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Abstract  25 

Stimulatory coupling of dopamine D1 (D1R) and adenosine A2A receptors (A2AR) to 26 

adenylyl cyclase within the striatum is mediated through a specific Gαolfβ2γ7 heterotrimer 27 

to ultimately modulate motor behaviors. To dissect the individual roles of the Golf27 28 

heterotrimer in different populations of medium spiny neurons (MSNs), we produced and 29 

characterized conditional mouse models, in which the Gng7 gene was deleted in either 30 

the D1R- or A2AR/D2R-expressing MSNs. We show that conditional loss of 7 disrupts 31 

the cell type-specific assembly of the Golf27 heterotrimer, thereby identifying its 32 

circumscribed roles acting downstream of either the D1Rs or A2ARs in coordinating 33 

motor behaviors including in vivo responses to psychostimulants. We reveal that 34 

Golf27/cAMP signal in D1R-MSNs does not impact spontaneous and amphetamine-35 

induced locomotor behaviors in male and female mice, while its loss in A2AR/D2R-MSNs 36 

results in a hyperlocomotor phenotype and enhanced locomotor response to 37 

amphetamine. Additionally, Golf27/cAMP signal in either D1R- or A2AR/D2R-38 

expressing MSNs is not required for the activation of PKA signaling by amphetamine. 39 

Finally, we show that Golf27 signaling acting downstream of D1Rs is selectively 40 

implicated in the acute locomotor-enhancing effects of morphine. Collectively, these 41 

results support the general notion that receptors utilize specific Gαβγ proteins to direct 42 

the fidelity of downstream signaling pathways and to elicit a diverse repertoire of cellular 43 

functions. Specifically, these findings highlight the critical role for the 7 protein in 44 

determining the cellular level, and hence, the function of the Golf27 heterotrimer in 45 

several disease states associated with dysfunctional striatal signaling.   46 
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Significant statement 47 

Dysfunction or imbalance of cAMP signaling in the striatum has been linked to several 48 

neurological and neuropsychiatric disorders, including Parkinson’s disease, dystonia, 49 

schizophrenia and drug addiction. By genetically targeting the 7 subunit in distinct 50 

striatal neuronal subpopulations in mice, we demonstrate that the formation and function 51 

of the Golf27 heterotrimer, which represents the rate-limiting step for cAMP 52 

production in the striatum, is selectively disrupted. Furthermore, we reveal cell type-53 

specific roles for Golf27-mediated cAMP production in the control of spontaneous 54 

locomotion as well as behavioral and molecular responses to psychostimulants. Our 55 

findings identify the 7 protein as a novel therapeutic target for disease states associated 56 

with dysfunctional striatal cAMP signaling. 57 

  58 
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Introduction 59 

The G-protein coupled receptor (GPCR) superfamily is comprised of several hundred 60 

receptors which are responsible for converting extracellular information into the 61 

appropriate cellular responses (Rosenbaum et al., 2009; Roth et al., 2017). Along with the 62 

increasing diversity and complexity, there is a growing awareness of the importance of 63 

spatial organization of GPCR–effector complexes in regulating their specificity and 64 

efficiency  (Robishaw and Berlot, 2004; Bychkov et al., 2012; Yano et al., 2018). Perhaps 65 

nowhere is this complexity and spatial organization more important than in the striatum 66 

(Xie and Martemyanov, 2011; Bychkov et al., 2012; Peterson et al., 2015), wherein 67 

multiple neurotransmitters and neuromodulators converge onto different GPCRs to affect 68 

cell excitability and shape long-term synaptic plasticity (Lovinger, 2010; Gerfen and 69 

Surmeier, 2011). Within the striatum, there are two distinct classes of GABAergic 70 

medium spiny neurons (MSNs): the dopamine D1 receptor (D1R)-expressing MSNs and 71 

the dopamine D2 receptor (D2R)- and adenosine A2A receptor (A2AR)-expressing MSNs 72 

(Gerfen et al., 1990). By converging via different neurocircuitries on the thalamus (e.g. 73 

D1R-striatonigral and D2R-striatopallidal pathways), signaling via D1R-MSNs stimulate 74 

spontaneous and acquired motor behaviors, whereas D2R-MSNs activation inhibits motor 75 

activities (Kravitz et al., 2010; Durieux et al., 2012; Farrell et al., 2013). The striatum 76 

also contains a small population of cholinergic and GABAergic interneurons, which 77 

further tune the activity of both D1R- and D2R-MSNs (Tepper et al., 2018; 78 

Abudukeyoumu et al., 2019). Given the complex neural circuitry and number of GPCRs 79 

within the striatum, a comprehensive understanding of how this multitude of signaling 80 

outputs are tailored to various cell types and elicited by diverse stimuli is lacking. One 81 
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unanswered question revolves around whether receptors bind to specific Gαβγ 82 

heterotrimers to mediate particular cellular responses. In this regard, combinatorial 83 

association of the known number of distinct G-protein α, β and γ subtypes has been 84 

postulated to provide the level of selectivity that is needed to act downstream of a 85 

similarly large number of receptors (Robishaw and Berlot, 2004; Khan et al., 2013; Yim 86 

et al., 2020; Masuho et al., 2021).  87 

In this paper, we sought to address this question by targeting the specific G-protein acting 88 

downstream of the D1R and A2AR. Initially identified in the sensory neurons of the 89 

olfactory epithelium (Jones and Reed, 1989; Belluscio et al., 1998), the stimulatory G-90 

protein αolf is expressed in nearly all MSNs. Previous analyses of mice lacking Gnal gene 91 

revealed Gαolf is required for the coupling of D1R and A2AR to the adenylyl cyclase 92 

(AC)/cAMP signaling pathway (Corvol et al., 2001). Because complete loss of Golf is 93 

associated with an olfactory-dependent suckling defect and high perinatal lethality 94 

(Belluscio et al., 1998), further studies have been largely restricted to mice carrying a 95 

single Gnal null mutation (Gnal
+/-) to probe important functions of Gαolf-mediated signal 96 

in striatal-dependent motor behavior and reward-related processes (Herve et al., 2001; 97 

Corvol et al., 2007). More recently, the G dimers associated with Golf have been 98 

identified. While olf pairs with the 13 subunit in the olfactory epithelium (Kerr et al., 99 

2008; Li et al., 2013), the majority of olf subunit (>80%) shows a specific requirement 100 

for the 7 subunit in the assembly of the Golfβ2γ7 heterotrimer that is critical for 101 

stimulation of AC activity in the striatum (Schwindinger et al., 2003; Schwindinger et al., 102 

2010). This finding offers an effective and selective mean of disrupting the striatal 103 
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specific Golf27 heterotrimer without incurring the confounding effects of olfactory 104 

dysfunction.  105 

In this study, two new conditional mouse models, in which the Gng7 gene is deleted 106 

specifically in either D1R- or D2R/A2AR-expressing MSNs, were produced and 107 

characterized. Using anatomical, molecular and biochemical approaches, we extended 108 

prior work by showing that 7 directs the ordered assembly of Golf27 heterotrimer 109 

acting downstream of the D1Rs and A2ARs in two distinct MSN populations. Moreover, 110 

using a battery of behavioral phenotyping tests, we identified circumscribed roles for 111 

D1R-Golf27 and A2AR-Golf27 signaling in striatal-dependent modulation of motor 112 

behaviors and in vivo responses to psychostimulants.  113 

 114 

Materials and Methods 115 

Generation of Gng7 conditional knock-out mice 116 

Floxed Gng7
 mice (Gng7

fl/fl), with both alleles of the gene encoding the G -protein 7 117 

subunit flanked by loxP sites (Schwindinger et al., 2003), were backcrossed with FLPe 118 

recombinase knock-in mice (Jackson Laboratories, Barr Harbor, ME) in order to excise 119 

the FRT flanked neomycin cassette. D1Cre+ (Drd1a; EY262) and D2Cre+ (Drd2; ER44) 120 

BAC transgenic mice were purchased from the Mutant Mouse Regional Resource Center 121 

(MMRRC) (Gong et al., 2007). To generate conditional knock-out mice used in these 122 

studies, Gng7
fl/fl were bred to either D1Cre+ or D2Cre+ for two generations to obtain 123 

Gng7
fl/flD1Cre+ or Gng7

fl/flD2Cre+ and Gng7
fl/fl wildtype littermates. Mice were 124 

maintained by backcrosses to C57BL6/J every 5-6 generations (Jackson Laboratories, 125 

Barr Harbor, ME, USA). Recombination of the floxed alleles and genotypes were 126 
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confirmed by PCR of tail biopsies and brain tissues, using primers described previously 127 

(Schwindinger et al., 2003). Subsequently, mice were genotyped by Transnetyx 128 

(Memphis, TN, USA). Animals were group-housed under standard laboratory conditions 129 

and kept on a 12 h day/night cycle (lights on at 7:00 A.M.). Male and female mice (8-12 130 

weeks old) were used for all experiments. Mice were maintained in accordance with the 131 

National Institutes of Health Guide for the Care and Use of Laboratory Animals. All 132 

methods used were preapproved by the Institutional Animal Care and Use Committee 133 

Animals (IACUC) at Florida Atlantic University (Boca Raton, FL, USA). 134 

 135 

RNAscope
®
 in situ hybridization  136 

Mice (n=2/genotype and sex) were sacrificed by rapid decapitation, the brain was readily 137 

extracted, snap frozen in isopentane chilled with dry ice and stored at -80°C. Tissues 138 

were then frozen in O.C.T. (Sakura Finetek, INC., Torrence, CA, USA) and fifteen μm 139 

coronal cryosections of the striatum were collected on Superfrost Plus microscope slides 140 

(Fisher Scientific) and stored at -80°C until use. In situ hybridization was performed 141 

using the RNAscope® Fluorescent Multiplex Reagent Kit (Advanced Cell Diagnostics, 142 

Hayward, CA, USA #320851), that allows detection of target mRNA at single cell level. 143 

Probes for mouse Gng7 (Mm-Gng7 #463511), Drd1 (Mm-Drd1a #406491-C2) and Drd2 144 

(Mm-Drd2 #406501-C3) were designed and provided by the manufacturer and the 145 

experimental procedure followed the manufacturer’s instructions. Probes were assigned 146 

the following fluorophore configuration: C1-Gng7-Alexa 488, C2-Drd1-Atto 550 and 147 

C3-Drd2-Atto 647. DAPI was used for nuclear counterstaining. Positive and negative 148 

control probes were used to confirm preservation of sample mRNA and establish 149 
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nonspecific labeling. Images were acquired using a 20X objective (CFI Plan Apo, Nikon) 150 

and Nikon Elements capture software on a Nikon A1R confocal microscope in the FAU 151 

