression (LTD) (Gerdeman and Lovinger, 2001; Gerdeman et al., 2002). 493 

Genetic deletion of CB1R significantly impaired skill learning on rotarod in adult mice (Bilkei-494 

Gorzo et al., 2005) indicating that eCB signaling system is also involved in motor control. 495 

Together, these observations suggest that RGS9-2 may ultimately regulate motor learning 496 

through modulating GPCR-NMDAR-eCB signaling axis.  497 

498 
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FIGURE LEGENDS 499 

 500 
Figure 1. RGS9-2 deletion in primary striatal neurons inhibits calcium influx through 501 

NMDARs. A. Fluorescent image of a representative striatal neuron loaded with calcium 502 

indicator, Indo-1 and excited with 380 nm UV light. Red circle represents the region of interest 503 

(soma) used to measure intracellular calcium concentration. B. Schematic of the assay design to 504 

study the role RGS9-2 on calcium influx through NMDARs. MK801 was used to block 505 

NMDARs and nimodipine was used to block voltage gated calcium channels (VGCC). Forskolin 506 

(FSK) was used to activate adenylyl cyclase (AC) to increase cAMP. C and D. Representative 507 

traces and summarized bar graphs showing that glutamate (30 μM) elicited a dramatic increase 508 

in intracellular calcium concentration, which was significantly suppressed in Rgs9−/− neurons 509 

[t(83) = 3.3, p = 0.002]. MK801 or a cocktail of MK801 + nimodipine significantly reduced the 510 

calcium influx evoked by glutamate, but no difference between genotypes was observed in the 511 

presence of the blockers. E and F. representative traces and summarized bar graphs showing 512 

NMDA (100 μM)-induced calcium influx in MSNs. One way ANOVA [F(2,45) = 7.4, p = 513 

0.007] followed by Bonferroni post hoc tests revealed that NMDA-evoked Ca2+ influx was 514 

significantly attenuated in Rgs9−/− neurons (p <0.01) whereas FSK rescued the effect of Rgs9−/−. 515 

Significantly different between groups: **, p < 0.01. 516 

 517 

Figure 2. Rgs9 knockout mice are supersensitive to ketamine administration. A. Schematic 518 

showing the experimental procedure for open field test. Mice first habituated (hab) to the open 519 

field arena before they were tested with saline or MK-801 injection. During test, animals were 520 

placed into center of open field arena and activities were recorded for 90 minutes. B. Systemic 521 

administration of MK-801 at low doses (0.3 – 1 mg/kg) significantly facilitated locomotion in 522 
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both genotypes.  Two-way ANOVA revealed a significant main effect of dosage [F(2,28) = 116, 523 

p < 0.001], but no significant effects of genotype [F(1, 28) = 0.04, p = 0.85] nor interaction [F(2, 524 

28) = 1.6, p = 0.22]. C. Systemic administration of MK-801 at higher doses (3 – 6 mg/kg) 525 

significantly inhibited locomotion. Two-way ANOVA revealed significant main effects of dose 526 

[F(2,28) = 86.5, p < 0.001] and genotype [F(1,28) = 41.2, p < 0.001], as well as a significant 527 

genotype and dose interaction [F(2,28) = 24.5, p < 0.001]. Significant different between Rgs9+/+ 528 

and Rgs9−/−: ***, p < 0.001. D. Schematic showing the experimental procedure for rotarod test. 529 

Mice were trained on the accelerating rotarod for 60 s on day 1. Next day, the latency to fall 530 

within 60 s were tested immediately before and 15, 30, 60 min following saline or ketamine 531 

injection. E. Summarized graph showing latency to fall recorded 15 min after saline or ketamine 532 

administration. RGS9-2 deficient mice were supersensitive to ketamine at 3-10 mg/kg tested 15 533 

min following i.p. injection. Two-way ANOVA revealed a main effect of ketamine [Figure 6A; 534 

F(4,40) = 46.2, p = 0.010], genotype [F(1,10) = 19.9, p = 0.001], and a significant interaction of 535 

dose and genotype [F(4,40) = 3.8, p = 0.010]. Significant different between Rgs9+/+ and Rgs9−/−: 536 