Brain Institute Cell Imaging Core. All of the images directly compared were collected 152 

using the same laser intensities for the corresponding color channels. 153 

 154 

Histology 155 

Eight- to 10-weeks old (n=3 x genotype x sex) were anesthetized by Euthasol® (Virbac) 156 

and transcardially perfused with 4% paraformaldehyde (PFA) in PBS. Brains were 157 

dissected and postfixed in 4% PBS-PFA overnight, and stored in 30% PBS-sucrose 158 

solution for cryoprotection for 3–5 days. Tissues were then frozen in O.C.T. (Sakura 159 

Finetek, INC., Torrence, CA, USA). Tissue sections (30 μm) were prepared using a 160 

cryostat (Leica Biosystems, Buffalo Grove, IL, USA) and stored in PBS at 4°C or in 161 

antifreeze solution at -20°C for long-term storage. Immunofluorescent staining was 162 

performed on sagittal and coronal brain sections containing the striatum, external (eGP) 163 

and internal (iGP) globus pallidus, or the substantia nigra pars reticulata (SNpr) as 164 

described previously (Ozawa et al., 2015).  Sections were blocked with 5% PBS-normal 165 

donkey serum and 0.3% Triton X-100 (NDST) for 1h at room temperature and incubated 166 

overnight at 4°C with primary antibody against Gαolf (1:1000),  opioid receptor (MOR, 167 

guinea pig polyclonal, 1:150, Neuromics #GP10106) or DARPP-32 (rabbit polyclonal, 168 

1:100, US Biologicals, Swampscott, mA, USA #d1075-01). The following day sections 169 

were washed three times with 1% NDST and incubated for 2h at room temperature with 170 

secondary donkey anti rabbit-IgG Alexa Fluor 488 antibody (1:500, Jackson 171 

ImmunoResearch Laboratories # 711-545-152) or anti guinea pig-IgG Alexa Fluor 647 172 
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antibody (1:200, Jackson ImmunoResearch Laboratories # 706-605-148). Sections were 173 

washed three times in PBS and mounted with Fluoromount-G (Southern Biotech, 174 

Birmingham, AL, USA). Images were acquired on a Nikon A1R confocal microscope in 175 

the FAU Brain Institute Cell Imaging Core using either 4X or 10X objectives (CFI Plan 176 

Apo, Nikon) and Nikon Elements capture software. Fiji (National Institute of Health) was 177 

used to measure the mean fluorescence intensity of Gαolf and MOR immunoreactivity in 178 

striatal sections, by an experimenter blinded to animal genotypes. To measure Gαolf 179 

fluorescence intensity in the striatum, the region of interest (ROI) was manually drawn 180 

around the dorsal striatum with freehand line tool and Gαolf immunoreactivity was 181 

measured using ROI manager. Measurements was averaged from both hemispheres of 4 182 

rostrocaudal sections per animal (from AP +1.4mm to +0.2mm relative to bregma, 183 

Paxinos and Franklin, 2001). Gαolf immunoreactivity of Gng7
fl/flD1Cre+ and 184 

Gng7
fl/flD2Cre+ were represented as percentage of Gng7

fl/fl control group. Gαolf 185 

fluorescence intensity in striosome and matrix compartments was measured in 186 

Gαolf/MOR double stained striatal sections, from 3 striatal fields each mouse (AP +1.4, 187 

+1.0 and +0.6). The region of interest (ROI) was manually drawn with freehand line tool 188 

around the striosomes identified by MOR-positive staining in each section. To measure 189 

immunoreactivity in the matrix compartment, the same ROIs were moved to a MOR-190 

negative area. Gαolf and MOR fluorescence intensities were measured using ROI 191 

manager. Only striosomes whose MOR immunoreactivity was at least 30% over the 192 

values of the matrix compartment were considered for analysis.  193 

 194 

Membrane preparation 195 
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Mice (n= 5 x genotype x sex) were euthanized with an ip injection of 100 mg/kg 196 

Euthasol® (Virbac) and brains were rapidly extracted and rinsed in ice-cold 1X 197 

phosphate buffered saline (PBS). The brains were then placed in a chilled brain matrix   198 

and 1-mm thick coronal slices were made using razor blades. Dorsal striatum and nucleus 199 

accumbens were dissected out using a fine forcep from 2 coronal sections (AP +1.7mm to 200 

AP -0.3mm, relative to bregma, according to Paxinos and Franklin, 2001) and snap 201 

frozen in liquid nitrogen. Frozen striatal punches were homogenized on ice with a 202 

motorized pestle (Kimble Chase, Vineland, NJ, USA) in HME with proteinase inhibitors 203 

(20 mM HEPES, pH 8.0, 2 mMMgCl2, 1 mM EDTA, cOmplete™, EDTA-free protease 204 

inhibitor cocktail) and then repeatedly passed through a 25-gauge needle on ice. Nuclei 205 

and unbroken cells were pelleted by low-speed centrifugation (350 × g) for 5 min, and 206 

crude membranes were collected by ultracentrifugation at 250,000 × g at 4°C for 30 min, 207 

resuspended in 300 μl HME with proteinase inhibitors, aliquoted and then stored at −80 208 

°C until use. The protein concentrations of membrane extracts were determined by Pierce 209 

660nm Protein Assay Reagent (Thermo Fisher Scientific, Waltham, MA, USA). 210 

 211 

Western blot analysis of striatal membranes 212 

Equal amounts of proteins (25 μg/well) were loaded onto 12% Nu-PAGE Bis-Tris gels 213 

(Invitrogen, Thermo Fisher Scientific) and transferred to polyvinylidene difluoride 214 

(PVDF) membranes (BioRad, Hercules, CA, USA). Total protein staining was 215 

determined using REVERT™ total protein stain (LI-COR biosciences) and used as 216 

loading control. After 20 min blocking with 10% milk in Tris-buffered saline with 0.01 % 217 

Tween 20 (TBST), the blots were incubated overnight in 3% milk-TBST with various 218 
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dilutions of the following antibodies: rabbit polyclonal anti-γ7  (1:500) (Schwindinger et 219 

al., 2003); rabbit polyclonal anti-αolf  (1:4000; a gift from Dr. Denis Herve) (Corvol et al., 220 

2001), mouse monoclonal anti-AC5 (1:3000; a gift from Dr. Kirill Martemyanov) (Xie et 221 

al., 2015), rabbit polyclonal anti-γ3  (1:1000) (Schwindinger et al., 2012), rabbit 222 

polyclonal anti-αs  (1:1000, a gift from Dr. Catherine Berlot) (Schwindinger et al., 2003) 223 

and rabbit polyclonal anti-αo  (1:500) (Schwindinger et al., 2003). After three successive 224 

washes with TBST, the blots were incubated for 2 h in 3% milk-TBST with horseradish 225 

peroxydase (HRP)-conjugated goat anti-rabbit or anti-mouse secondary antibodies 226 

(1:10000, Jackson ImmunoResearch Laboratories, West Grove, PA, USA #111-035-003 227 

and #111-036-003, respectively). Western blots were visualized and quantitated by 228 

enhanced chemiluminescence (ECL, Thermo Fisher Scientific) using a LI-COR Odyssey 229 

Fc imager. 230 

 231 

Adenylyl Cyclase Assay 232 

Adenylyl cyclase activity was determined by incubating membrane protein (1 μg) at 30°C 233 

for 10 min in 50 ul of buffer containing 50 mM HEPES pH 8.0, 0.6 mM EDTA, 100 234 

mg/mL BSA, 100 mM 3-isobutyl-1-methylxanthine (IBMX), 3 mM 235 

phosphoenolpyruvate potassium, 10 mg/mL pyruvate kinase, 5 mM MgCl2 and 100 mM 236 

adenosine triphosphate (ATP), 10 mM guanosine triphosphate (GTP) (Xie et al., 2015). 237 

Membranes were stimulated with 10 μM forskolin (FSK, Tocris, Minneapolis, MN, USA 238 

#1099), 25 μM D1R agonist SKF 83822 (Tocris #2075) or 25 μM A2AR agonist CGS 239 

21680 (Tocris #1063). Reactions were stopped by adding an equal volume of 0.2 N HCl. 240 

Levels of cAMP were determined by the Direct cAMP ELISA kit according to the 241 
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manifacturer’s protocol (Enzo Life Sciences, Farmingdale, NY, USA). Plate absorbance 242 

was recorded at 405 nm on a Clariostar instrument (BMG Labtech, Cary, NC, USA) and 243 

data are expressed as pmol/mg/min. 244 

 245 

Behavioral assays 246 

Behavioral testing was performed in the Neurobeavior Core facility of the Florida 247 

Atlantic Universty Brain Insitute. Age (8-12 weeks old) and sex-matched Gng7
fl/flD1Cre+ 248 

or Gng7
fl/flD2Cre+ and respective Gng7

fl/fl littermate controls were used for all 249 

experiments. Animals were handled and habituated to injection procedure by saline 250 

intraperitoneal (i.p.) administration for 3 days preceding the experiment. Mice were 251 

habituated for 2 h to the testing room the day before testing and at least 30 min prior to 252 

the start of the experiment. Male and female mice were tested on separate days by an 253 

experimenter blinded to animal genotypes. 254 

 255 

Accelerating rotarod 256 

Mice were tested for motor skill learning on the accelerating rotarod (Med Associates 257 

Inc., St Albans, VT, USA). Mice were placed on a rod rotating at 4 rpm. Each trial started 258 

with 4-40 rpm acceleration rod rotation over 300 sec and ended when the mouse fell off 259 

the rod, completed a full revolution while hanging onto the rod, or reached 300 sec. 260 

Latency to fall or to give up walking on the rod was recorded for each trial. Mouse 261 

performances were evaluated from three trials per day over three days, for a total of 9 262 

trials per mouse. A resting time of 300 sec was allowed between each trial.  263 

 264 
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Grip strength 265 

Grip strength was assessed using a digital grip strength meter (Ametex-Chatillon, Largo, 266 

FL, USA). Mice were placed on the grip strength apparatus and allowed to grasp a 267 

horizontal metal bar with their fore paws while suspended by the tail. The animals were 268 

slowly pulled away until they release the handle. The bar was attached to a force 269 

transducer, and the peak force produced during the pull on the bar was measured. Grip 270 

strength measurements (in gram of force) were averaged across three trials.  A resting 271 

time of 300 sec was allowed between each trial.  272 

 273 

Open field locomotor activity 274 

Spontaneous and drug-induced locomotor activity was measured using Med Associates 275 

activity chambers (Med Associates Inc.). The open field arenas (27.3 x 27.3 x 20.3 cm) 276 

were enclosed within sound-attenuating cubicles that were equipped with a fan for 277 

ventilation, white noise to mask extraneous sounds and two lights. Locomotor activity 278 

was detected using a photocell-based automated monitoring system. Horizontal activity 279 

was detected by two infrared arrays in the x- and y-axes and recorded as distance traveled 280 

in 5 min intervals. Vertical activity was detected by a third array at 4 cm above the arena 281 

floor and measured as number of rearing in 5 min intervals. Med Associates Open Field 282 