*, p < 0.05, ***, p < 0.001. F. Time course of motor performance on the rotarod test following 537 

10 mg/kg ketamine administration. Repeated measures ANOVA revealed a significant main 538 

effect of time [F(3,30) = 5.7, p < 0.01], genotype [F(1,30) = 7.8, p < 0.05], and interaction 539 

[F(3,30) = 5.6, p < 0.01]. G. Time course of motor performance on the rotarod test following 20 540 

mg/kg ketamine administration. Repeated measures ANOVA revealed significant main effect of 541 

time [F(3,30) = 10.9, p < 0.001], but neither significant main effect of genotype [F(1,30) = 4.8, p 542 

= 0.054] nor interaction [F(3,30) = 1.4, p = 0.28] were observed. Statistically different between 543 

genotypes: *, p < 0.05; ***,p < 0.001. Statistically different from time point 0: #, p < 0.05, ##, p 544 
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< 0.01. Number of animals per group was 8 each for Rgs9+/+ and Rgs9−/−, for experiments 545 

presented in B and C; 5 and 7 for Rgs9+/+ and Rgs9−/−, respectively in E, F, and G. 546 

 547 
 548 
Figure 3. Selective suppression of NMDA current in D2-MSN lacking RGS9-2. A. Schematic 549 

showing whole-cell patch-clamp recording on dorsal striatal MSNs, where fluorescently (EGFP) 550 

labeled cells are D2-MSNs and non-fluorescent cells are considered as D1-MSNs. B. 551 

Representative fluorescent (left), IR-DIC (middle), and merged (right) images showing D2 552 

MSNs (top) and D1-MSNs (botoom) were recorded from dorsal striatum. C. Representative 553 

traces and summarized bar graphs showing that NMDAR current was significantly smaller in 554 

Rgs9−/− D2-MSNs compared to Rgs9+/+ D2-MSNs [t(23) = 2.2, p = 0.041]. D. Representative 555 

traces and summarized bar graph showing that NMDA current was comparable between Rgs9+/+ 556 

and Rgs9−/− D1-MSNs [t(19) = 0.3, p = 0.77]. Numbers of animals and cells used in each group 557 

are indicated on the bar.  558 

 559 

Figure 4. Ablation of RGS9-2 enhances AMPA/NMDA ratio in D2-MSNs. A. Schematic 560 

showing whole-cell patch-clamp recording on dorsal striatal MSNs. A concentric bipolar 561 

electrode was used to evoke EPSCs located ~ 200 μm away dorsal from the soma. B. 562 

Representative traces and summarized bar graph showing that genetic deletion of RGS9-2 563 

significantly enhanced AMPA/NMDA ratio in D2-MSNs [t(33) = 2.2, p = 0.033]. C. 564 

Representative traces and summarized bar graph showing that AMPAR/NMDA ratio was 565 

comparable between Rgs9+/+ and Rgs9−/− neurons in D1-MSNs [t(32) = 1.0, p = 0.33]. Numbers 566 

of animals and cells used in each group are indicated on the bar.  567 

 568 
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Figure 5. Genetic deletion of Rgs9 increases the frequency of mEPSC in D2-MSNs. A, C, D. 569 

Representative traces, plots of cumulative probability and summarized graphs showing that 570 

genetic deletion of RGS9-2 significantly increased the frequency [t(20) = 3.78 p < 0.01] but not 571 

the amplitude [t(18) = 0.64, p = 0.53] of mEPSC in D2 MSNs. B, E, F. Representative traces 572 

and summarized graphs showing that genetic deletion of RGS9-2 did not significantly change the 573 

frequency [t(20) = 0.23, p = 0.82] and amplitude [t(20) = 1.39, p = 0.18] of mEPSC in D1-574 

MSNs. Numbers of animals and cells used in each group are indicated on the bar.  575 