Activity software was used to track and analyze the mouse movements. Spontaneous 283 

locomotor activity was measured for 2 hours upon first exposure to the open field arena. 284 

To assess drug-induced hyperlocomotion, mice were first habituated to the open field 285 

arena as described above. On day 2, spontaneous activity was recorded for 30 min, then 286 

mice received an injection of saline or appropriate vehicle and their activity was recorded 287 
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for additional 90 min. On day 3, mice underwent the same protocol as days 2, but they 288 

were administered a dose of drug. Cumulative distance traveled during the 90 minutes 289 

post injection on both days 1 and 2 were considered for data analysis. For morphine 290 

induced-locomotor activity, 120 min-cumulative distance on days 2 and 3 was analyzed. 291 

Drugs were injected at the indicated doses and obtained from the following vendors: D1R 292 

agonists SKF 83822 (0.4 mg/kg), SKF 83859 (0.4 mg/kg) and A2AR antagonist SCH 293 

58261 (3 mg/kg) were purchased from Tocris, caffeine (30 mg/kg) and D-amphetamine 294 

hemisulfate (2.5 mg/kg, free base) were purchased from Sigma-Aldrich (St. Louis, MO, 295 

USA), while morphine sulfate (10 mg/kg, free base) was provided by the National 296 

Institute of Drug Abuse Drug Supply Program (RTI International, Research Triangle 297 

Park, NC, USA). Caffeine, D-amphetamine and morphine were dissolved in sterile 0.9% 298 

saline solution. SKF 83822, SKF 83859 and SCH 58261 were dissolved in 0.2% DMSO 299 

and saline. All drugs and respective vehicle or saline solution were injected i.p. in a 300 

volume of 5 ml/kg. 301 

 302 

Western blot analysis of in vivo protein phosphorylation  303 

Three days following handling and habituation to injection procedure, mice (n=3-5 x 304 

genotype x sex) were i.p. injected with saline or D-amphetamine (10 mg/kg) and killed 305 

by decapitation at 20 min post injection.  306 

In a second series of experiments, mice (n=3-4 x genotype x sex) were treated with the 307 

acetyilcholinesterase inhibitor donezepil (3 mg/kg, i.p., Tocris) or saline 10 min prior to 308 

an i.p. injection of D-amphetamine (10 mg/kg) or saline and killed by decapitation at 20 309 

min post injection.  310 
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The heads were immersed in liquid nitrogen for 6 sec, then the brains were rapidly 311 

dissected and placed on an ice-cold brain matrix. Striatal tissues were dissected out as 312 

described above, snap frozen in liquid nitrogen and stored at −80 °C until use. Striatal 313 

tissues were sonicated in 1% sodium dodecylsulphate (SDS) and Halt protease and 314 

phosphatase inhibitor cocktail (Thermo Fisher Scientific) and boiled for 10 min. Protein 315 

concentrations of each sample were determined by Pierce 660nm Protein Assay Reagent. 316 

Equal amount of protein (50 μg/well) were loaded onto 12% Nu-PAGE Bis-Tris gels and 317 

transferred to PVDF membranes. After blocking, the blots were incubated overnight in 318 

3% milk-TBST with various dilutions of the following phospho-antibodies: rabbit 319 

monoclonal anti-phosphoGluR1-Ser845 (1:1000, Cell signaling technologies, Beverly, 320 

MA, #8084); mouse monoclonal anti-phosphoERK1/2-Thr202/Tyr204 (1:1000, Cell 321 

signaling technology #9106), rabbit monoclonal anti-phospho ribosomal protein S6-322 

Ser235/236 (rpS6, 1:1000, Cell signaling technology, #4858).The corresponding non 323 

phosphorylated proteins were detected after stripping with Restore stripping buffer 324 

(Thermo Fisher Scientific) for 15 min at 37°C and extensive washing in TBS. The 325 

following non phospho-antibodies were used: rabbit monoclonal anti-GluR1 (1:2000, 326 

Cell signaling technology, Beverly, MA, #13185); rabbit polyclonal anti-ERK1/2 327 

(1:2000, Cell signaling technology #9102), rabbit monoclonal anti-S6 Ribosomal Protein 328 

(1:2000, Cell signaling technology, #2217). Actin staining was determined using HRP-329 

conjugated rabbit monoclonal anti- actin antibody (1:10000, Sigma-Aldrich #4970) and 330 

used a loading control. Antibody binding was revealed using HRP-conjugated goat anti-331 

rabbit or goat anti-mouse secondary antibodies (1:10000, Jackson ImmunoResearch 332 
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##111-035-003 and #111-036-003, respectively) and the ECL detection system. Blots 333 

were visualized and quantitated using a LI-COR Odyssey Fc imager. 334 

 335 

Statistical analysis 336 

All statistical analyses were performed using GraphPad Prism 8 (GraphPad Software, San 337 

Diego, CA, USA) and Statistica software (version 13.3). Data are expressed as mean ± 338 

standard error of mean (SEM) and ‘n’ refers to the number if independent measures. P 339 

values equal to or less than 0.05 were considered to be statistically significant. All studies 340 

involved balanced groups of male and female mice and data from each sex were analyzed 341 

separately, except where noted. Parametric statistics were used based on normal 342 

distribution of the data, as confirmed by the Shapiro-Wilk test. Student’s unpaired, two-343 

tailed t-test was used to compare protein content in striatal membranes and basal 344 

locomotor activity between two genotypes.  One-way analysis of variance (ANOVA) 345 

followed by Tukey’s post-hoc test was utilized to compare striatal Gαolf immunoreactivity 346 

between different genotypes. Data containing two variables (eg, genotype factor and 347 

treatment) were analyzed by means of two-way ANOVA followed by Tukey’s multiple 348 

comparison test, when appropriate. Repeated measure two-way ANOVA (rmANOVA) 349 

was utilized to analyze locomotor responses to different drugs and Gαolf-MOR 350 

immunoreactivity in the striosome/matrix compartment (with genotype as between factor 351 

and treatment or immunoreactivity in striosome vs matrix as within factor). Rotarod data 352 

and western-blot analysis of protein phosphorylation that included three variables (e.g 353 

genotype, trial, day or pretreatment, treatment and genotype) were analyzed by means of 354 

three-way ANOVA. 355 
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 356 

Results 357 

Characterization of conditional G7 protein knock-out mice.  358 

Global deletion of Gng7 mice revealed that loss of G-protein 7 disrupts the ordered 359 

assembly of a striatal specific Golf27 heterotrimer (Schwindinger et al., 2003; 360 

Schwindinger et al., 2010). To understand the specific role of the Golf27 signaling 361 

pathway in the two main cell populations of the striatum, we generated new mouse 362 

models in which Gng7 is conditionally deleted either in D1R- or D2R-expressing MSNs. 363 

To determine the specificity and extent of this deletion, DNA was isolated from either 364 

Gng7
fl/flD1Cre+ or Gng7

fl/flD2Cre+ mice and analyzed by PCR. Among the various brain 365 

regions, conditional deletion of the Gng7 gene occurred to the greatest degree in the 366 

striatum. However, recombination also occurred in other brain regions, including the 367 

prefrontal cortex, hippocampus and midbrain (Fig 1A), as expected based on regional 368 

distributions of D1R and D2R. To verify that the Gng7 gene was specifically ablated in 369 

distinct populations of MSNs, we also used in situ hybridization (Fig 1B). As expected, 370 

7 mRNA was abundantly expressed in both D1R- and D2R-MSNs throughout the 371 

striatum of wildtype mice (Fig 1B a-e). As first reported by Watson et al (Watson et al., 372 

1994), the 7 mRNA fluorescence signal was clustered in neuronal cell bodies, while 373 

diffused and punctuated staining pattern was detected around the soma, confirming a 374 

dendritic localization of the 7 mRNA. Validating the conditional nature of the gene 375 

targeted deletion, the 7-positive mRNA signal was strongly reduced in either D1R or 376 

D2R-expressing MSNs visualized from striatal sections of Gng7
fl/flD1Cre+ (Fig 1B f-j) 377 

and Gng7
fl/flD2Cre+ mice (Fig 1B k-o), respectively. Interestingly, in striatal sections 378 
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from Gng7
fl/fl and Gng7

fl/flD1Cre+ mice, we observed that 7 mRNA was virtually absent 379 

in a few large-sized D2R-expressing neurons, which may represent a subpopulation of 380 

D2R-expressing cholinergic interneurons (Fig 1C). 381 

Global loss of 7 suppressed the levels of  Golf protein without affecting mRNA level of 382 

the Gnal transcript (Schwindinger et al., 2003). To further extend these findings, we used 383 

immunohistochemistry to assess Golf protein expression in the striatum and along the 384 

axonal projections of D1R and D2R-positive MSNs that track to the Globus pallidus 385 

internus (GPi)/Substantia Nigra pars reticulata (SNr) and Globus pallidus externus (GPe), 386 

respectively (Fig 2-3). Golf immunoreactivity was highly concentrated in the dorsal 387 

striatum with the characteristic matrix-striosome distribution pattern (Ruiz-DeDiego et 388 

al., 2015; Crittenden et al., 2016), as evidenced by heightened Golf immunolabeling 389 

colocalizing with striosomal marker μ-opioid receptor (MOR) staining  (Fig 2A a-c, f-h, 390 

k-m). Positive Golf immunolabeling was detected in the ventral striatum and olfactory 391 

tubercle, but was relatively absent in the cerebral cortex (Fig 3A, C, E). We also 392 

confirmed decreased Golf immunoreactivity in the dorsal striatum of both conditional 393 

knockout lines (overall ANOVA F(2,15)=15.11, p<0.001; post hoc analysis: 394 

Gng7
fl/flD1Cre+ (p<0.001),  and Gng7

fl/flD2Cre+ (p<0.05); Fig 2Ba). Likewise, ANOVA 395 

analysis of Golf immunoreactivity in the striosome and matrix compartments revealed a 396 

significant effect of “genotype” (F(2,15)=5.4, p<0.05) and “compartment” (F(1,15)=97.45, 397 

p<0.001), as well as a significant “genotype x compartment” interaction (F(2,15)=5.8, 398 

p<0.05). In this regard, Tukey’s post hoc analysis showed that the Golf striosomal 399 

expression pattern was significantly reduced in striatal sections from Gng7
fl/flD1Cre+ 400 

mice, but was preserved in Gng7
fl/flD2Cre+ mice (Fig 2Bb). Attesting to the specificity of 401 
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this effect, immunostaining of the striosomal marker MOR did not change among 402 

genotypes (Fig 2Bc).  403 

Consistent with known neurocircuitry and conditional nature of the knockouts, drastic 404 

loss of Golf-positive MSNs with axonal projections to the Gpi/SNr was observed in 405 

sections from Gng7
fl/flD1Cre+ mice (Fig 2Ai and Fig 3C), whereas selective reduction of 406 

Golf immunoreactive signal in the GPe was evident in sections from Gng7
fl/flD2Cre+ 407 

mice (Fig 2An and Fig 3E). In contrast, DARPP-32 staining was preserved in the 408 

striatum and axonal projections of both conditional knockout mouse strains, indicating 409 

maintenance of striatal and axonal projection integrity (Fig 3B, D, F).  410 

Extending the immunostaining results, immunoblot analysis of striatal membranes from 411 

Gng7
fl/flD1Cre+ mice confirmed marked reduction of the 7 protein as compared to 412 

membranes from Gng7
fl/fl controls in both male and female mice (males: t(8)=5.9, 413 

p<0.001; females: t(8)=9.9, p<0.001; Fig 4A-B). Along with loss of 7 protein, there was a 414 

coordinated decrease in the Golf protein in Gng7
fl/flD1Cre+ mice (males: t(8)=7.8, 415 

p<0.001; females: t(8)=2.8, p<0.05; Fig 4A-B), consistent with reduction of both 7 and 416 

Golf in approximately half of MSNs.  Similarly, Gng7
fl/flD2Cre+ male and female mice 417 

showed lowered 7 (males: t(8)=5.2, .p<0.001; females: t(8)=2.4, p<0.05; Fig 4C-D) and 418 

Golf. protein levels (males: t(8)=3.3, p<0.05; females: t(8)=3.2, p<0.05; Fig 4C-D) 419 

compared to Gng7
fl/fl littermates. Protein levels of 3, 2, Gs and Go did not change 420 

among the different genotypes (Fig 4), confirming the specificity of these effects and 421 

further indicating that 7 and Golf cannot be replaced by other  or  subtypes in vivo. 422 

Taken together, these results show that gene targeted loss of 7 in subpopulations of 423 

MSNs results in coordinate loss of Golf and further confirm that 7 subunit is required 424 
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for cell type-specific assembly of a distinct Golf27 heterotrimer (Schwindinger et al., 425 

2003; Schwindinger et al., 2010).  426 

 427 

AC activity in Golf deficient D1R- and D2R-MSNs. 428 

It has been demonstrated that the Golf27 heterotrimer forms complexes with AC type 429 

5, the main AC isoform in the striatum, and contributes to its stability (Iwamoto et al., 430 

2004; Xie et al., 2015). Quantitative immunoblot analyses revealed that the AC5 protein 431 

level was not significantly changed in striatal membranes from Gng7
fl/flD2 Cre+  male 432 

mice (t(8)=2.09, ns), although a significant reduction was observed in membranes from 433 

Gng7
fl/flD1Cre+ females (t(8)=4.5 p<0.01, Fig 4A-B). Furthermore, there was no change of 434 

AC5 protein content in striatal membranes of either male or female Gng7
fl/flD2 Cre+ mice 435 

(males: t(8)=1.6, ns; females: t(8)=0.5, ns; Fig 4C-D). These results suggest that selective 436 

loss of Golf signaling components in one population of MSNs is likely not sufficient to 437 

alter significantly the levels of AC5. Incubation of striatal membranes with the direct AC 438 

activator FSK caused approximately 3 to 4-fold increase of cAMP levels compared to 439 

untreated samples. However, consistent with normal levels of AC5, we did not detect 440 

deficits in FSK-stimulated AC activity in striatal membranes of Gng7
fl/flD1Cre+ (males: 441 

main effect of “treatment” F(1,8)= 45.9, p<0.001, “genotype x treatment” interaction 442 

F(1,8)=0.05, ns; females: main effect of “treatment” F(1,8)= 29, p<0.001, “genotype x 443 

treatment” interaction F(1,8)=0.08, ns, Fig 5A-B) and Gng7
fl/flD2Cre+ mice (males: main 444 

effect of “treatment” F(1,8)= 30.2, p<0.001, “genotype x treatment” interaction F(1,8)=0.8, 445 

ns; females: main effect of “treatment” F(1,8)= 16.6, p<0.001, “genotype x treatment” 446 

interaction F(1,8)=0.0008, ns, Fig 5C-D), compared with corresponding Gng7
fl/fl 447 
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littermates. In contrast, we observed the efficiency of D1R- and A2AR-coupling to AC 448 

was selectively impaired in striatal membranes from Gng7
fl/flD1Cre+ and Gng7

fl/flD2Cre+ 449 

mice, respectively.  Indeed, as shown in Figs 5E & 5F, treatment with the D1R agonist 450 

SKF 83822 did not stimulate cAMP production in striatal membranes of male or female 451 

Gng7
fl/flD1Cre+ mice (males: “genotype x treatment” interaction F(1,8)= 5.7, p<0.05; 452 

females: “genotype x treatment” interaction F(1,8)= 5.4, p<0.05), whereas the ability of the 453 

A2AR agonist CGS 21680 to increase cAMP was unaffected in membranes of both 454 

Gng7
fl/flD1Cre+ and wildtype mice (males: main effect of “treatment” F(1,8)= 28.6, 455 

p<0.001, “genotype x treatment” interaction F(1,8)=0.2, ns; females: main effect of 456 

“treatment” F(1,8)= 126.5, p<0.001, “genotype x treatment” interaction F(1,8)=0.4, ns).  457 

Conversely, treatment with the A2AR agonist CGS 21680 did not increase cAMP levels in 458 

striatal membranes of male or female Gng7
fl/flD2Cre+ mice (males: “genotype x 459 

treatment” interaction F(1,8)= 8.9, p<0.05; females: “genotype x treatment” interaction 460 

F(1,8)= 7.2, p<0.05; Fig 5G-H), whereas the SKF 83822-stimulated AC activity was 461 

preserved in both sexes (males: main effect of “treatment” F(1,8)= 50.7, p<0.001, 462 

“genotype x treatment” interaction F(1,8)=2.1, ns; females: main effect of “treatment” 463 

F(1,8)= 25.2, p<0.001, “genotype x treatment” interaction F(1,8)=1.1, ns, Fig 5G-H).  464 

Collectively, these findings confirm that striatal Golf signaling components are 465 

necessary for coupling of D1R and A2AR to AC, but not required for the stability and 466 

function of AC5. 467 

 468 

Assessment of motor abilities in conditional G7 protein knock-out mice. 469 
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A coordinated balance of the activities of D1R- and D2R-expressing of striatal MSNs is 470 

responsible for proper control of movements, whereas a preponderance of function in one 471 

MSN subpopulation over the other results in motor abnormalities characteristic of basal 472 

ganglia disorders (Albin et al., 1989; Nelson and Kreitzer, 2014). Likewise, compelling 473 

evidence supports a role for the Golf signaling pathway in the emergence of motor 474 

disorders such as dystonia, in humans and mice (Fuchs et al., 2013; Sasaki et al., 2013; 475 

Pelosi et al., 2017). To assess the relative contributions of Golf27 mediated signaling 476 

downstream of either striatal D1R- or A2R-activation, we evaluated motor coordination 477 

and learning by quantifying performance of conditional knockout lines in the accelerated 478 

rotarod paradigm. Both male and female mice representing all three genotypes 479 

(Gng7
fl/flD1 Cre+, Gng7

fl/flD2 Cre+ and Gng7
fl/fl mice) improved their ability to stay on the 480 

rod with each subsequent trial and day and there were no genotype differences in rotarod 481 

performance (see Fig 6A-D). Consistently, no impairments of neuromuscular function 482 

were observed as measured by performance on the grip strength test (see Fig 6E-F).  483 

To determine the relative roles of striatal D1R- and A2AR-mediated Golf27 signal on 484 

spontaneous locomotor activity, Gng7
fl/flD1Cre+ and Gng7

fl/flD2Cre+ mice were tested for 485 

exploratory activity upon first exposure to an open field arena. Gng7
fl/flD1Cre+ mice 486 

showed no changes in locomotor behavior (males: t(32)=0.7, ns; females: t(36)=0.8, ns; Fig 487 

6G-H), vertical activity, stereotypy or thigmotaxis, as compared to wildtypes  (Table 1). 488 

In contrast, Gng7
fl/flD2Cre+ mice exhibited marked hyperactivity upon exposure to a 489 

novel environment as compared to wildtypes (males: t(31)=5.8, p<0.001; females: 490 

t(29)=4.8, p<0.001; Fig 6I-J), although habituation to the arena was normal, as evidenced 491 

by a progressive attenuation of locomotor activity over the 2-hour session. Suggesting 492 
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that the hyperlocomotive phenotype was not exclusively related to novelty, the elevated 493 

locomotor activity of Gng7
fl/flD2Cre+ mice was observed over multiple exposures to the 494 

open field arena, particularly during the first 30 min of a 2-hour open field test 495 

(unpublished observation). Vertical activity and stereotypic behavior were also enhanced 496 

compared to Gng7
fl/fl wildtypes. In contrast, thigmotaxis was unaltered, indicating that 497 

hyperlocomotion was likely not associated with changes in anxiety-like behavior (Table 498 

1). Finally, validating these effects were related to cell type-specific loss of Golf27 499 

signal, locomotor activities were unchanged in both D1Cre+ and D2Cre+ mice compared to 500 

controls (males D1Cre: t(15)=1.1, ns; females D1Cre: t(13)=0.1, ns; males D2Cre: t(21)=0.9, 501 

ns; females D2Cre: t(17)=0.2, ns; Fig 6K).  Together, these results demonstrate that 502 

Golf27 mediated signaling downstream of either striatal D1R- or A2AR-activation is 503 

dispensable for motor coordination and grip strength. Surprisingly, loss of Golf27 504 

mediated signaling in D1R-expressing MSNs had little or no effect on spontaneous 505 

locomotor activity, whereas reciprocal deletion of Golf27 mediated signaling in D2R-506 

expressing MSNs produced a dramatic increase in locomotor behavior.  507 

 508 

Assessment of locomotor responses to D1R and A2AR directed ligands 509 

While dispensable for spontaneous locomotor behavior, we hypothesized Golf27 510 

mediated signaling in D1R-MSNs may assume greater importance in regulating 511 

locomotor activity under conditions in which D1R is selectively stimulated. To test this 512 

possibility, we compared locomotor responses of Gng7
fl/flD1Cre+ mice and wild-type 513 

littermates to the administration of two distinct D1R agonists, SKF 83822 and SKF 514 