 576 
Figure 6. Involvement of RGS9-2 in regulation of presynaptic glutamate release via 577 

modulation of endocannabinoid signaling. A. Schematic of the assay design to study possible 578 

signaling pathways involved in retrograde synaptic signaling that regulates presynaptic vesicle 579 

release in MSN. Abbreviations: anandamide (AEA); NAPE, N-arachidonoyl 580 

phosphatidylethanolamine; FAAH, fatty acid amide hydrolase. B. Representative traces and 581 

summarized bar graph showing that genetic deletion of RGS9-2 significantly reduced PPR in 582 

D2-MSNs [aCSF; t(28) = 3.0, p = 0.005], whereas application of CB1 receptor blocker AM251, 583 

calcium chelator BAPTA, or FAAH activator PDP-EA mimicked the effect of RGS9-2 ablation. 584 

No significant differences between genotypes were observed in the presence of these drugs [t(21) 585 

= 0.92, p = 0.37; t(16) = 1.7 p = 0.1; t(17) = 0.37, p = 0.72 for AM251, BAPTA, and PDP-EA 586 

respectively]. C. Representative traces and summarized bar graph showing genetic knockout of 587 

RGS9-2 did not significantly change PPR in D1-MSNs [aCSF; t(33) = 1.6, p = 0.13]. 588 

Application of  AM251, BAPTA, or PDP-EA to did not have  significant effect on PPR in D1- 589 

MSNs [t(17) = 0.35, p = 0.73; t(14) = 0.67, p = 0.51; and t(13) = 1.2, p = 0.24 for AM251, 590 

BAPTA, and PDP-EA respectively when compared between genotypes]. Numbers of animals 591 

and cells used in each group are indicated on the bar.  592 
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Figure 7. Proposed model for RGS9-2 regulation of NMDAR function and synaptic 593 

signaling in D2-MSNs. Within MSNs, RGS9-2 inactivates Gi-coupled GPCR, which inhibits 594 

the production of cAMP which in turn plays key role in positive modulation of NMDAR 595 

function. The change in Ca2+ influx through NMDARs then affects the production of 596 

anandamide (AEA), which retrogradely inhibits presynaptic neurotransmitter release. 597 
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Table 1. Basic membrane properties and evoked EPSCs of MSNs in dorsal striatum 

  RMP (mV) Cm (pF) IAMPA (pA) INMDA (pA) 

iMSN Rgs9+/+ -69.2 + 1.2 (21) 124.2 + 5.4 (25) -167.2 + 10.7 (19) 43.6 + 3.4 (19) 

iMSN Rgs9-/- -66.8 + 1.3 (18) 125.1 + 5.8 (22) -153.7 + 8.4 (16)  31.0 + 2.6 (16)# 

dMSN Rgs9+/+ -65.5 + 1.1 (16) 136.4 + 5.8 (21) -169.2 + 7.4 (17) 49.8 + 5.6 (17) 

dMSN Rgs9-/- -66.9 + 1.1 (15) 137.4 + 4.9 (25) -167.2 + 12.4 (18) 41.5 + 5.0 (17) 
 

Data are mean ± SE for number of cells in parentheses. Abbreviations: AMPA, α-amino-3-hydroxy-5-
methyl-4-isoxazolepropionic acid; IAMPA, AMPA receptor-mediated current; NMDA, N-methyl-D-
aspartate; INMDA, NMDA receptor mediated current; MSN, medium spiny neuron; dMSN, direct pathway 
MSN; iMSN, indirect pathway MSN; Cm, membrane capacitance; EPSC, excitatory post-synaptic current, 
RMP, resting membrane potential. iMSNs were identified by their presence of EGFP fluorescence under 
microscope. dMSNs were identified by their absence of EGFP fluorescence under microscope. RMPs 
were measured immediately after whole-cell mode was established by switching to current mode. EPSCs 
were evoked by a stimulating electrode located ~ 200 μm away dorsal to the soma within the striatum. 
IAMPA was measured at the peak current when cells were held at -70 mV. INMDA was measured as the 
average current between 50-55 ms following the stimulation when the cells were held at +40 mV. 
Statistically different between iMSN Rgs9+/+ and iMSN Rgs9-/-, # t(33) = 2.8, p = 0.008. 