83959, that reportedly exhibit different efficacies for cAMP production and 515 
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phosphatidylinositol turnover (Undie et al., 1994; Jin et al., 2003; O'Sullivan et al., 2008). 516 

Injection of mice with either SKF 838222 (0.4 mg/kg, ip, Fig 7A) or SKF 83959 (0.4 517 

mg/kg, ip, Fig 7B) caused equivalent psychomotor responses in male and female 518 

Gng7
fl/flD1Cre+ mice compared with controls. Two-way ANOVA revealed a significant 519 

effect of either SKF 38222 or SKF 83959 treatments, but no “genotype x treatment” 520 

interaction effect of genotype (SKF 838222 males: main effect of “treatment” F(1,14)= 521 

87.6, p<0.001, “genotype x treatment” interaction F(1,14)= 0.04, ns; SKF 838222 females: 522 

main effect of “treatment” F(1,13)= 78.6, p<0.001, “genotype x treatment” interaction 523 

F(1,13)= 0.9, ns; SKF 83959 males: main effect of “treatment” F(1,12)= 42.9, p<0.001, 524 

“genotype x treatment” interaction F(1,12)= 4.1, ns; SKF 83959 females: main effect of 525 

“treatment” F(1,12)= 73.2, p<0.001, “genotype x treatment” interaction F(1,12)= 0.07, ns). 526 

Together, these results suggest that Golf27 hetrotrimer signaling in D1R-MSNs is not 527 

responsible for locomotor stimulating responses of D1R agonists and may indicate the 528 

involvement of D1R-mediated signaling pathways other than cAMP for the regulation of 529 

locomotor behavior. 530 

Subsequently, we examined the contribution of A2AR-Golf27-cAMP signaling in D2R-531 

expressing neurons by testing the locomotor enhancing effects of the non selective 532 

A1/A2AR antagonist caffeine (30 mg/kg, ip) on Gng7
fl/flD2 Cre+ mice and control 533 

littermates. In agreement with our previous observation in global 7 knock-out mice 534 

(Schwindinger et al 2010), Gng7
fl/flD2Cre+ male mice showed an attenuated response to 535 

caffeine (Fig 7C). Two-way ANOVA revealed a significant effect of “treatment” (F(1,14)= 536 

42.8, p<0.001) and “genotype” (F(1,14)= 6.0, p<0.05), as well as a significant “genotype x 537 

treatment” interaction (F(1,14)= 8.2, p<0.05). Tukey’s post-hoc analysis confirmed that 538 
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locomotor response to caffeine was reduced in Gng7
fl/flD2Cre+ males, compared to 539 

wildtypes. Interestingly, however, female Gng7
fl/flD2Cre+ mice response to caffeine was 540 

not significantly different from controls (main effect of “treatment” F(1,14)= 32.8, 541 

p<0.001), although a trend to reduced caffeine locomotor response was observed 542 

(“genotype x treatment” interaction F(1,14)= 4.02, p=0.06, ns, Fig  7C). Finally, we tested 543 

the ability of the selective A2AR antagonist SCH 58261 (3 mg/kg, ip) to induce a 544 

locomotor activation in Gng7
fl/flD2Cre+ mice and controls. We found that locomotor 545 

responses to SCH 58261 were similar among genotypes and sexes (males: main effect of 546 

“treatment” F(1,14)= 15.1, p<0.01, “genotype x treatment” interaction F(1,14)= 0.6, ns; 547 

females: main effect of “treatment” F(1,14)= 39.9, p<0.001, “genotype x treatment” 548 

interaction F(1,14)= 0.002, ns; Fig 7D). Because A2ARs are highly expressed in MSNs and 549 

also localized presynaptically in corticostriatal glutamatergic terminals, the different 550 

results obtained with caffeine and SCH 58261 may be related to different pre- versus 551 

post-synaptic mechanisms of action (Orru et al., 2011). Nevertheless, the diminished 552 

psychomotor stimulating effects of caffeine in Gng7
fl/flD2Cre+ mice confirm an important 553 

role for Golf27 mediated signaling in the striatopallidal circuitry for the regulation of 554 

locomotor behavior.  555 

 556 

Locomotor responses to amphetamine and morphine 557 

We next investigated acute psychomotor responses to the administration of either 558 

amphetamine (2.5 mg/kg, ip) or morphine (10 mg/kg, ip).   559 

The locomotor response to amphetamine was similar in male and female Gng7
fl/flD1Cre+ 560 

mice and wildtype littermates (males: main effect of “treatment” F(1,14)= 221.7, p<0.001, 561 
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“genotype x treatment” interaction F(1,14)= 0.14, ns; females: main effect of “treatment” 562 

F(1,12)= 232.9, p<0.001, “genotype x treatment” interaction F(1,12)= 0.24, ns; Fig 8A). In 563 

contrast, the locomotor response to amphetamine was markedly increased in male and 564 

female Gng7
fl/flD2Cre+ mice as compared to wildtype controls (Fig 8B). Two-way 565 

ANOVA revealed a significant “genotype x treatment” interaction (males: F(1,13)= 7.6, 566 

p<0.05; females: F(1,17)= 8.0, p<0.05). Post-hoc analysis confirmed that amphetamine-567 

induced locomotion was enhanced in Gng7
fl/flD2Cre+ mice of both sexes compared to 568 

Gng7
fl/fl controls.  569 

The locomotor response to morphine was markedly attenuated in male and female 570 

Gng7
fl/flD1Cre+ mice compared with controls (Fig 8C). Two way ANOVA revealed a 571 

significant effect of “treatment” (males: F(1,18)= 82.4, p<0.001; females: F(1,17)= 19.2, 572 

p<0.001) and “genotype” (males: F(1,18)= 17.9, p<0.001; females: F(1,17)= 4.7, p<0.05), as 573 

well as a significant “genotype x treatment” interaction (males: F(1,18)= 16.2, p<0.001; 574 

females: F(1,17)= 4.7, p<0.05). Tukey’s post-hoc analysis confirmed that locomotor 575 

response to morphine was significantly attenuated in Gng7
fl/flD1Cre+ mice of both sexes. 576 

However, Gng7
fl/flD2Cre+ mice showed unaltered locomotor response to morphine 577 

compared to wildtype littermates (males: main effect of “treatment” F(1,17)= 40.8, 578 

p<0.001, “genotype x treatment” interaction F(1,17)= 1.4, ns; females: main effect of 579 

“treatment” F(1,13)= 37.7, p<0.001, “genotype x treatment” interaction F(1,13)= 0.6, ns, Fig  580 

8D).  581 

Taken together, these findings suggest that D1R and A2AR signaling via Golf27 582 

heterotrimer in distinct MSN populations are differentially involved in the psychomotor 583 

effects of amphetamine and morphine.  584 
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 585 

Amphetamine-induced phosphorylation of PKA substrates 586 

Increased levels of cAMP resulting from D1R stimulation by psychostimulants activate 587 

the cAMP-dependent protein kinases (PKA), which in turn increases the phosphorylation 588 

state of several targets including DARPP-32, ERK, rpS6 and GluR1 (Svenningsson et al., 589 

2005; Valjent et al., 2005; Corvol et al., 2007; Biever et al., 2016). To further investigate 590 

the contribution of Golf27/cAMP signal downstream D1Rs and A2ARs, we measured 591 

the phosphorylation state of Ser845-GluR1, Thr202/Tyr204-ERK2 and Ser235/236-rpS6 592 

in the striatal preparations from either Gng7
fl/flD1Cre+ or Gng7

fl/flD2Cre+ and their 593 

respective wildtype littermates, 20 min following a single injection of amphetamine (10 594 

mg/kg, ip). Since we did not observe sex differences in locomotor responses to 595 

amphetamine (Fig 8A)., balanced groups including both male and female mice were used 596 

for analysis. As expected, amphetamine treatment caused a marked increase in the 597 

phosphorylation states of all the proteins analyzed, with no effect on total levels of 598 

protein (Fig 9A-C). Consistent with the lack of changes in amphetamine-induced 599 

locomotion, there was no observable reduction in Ser845-GluR1, Thr202/Tyr204-ERK2 600 

and Ser235/236-rpS6 phosphorylation following amphetamine treatment in 601 

Gng7
fl/flD1Cre+ mice compared to controls (p-GluR1: main effect of “treatment” F(1,20)= 602 

73.3, p<0.001, “genotype x treatment” interaction F(1, 20)= 3.2, ns; p-ERK: main effect of 603 

“treatment” F(1,20)= 36.2, p<0.001, “genotype x treatment” interaction F(1, 20)= 0.2, ns, p-604 

rpS6: main effect of “treatment” F(1,20)= 50 , p<0.001, “genotype x treatment” interaction 605 

F(1, 20)= 2.5, ns; Fig 9A-C).  606 
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Likewise, there was no difference in amphetamine-induced Ser845-GluR1, 607 

Thr202/Tyr204-ERK2 and Ser235/236-rpS6 phosphorylation  in the striatum of 608 

Gng7
fl/flD2Cre+ mice compared to wildtype littermates (p-GluR1: main effect of 609 

“treatment” F(1,26)= 20.4, p<0.001, “genotype x treatment” interaction F(1, 26)= 0.05, ns; p-610 

ERK: main effect of “treatment” F(1,26)= 64.7, p<0.001, “genotype x treatment” 611 

interaction F(1, 26)= 0.04, ns, p-rpS6: main effect of “treatment” F(1,26)= 23.9 , p<0.001, 612 

“genotype x treatment” interaction F(1, 26)= 0.6, ns; Fig 9D-F). These results suggest that 613 

the lack of Golf27 heterotrimer in either D1R- and D2R-MSNs does not affect 614 

amphetamine-induced phosphorylation of GluR1, ERK and rpS6. 615 

 616 

Increased cholinergic tone in the striatum reverses amphetamine-induced 617 

phosphorylation of PKA substrates 618 

Several studies have demonstrated that acetylcholine release from cholinergic 619 

interneurons exerts a negative control on the integration of dopamine signals in D1R-620 

MSNs and affects dopamine-dependent behavior (Jeon et al., 2010; Kharkwal et al., 621 

2016b; Nair et al., 2019). To test whether increased cholinergic neurotransmission affect 622 

amphetamine-induced phosphorylation of PKA substrates, we pre-treated Gng7
fl/flD1Cre+ 623 

and control mice with the acetylcholinesterase inhibitor donezepil, 10 min prior to 624 

amphetamine. Three-way ANOVA analysis confirmed the ability of amphetamine to 625 

increase the phosphorylation state of Ser845-GluR1, Thr202/Tyr204-ERK2 and 626 

Ser235/236-rpS6 in striatal preparations, independently of genotype (p-GluR1: main 627 

effect of “treatment” F(1,53)= 32.8, p<0.001, “genotype x treatment” interaction F(1, 53)= 628 

0.2, ns; p-ERK: main effect of “treatment” F(1,53)= 26.8, p<0.001, “genotype x treatment” 629 
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interaction F(1,53)= 0.005, ns, p-rpS6: main effect of “treatment” F(1,53)= 25.7 , p<0.001, 630 

“genotype x treatment” interaction F(1,53)= 2.6, ns; Fig 10A-C). Notably, pretreatment 631 

with donezepil did not affect baseline phosphorylation levels of Ser845-GluR1 and 632 

Ser235/236-rpS6, but reversed the amphetamine-induced phosphorylation of both 633 

proteins (p-GluR1: “pretreatment x treatment” interaction F(1,53)= 6.3, p<0.05; p-rpS6: 634 

“pretreatment x treatment” interaction F(1, 53)= 6.2, p<0.05; Fig 10A-B). Pretreatment 635 

with donezepil significantly reduced Thr202/Tyr204-ERK2 phosphorylation both at 636 

baseline and after amphetamine treatment (p-ERK: “pretreatment” effect F(1,53)= 10.9, 637 

p<0.001, “pretreatment x treatment” interaction F(1,53)= 1.1, ns; Fig 10C). None of the 638 

treatments affected total levels of GluR1, ERK and rpS6. These findings suggest that 639 

increased cholinergic signaling alters phosphorylation of Ser845-GluR1 and Ser235/236-640 

rpS6 induced by amphetamine. 641 

 642 

Discussion 643 

In this study we leveraged conditional genetic mouse models to dissect the functions of a 644 

highly specialized G-protein heterotrimer composed of Golf, 2 and 7 subunits, that 645 

represents the main stimulatory pathway for cAMP production downstream D1Rs and 646 

A2ARs in two distinct MSN populations. Consistent with our previous studies in global 7 647 

knock-out mice (Schwindinger et al., 2003; Schwindinger et al., 2010), we show that 648 

targeted deletion of the 7  subunit in D1R- or D2R/A2AR-MSNs leads to coordinated and 649 

cell type-specific suppression of Golf protein levels, as well as selective defects in either 650 

D1R- or A2AR-stimulated cAMP production, respectively, without causing compensatory 651 

changes in other  and  subunits. 652 
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Contrary to existing dogma (Xu et al., 1994; Herve et al., 2001; Bateup et al., 2010), we 653 

demonstrate that striatal D1R signaling via Golf27 /cAMP pathway is not required for 654 

motor coordination, spontaneous locomotion, or psychomotor responses to D1R-directed 655 

agonists and amphetamine. This is consistent with previous studies showing that selective 656 

enhancement of Gi- or Gs-mediated signaling in D1R-MSNs of the dorsolateral 657 

striatum through viral-mediated DREADDs expression does not impact locomotor 658 

behavior or acute responses to psychostimulants, but it is important in the regulation of 659 

behavioral adaptation due to repeated drug use and decision-making strategies during 660 

reward-based discrimination tasks (Ferguson et al., 2011; Ferguson et al., 2013). 661 

Furthermore, elimination of AC5 in mice, which leads to a severe impairment of striatal 662 

D1R- and A2AR-mediated cAMP production, is associated with deficits in striatum-663 

dependent appetitive learning (Kheirbek et al., 2008; Kheirbek et al., 2010), without 664 

altering psychomotor responses to the administration of D1R agonists (Lee et al., 2002). 665 

Thus, it is possible that D1R engage extra striatal areas (Yano et al., 2018) and/or non 666 

AC-dependent signaling pathways, such as phospholipase C and -arrestin (Kuroiwa et 667 

al., 2008; Medvedev et al., 2013), to alter locomotor behavior.  668 

Despite the clear reduction in Golf expression relative to wildtypes in our Gng7
fl/flD1Cre+ 669 

mouse model, amphetamine-induced phosphorylation of PKA substrates was preserved in 670 

these mice, which strengthens our behavioral data. This is surprising, given previous 671 

compelling evidence in Gnal
+/- mice that acute locomotor and biochemical responses to 672 

psychostimulants are highly dependent on D1R-Golf signaling (Zhuang et al., 2000; 673 

Corvol et al., 2007; Alcacer et al., 2012; Biever et al., 2016). 674 
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The phenotypic differences between the Gnal and the Gng7 knock-out mouse models 675 

may have multiple possible interpretations. First, residual cAMP production in D1R-676 

MSNs may result from an alternative heterotrimeric complex of Golf with a  subunit 677 

other than 7. Consistently, global Gng7 gene deletion does not completely suppress  678 

Golf protein levels (Schwindinger et al., 2003). Second, the deletion of Golf signaling in 679 

both MSNs populations of Gnal knock-out mice may have more profound consequences 680 

on psychostimulant-induced PKA activation, as compared to the selective disruption of 681 

Golf signaling in discrete populations of MSNs described in this study. Indeed, PKA 682 

activity in D1R-MSNs depends on psychostimulant action on both MSN subtypes, by 683 

modulation of their collateral interactions (Dobbs et al., 2016; Kharkwal et al., 2016a). 684 

Third, cholinergic interneurons control of striatal dopamine signal could play a role (Jeon 685 

et al., 2010; Kharkwal et al., 2016b; Nair et al., 2019). Golf is expressed in striatal 686 

cholinergic interneurons (Herve et al., 2001), whereas Golf  haploinsufficiency leads to 687 

paradoxical enhanced cholinergic tone following dopaminergic stimulation (Eskow 688 

Jaunarajs et al., 2019) and altered pharmacological responses to cholinergic agents 689 

(Pelosi et al., 2017). In contrast, our in situ hybridization results show a few large-sized 690 

neurons expressing D2Rs, presumably cholinergic interneurons, devoid of Gng7 mRNA 691 

transcripts, which confirm our previous observation of low G7 levels in this neuronal 692 

population (Schwindinger et al., 2012). This suggests that loss of G7 subunit causes a 693 

selective reduction of Golf signaling in MSNs, while preserving its expression and 694 

function in cholinergic interneurons. We show here that enhanced cholinergic tone, 695 

induced by the acetylcholinesterase inhibitor donezepil, counteracts the effect of 696 

amphetamine on the phosphorylation of PKA substrates, including p-Ser845-GluR1 and 697 
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p-Ser235/236-rpS6. This effect was comparable between Gng7
fl/flD1Cre+ and wildtype 698 

mice and seems to parallel the reduced amphetamine-induced phosphorylation of p-699 

Ser845-GluR1 and p-Ser235/236-rpS6 observed in Gnal
+/- mice (Corvol et al., 2007; 700 

Biever et al., 2016). Thus, we suggest that dysfunctions of cholinergic interneurons, as 701 

described in the Gnal
+/- mouse model, may have profound consequences on MSNs 702 

activity, leading to less efficient activation of D1R- and cAMP-dependent 703 

phosphorylation of PKA substrates. 704 

We demonstrate that elimination of Golf27 heterotrimer signal downstream of A2ARs in 705 

D2R-MSNs results in a hyper-locomotor phenotype and increased sensitivity to the 706 

locomotor-enhancing effect of amphetamine. The hyperactivity observed in 707 

Gng7
fl/flD2Cre+ mice seems to align with previous studies showing that D2R-MSNs 708 

ablation or D2R-MSN-selective deletion of DARPP-32 or ERK causes an increase in 709 

spontaneous locomotor behavior in mice (Durieux et al., 2009; Bateup et al., 2010; 710 

Hutton et al., 2017) and points to a specific role of the Golf27/cAMP signaling in the 711 

striatopallidal pathway for proper regulation of locomotor function. It is thought that 712 

tonic dopamine release enables motor functions through preferential activation of high-713 

affinity D2Rs (Richfield et al., 1989; Grace et al., 2007), while phasic bursts of dopamine 714 

firing associated with reward signals or stimulated by drugs of abuse are partially 715 

mediated by D2Rs and preferentially activate D1Rs (Hikida et al., 2010; Marcott et al., 716 

2014). Additionally, several studies have shown that A2AR-Golf signal in D2R-MSNs 717 

profoundly influences dopaminergic actions through antagonistic interaction with D2Rs-718 

Gi/o at the AC level (Svenningsson et al., 2000; Shen and Chen, 2009; Ferre et al., 719 

2018). For example, activation of A2ARs blocks D2R-mediated behavioral and 720 



 

 33 

biochemical responses and inhibits amphetamine-induced locomotion in mice (Turgeon 721 

et al., 1996; Rimondini et al., 1997; Hakansson et al., 2006), whereas A2ARs antagonists 722 

potentiate the acute motor effects amphetamine and L-DOPA (Fenu et al., 1997; Poleszak 723 

and Malec, 2000). Based on the collective evidence, it is our hypothesis that selective 724 

loss of A2AR-Golf signaling pathway in D2R-MSNs relieves inhibition of D2R-Gi/o 725 

signaling, resulting in hyper-locomotion and enhanced responsiveness to the effects of 726 

amphetamine in Gng7
fl/flD2Cre+ mice. However, since significant Gng7 recombination 727 

was observed in the midbrain of Gng7
fl/flD2Cre+ mice, we cannot rule out the possibility 728 

that recombination of Gng7 in D2R-expressing dopamine neurons causes changes in 729 

dopamine neurotransmission, thus contributing to the locomotor effects observed in these 730 

mice. Future studies will address the consequences of A2AR-Golf signal loss on striatal 731 

D2Rs expression and function, as well as changes in dopamine neurotransmission in 732 

Gng7
fl/flD2Cre+ mice. 733 

In this study, we show a specific requirement for Golf27 signaling acting downstream 734 

of D1Rs to mediate the acute locomotor-enhancing properties of morphine. Increased 735 

dopaminergic transmission in the striatum is considered a common step through which 736 

addictive drugs, including morphine, exert locomotor-enhancing and rewarding effects in 737 

rodents (Di Chiara and Imperato, 1988; Spanagel et al., 1990; Johnson and North, 1992). 738 

However, locomotor and rewarding responses to opioids can also be induced via direct 739 

actions on MORs in striatal neurons (Stevens et al., 1986; Vaccarino et al., 1986; Cui et 740 

al., 2014). Several lines of evidence also suggest a role for striatal D1R-dependent 741 

signaling for a multifaceted mediation of morphine locomotor behavior (Borgkvist et al., 742 

2007; Urs et al., 2011; Tao et al., 2017). One point of convergence between MOR and 743 



 

 34 

D1R signals is represented by MSNs residing in the striosome compartment (Miura et al., 744 

2008; Crittenden et al., 2016). Additionally, both MORs and D1Rs show a requirement 745 

for AC5 to oppositely regulate cAMP production in the striatum. Similar to our results, 746 

lack of AC5 in mice results in loss of locomotor responses by morphine (Kim et al., 747 

2006), while locomotion following D1R agonists administration is preserved (Lee et al., 748 

2002). Here, we showed that D1R-MSN specific deletion of 7 affects the distributional 749 

pattern of Golf expression in the striosome and matrix compartment, as evidenced by a 750 

significant reduction of Golf immunoreactivity in the MOR-enriched striosomes of 751 

Gng7
fl/flD1Cre+ mice. Furthermore, we detected a small (~20%) but significant decrease 752 

in AC5 expression in striatal membranes of Gng7
fl/flD1Cre+ mice. Therefore, it is possible 753 

that the loss of AC5 protein in D1R-MSNs, likely in the striosome compartment, accounts 754 

for the reduction of locomotor response to morphine observed in Gng7
fl/flD1Cre+ mice. 755 

On the other hand, we can exclude a contribution of Golf/cAMP signaling in D2R-756 

MSNs, since morphine equally enhanced locomotor activity in Gng7
fl/flD2Cre+ mice and 757 

wildtype littermates. Although further work is needed to address the interactions between 758 

opioid and dopamine receptor systems in the striatum, our results establish additional 759 

evidence for a role of cAMP signal in D1R-MSNs for morphine-induced locomotion.  760 

In conclusion, our results revealed that striatal cAMP signaling mediated by the Golf27 761 

heterotrimer in discrete MSNs populations differentially regulates motor behavior in 762 

mice. We demonstrate that the Golf27 heterotrimer is not key to activation of PKA 763 

signaling by amphetamine. We also demonstrate that amphetamine-induced PKA activity 764 

can be finely modulated by release of striatal acetylcholine. Our results do not exclude 765 

the possibility that other cAMP effectors such as the guanine nucleotide exchange factor 766 
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EPAC (Robichaux and Cheng, 2018) as well as G-regulated effectors (Khan et al., 767 

2013; Smrcka and Fisher, 2019) could contribute to the behavioral phenotype observed in 768 

our mouse model. Nevertheless, the identification of 7 as central regulator of striatal 769 

cAMP signaling pathways paves the way to further avenues for investigation and 770 

therapeutic options for conditions, such as Parkinson’s disease, dystonia, drug addiction, 771 

schizophrenia, where these pathways are dysfunctional. 772 
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Figure legends 1058 

 1059 

Figure 1. Molecular characterization of conditional D1R- and D2R-7 KO mice. A, 1060 

Genotype PCR products for the wildtype, floxed (a) and deleted (b) Gng7 allele in brain 1061 

regions of Gng7
+/+, Gng7

fl/fl, Gng7
fl/flD1Cre+ and Gng7

fl/flD2Cre+ mice. PCR products for 1062 

the Gng3 allele was used as loading control (c). The Gng7 gene is expressed across 1063 

multiple brain regions, including the striatum, olfactory bulb, hippocampus, prefrontal 1064 

cortex, thalamus, midbrain and cerebellum. D1Cre- or D2-Cre mediated recombination of 1065 

the floxed allele is high in the striatum of both Gng7
fl/flD1Cre+ and Gng7

fl/flD2Cre+ mice. 1066 

However, recombination also occurs in the olfactory bulb, hippocampus, prefrontal 1067 

cortex, midbrain and to a very low extent in the thalamus and cerebellum. B, Triple 1068 

fluorescence RNAscope
® in situ hybridization probing 7 (Gng7, green label), D1R (Drd1, 1069 

magenta label) and D2R (Drd2, blu label) mRNAs. DAPI staining (white label) was used 1070 

to label cell nuclei. Representative images of 20X magnification widefield (a, f and k, 1071 

merge Gng7-Drd1-Drd2-DAPI, scale bar 100μm) and zoomed in (3X) images (b-e, g-j 1072 

and l-o, scale bar 50μm). In Gng7
fl/fl wildtype mice, 7 mRNA co-localized with both D1R 1073 

(Ac and Ae, yellow arrows) and D2R (d and e, white arrows) mRNAs. In Gng7
fl/flD1Cre+ 1074 

mice 7-D1R mRNAs colocalization was lost (h and j, yellow arrows), while 1075 

colocalization with D2R mRNA was preserved (d and e, white arrows). Conversely, 1076 

Gng7
fl/flD2Cre+ mice showed almost complete loss 7-D2R mRNAs co-localization (n and 1077 

o, white arrows), while 7-D1R mRNAs colocalization remained (m and o, yellow 1078 

arrows). C, Representative images of zoomed in (2X) images (merge Gng7-Drd1-Drd2-1079 

DAPI, scale bar 50μm). In Gng7
fl/fl wildtype (a) and Gng7

fl/flD1Cre+ mice (b) a small 1080 
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percentage of Drd2 positive neurons (yellow arrows), presumably cholinergic 1081 

interneurons, does not show colocalization with the 7 mRNA. 1082 

 1083 
Figure 2. Molecular characterization of conditional D1R- and D2R-7 knock-out mice. A, 1084 

Golf and MOR immunofluorescence in brain sections of Gng7fl/fl (Aa-e), Gng7
fl/flD1Cre+ 1085 

(Af-j) and Gng7
fl/flD2Cre+ mice (Ak-o, scale bar 200μm). In Gng7fl/fl, Golf 1086 

immunoreactivity was found throughout the striatum, highly concentrated in the 1087 

striosome compartment where it co-localized with MOR (Aa-c). Golf labeling was also 1088 

found in striatal projection areas, including the GP (Ad) and the SNpr (Ae). Loss of 7 1089 

causes a drastic reduction of striatal Golf immunoreactivity in both Gng7
fl/flD1Cre+ (Af-j) 1090 

and Gng7
fl/flD2Cre+ (Ak-o) mice.  

Gng7
fl/flD1 Cre+ mice also exhibited profound loss of 1091 

Golf-positive terminal in the SNpr (Aj), while Golf fluorescence was selectively 1092 

reduced in the GP of Gng7
fl/flD2Cre+ mice (An). B, Quantification of 1093 

immunofluorescence signal for Golf and MOR in the striatum. Golf mean intensity 1094 

fluorescent signal in the dorsal striatum was decreased in both Gng7
fl/flD1 Cre+

 and 1095 

Gng7
fl/flD2Cre+ mice compared to Gng7

fl/fl wildtypes (Ba, One-way ANOVA: *p<0.05; 1096 

***p<0.001). The Golf striosome-matrix distributional pattern was reduced in 1097 

Gng7
fl/flD1Cre+ mice, but conserved in Gng7

fl/flD2Cre+ mice. Striosomal MOR staining 1098 

did not change among genotypes. (Bb-c, Two-way rmANOVA and Tukey’s post-hoc: 1099 

*p<0.05; ***p<0.001 matrix vs striosome, #p<0.05 Gng7
fl/flD1Cre+ striosome vs wildtype 1100 

Gng7
fl/fl striosome, “genotype x compartment” effect). Data are represented as mean 1101 

±SEM, n=6 mice/group.  1102 

 1103 
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Figure 3. Molecular characterization of conditional D1R- and D2R-7 knock-out mice. 1104 

Golf and DARPP immunofluorescence in sagittal brain sections of Gng7fl/fl (A-B), 1105 

Gng7
fl/flD1Cre+ (C-D) and Gng7

fl/flD2Cre+ mice (E-F, scale bar 1mm). In Gng7fl/fl, Golf 1106 

immunoreactivity was found throughout the striatum and in MSNs axonal projections to 1107 

the Gpi/SNr and GPe, which are the main target regions for D1R and D2R-positive MSNs, 1108 

respectively. Gng7
fl/flD1Cre+ mice exhibited profound loss of Golf immunoreactivity in 1109 

the striatum and striatal projections to the Gpi and SNpr (C). In Gng7
fl/flD2Cre+ mice 1110 

Golf immunoreactivity was reduced in the striatum and striatal projections to the Gpe 1111 

(E). DARPP staining was preserved in the striatum and striatal projection areas in all 1112 

genotypes (B, D, F).  1113 

 1114 

Figure 4. Molecular characterization of conditional D1R- and D2R-7 knock-out mice. 1115 

Representative immunoblots data and quantification of 7, Golf Gs,  2, 3 and AC5 1116 

protein levels in striatal membranes of males and females Gng7
fl/flD1Cre+ (A, B) and 1117 

Gng7
fl/flD2Cre+ mice (C, D). Each column represents a normalized ratio (fold-change) 1118 

relative to total protein loading and to controls (Gng7
fl/fl). Western blot analysis 1119 

confirmed that loss of 7 caused a reduction of striatal Golf protein levels in both 1120 

conditional knock-out mouse lines. AC5 protein was substantially preserved, although a 1121 

significant reduction of AC5 protein levels was observed in Gng7
fl/flD1Cre+ female mice 1122 

(B). Loss of 7 did not cause compensatory changes of striatal Gs,  Go,  3 and 2 protein 1123 

levels in both conditional knock-out mouse lines. *p<0.05, **p<0.01, ***p<0.001 1124 

Gng7
fl/flD1Cre+ or Gng7

fl/flD2Cre+ compared to Gng7
fl/fl wildtype littermates (Student’s t-1125 

test). Data are represented as mean ±SEM, n=5 mice/group.  1126 
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 1127 

 1128 

Figure 5. Molecular characterization of conditional D1R- and D2R-7 knock-out mice. 1129 

AC activity in striatal membranes of male and female Gng7
fl/flD1Cre+ (A-B, E-F), 1130 

Gng7
fl/flD2Cre+ mice (C-D, G-H) and wildtype littermates. AC activity was measured 1131 

under basal conditions (DMSO) or in presence of 10 μM forskolin (FSK), 25 μM D1R 1132 

agonist SKF 83822 or 25 μM A2AR agonist CGS 21680. AC stimulation by FSK did not 1133 

significantly different between D1R- or D2R-7 knock-out mice and wildtype controls (A-1134 

D, Two-way rmANOVA: ***p<0.001 basal vs FSK, “treatment” effect). In male and 1135 

female Gng7
fl/flD1Cre+ mice, D1R agonist SKF 83822 did not significantly elevate cAMP 1136 

levels over the baseline level (E-F, Two-way rmANOVA and Tukey’s post-hoc: 1137 

*p<0.05, **p<0.01 Gng7
fl/fl-basal vs Gng7

fl/fl-SKF 83822, ##p<0.01 Gng7
fl/flD1Cre+ vs 1138 

Gng7
fl/fl, “genotype x treatment” effect). Membranes incubation with A2AR agonist 1139 

CGS21680 caused a significant increase of cAMP levels in both genotypes and sexes (E-1140 

F, Two-way rmANOVA and Tukey’s post-hoc: +++p<0.001 CGS 21680 vs basal, 1141 

“treatment” effect). In contrast, AC stimulation with SKF 83822 was preserved in male 1142 

and female Gng7
fl/flD2Cre+ mice compared to controls (G-H, Two-way rmANOVA: 1143 

**p<0.01, ***p<0.001 SKF 83822 vs basal, “treatment” effect; #p<0.05 Gng7
fl/flD2Cre+ 1144 

vs Gng7
fl/fl, “genotype” effect), while AC stimulation with CGS 21680 was selectively 1145 

impaired in the conditional knock-out line (G-H, Two-way rmANOVA and Tukey’s 1146 

post-hoc: ++p<0.01, +++p<0.001 Gng7
fl/fl-basal vs Gng7

fl/fl-CGS 21680, $$p<0.01 1147 

Gng7
fl/flD2Cre+ -CGS21680 vs Gng7

fl/fl-CGS21680, “genotype x treatment” effect). Data 1148 

are represented as mean ±SEM, n=5 mice/group.   1149 
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 1150 

Figure 6. Assessment of motor coordination and muscular performance, as measured by 1151 

the rotarod (A-D) and grip strength (E-F) tests and open field locomotor activity in 1152 

conditional D1R- and D2R-7 knock-out mice (G-J) or D1R- and D2R-Cre control mice 1153 

(K) A-D. Line graphs represent average latency to fall (seconds) in each trial over 3 days 1154 

(9 trials/mouse) by male and female Gng7
fl/flD1Cre+ (A-B), Gng7

fl/flD2Cre+ mice (C-D) 1155 

and relative littermate controls. Mice showed a progressive improvement in rotarod 1156 

performance over multiple trials/days. Rotarod performance was comparable between 1157 

male and females Gng7
fl/flD1Cre+, Gng7

fl/flD2Cre+ mice and relative wildtype controls 1158 

(Three-way ANOVA and Tukey’s post-hoc, “trial x day x genotype” interaction:  males 1159 

Gng7
fl/flD1Cre+ F(4,124)=0.7, ns, A; females Gng7

fl/flD1Cre+ F(4,132)=1.5, ns, B; males 1160 

Gng7
fl/flD2Cre+ F(4,148)=0.6, ns, C; females Gng7

fl/flD1Cre+ F(4,128)=0.26, ns, D). Data are 1161 

represented as mean ±SEM, n=17-20 mice/group. E-F. Bar graphs represent the average 1162 

grip strength (max gram of force achieved by the forelimb during the test, average of 3 1163 

trials/mouse) of male and female D1Cre+ mice (E), D2Cre+ mice (F) and relative 1164 

littermate controls. There was no genotype difference in the grip strength test (Student’s 1165 

t-test). Data are represented as mean ±SEM, n=8-19 mice/group. G-J. Line graphs 1166 

represent tracks of distance traveled (centimeters) in 5-min bins over a 2-h testing period 1167 

by male and female Gng7
fl/flD1Cre+ (G), Gng7

fl/flD2Cre+ mice (I) and relative littermate 1168 

controls. Bar graphs represent cumulative distance traveled over the 2-hour testing period 1169 

by male and female Gng7
fl/flD1Cre+ mice (H), Gng7

fl/flD2Cre+ mice (J) and relative 1170 

littermate controls. Gng7
fl/flD2Cre+ mice showed a significant increase in locomotor 1171 

activity, however all groups acclimated to the open field arena and steadily reduced 1172 
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locomotor activity throughout the testing period. ***p<0.001 indicates significant 1173 

difference between Gng7
fl/flD2Cre+ and Gng7

fl/fl wildtype littermates (Student’s t-test). 1174 

Data are represented as mean ±SEM, n=14-21 mice/group. K. Cumulative distance 1175 

traveled over the 2-hour testing period by male and female D1Cre+ and D2Cre+ mice and 1176 

relative Cre- littermate controls. No genotype difference were observed. Data are 1177 

represented as mean ±SEM, n=8-13 mice/group.   1178 

 1179 

 1180 

Figure 7. Acute locomotor activity in response to selective D1R agonists and A2AR 1181 

antagonists. Mice were acclimated to the open field for 2 hours on day 1. On day 2, mice 1182 

were administered drug vehicle or saline 30 min after exposure to the open field and 1183 

locomotor activity was monitored for additional 90 min. After 30 min acclimation on day 1184 

3, Gng7
fl/flD1Cre+ mice and wild-type littermates were treated with D1R agonists SKF 1185 

83822 (A) or SKF 83959 (B), while Gng7
fl/flD2Cre+ mice and wildtype littermates were 1186 

treated with A2AR antagonists caffeine (C) or SCH 58261 (D). The acute locomotor 1187 

effect of drugs was evaluated over the following 90 min and compared to vehicle 1188 

response on day 2. Male and female Gng7
fl/flD1Cre+ and wildtype Gng7

fl/fl mice showed 1189 

equal locomotor response to both D1R agonists (Two-way rmANOVA and Tukey’s post-1190 

hoc, ***p<0.001 SKF 83822 or SKF 83959 vs vehicle). Male Gng7
fl/flD2Cre+ mice 1191 

showed an attenuated response to caffeine compared to Gng7
fl/fl controls, while 1192 

locomotor response to SCH 58261 did not differ between genotypes (Two-way 1193 

rmANOVA and Tukey’s post-hoc, ***p<0.001 Gng7
fl/fl saline vs Gng7

fl/fl caffeine, 1194 

##p<0.01 Gng7
fl/fl caffeine vs Gng7

fl/flD2Cre+ caffeine; **p<0.01 SCH 58261 vs vehicle). 1195 
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Female Gng7
fl/flD2Cre+ and wildtype Gng7

fl/fl mice showed equal locomotor response to 1196 

both caffeine and SCH 58261 (Two-way rmANOVA and Tukey’s post-hoc, ***p<0.001 1197 

caffeine or SCH 58261 vs saline or vehicle). Data are represented as mean ±SEM, n=6-9 1198 

mice/group.  1199 

 1200 

Figure 8. Acute locomotor activity in response to amphetamine and morphine. The acute 1201 

locomotor effect of drugs was evaluated over 90 (amphetamine) or 120 (morphine) min 1202 

following drug administration and compared to saline response on the previous day. Male 1203 

and female Gng7
fl/flD1Cre+ and wildtype Gng7

fl/fl mice showed equal locomotor response 1204 

to amphetamine (Two-way rmANOVA and Tukey’s post-hoc, ***p<0.001 amphetamine 1205 

vs saline, A). In contrast, Gng7
fl/flD2Cre+ mice showed an enhanced response to 1206 

amphetamine compared to Gng7
fl/fl controls (Two-way rmANOVA and Tukey’s post-1207 

hoc, ***p<0.01 amphetamine vs saline, ##p<0.01, ###p<0.001 Gng7
fl/flD2Cre+ 1208 

amphetamine vs Gng7
fl/fl amphetamine, B). Morphine response was significantly 1209 

attenuated in Gng7
fl/flD1Cre+ mice (Two-way rmANOVA and Tukey’s post-hoc, 1210 

***p<0.001 Gng7
fl/fl morphine vs saline, #p<0.05, ##p<0.01 Gng7

fl/flD1Cre+ morphine vs 1211 

Gng7
fl/fl morphine; C), while locomotor response to morphine of Gng7

fl/flD2Cre+ mice 1212 

was similar to controls (Two-way rmANOVA and Tukey’s post-hoc, ***p<0.001 1213 

morphine vs saline, D). Data are represented as mean ±SEM, n=7-11 mice/group. 1214 

 1215 

Figure 9. Amphetamine-induced phosphorylation of GluR1-Ser845, ERK2-1216 

Thr202/Tyr204 and rpS6-Ser235/23 in the striatum of conditional D1R- and D2R-7 1217 

knock-out mice and wildtype littermates. Representative immunoblots and densiometric 1218 
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analysis of phosphorylated and total protein levels in striatal homogenates of 1219 

Gng7
fl/flD1Cre+ (A-C), Gng7

fl/flD2Cre+ (D-F) and respective Gng7
fl/fl wildtype mice, 20 1220 

min after injection of amphetamine (10 mg/kg) or saline. Each column represents a 1221 

normalized ratio (fold-change) relative to total protein and to controls (Gng7
fl/fl saline). 1222 

The relative levels of GluR1, ERK1/2 and rpS6 were normalized to -actin. Samples 1223 

derive from the same experiment and the blots were processed in parallel. A loading 1224 

control was included in each gel and was used to normalize data across multiple blots. 1225 

Amphetamine-induced GluR1-Ser845, ERK1/2-Thr202/Tyr204 and rpS6-Ser235/23 1226 

phosphorylation was not significantly different in the striatum of Gng7
fl/flD1Cre+ or 1227 

Gng7
fl/flD2Cre+ compared to Gng7

fl/fl controls (Two-way ANOVA and Tukey’s post-hoc: 1228 

“main effect of treatment”, ***p<0.001 amphetamine vs saline). Total levels of GluR1, 1229 

ERK and rpS6 proteins were not affected by amphetamine. Data are represented as mean 1230 

±SEM, n=6-9 mice/group. 1231 

 1232 

Figure 10. Reversal of amphetamine-induced phosphorylation of GluR1-Ser845, 1233 

ERK1/2-Thr202/Tyr204 and rpS6-Ser235/23 by donezepil in the striatum of conditional 1234 

D1R-7 knock-out mice and wildtype littermates. Representative immunoblots and 1235 

densiometric analysis of phosphorylated and total protein levels in striatal homogenates 1236 

of Gng7
fl/flD1Cre+ and respective Gng7

fl/fl wildtype mice. Mice were pretreated with 1237 

donezepil (3 mg/kg) or saline 10 min before receiving an injection of amphetamine (10 1238 

mg/kg) or saline. Striatal tissues were collected 20 min after the amphetamine injection. 1239 

Each column represents a normalized ratio (fold-change) relative to total protein and to 1240 

controls (Gng7
fl/fl saline). The relative levels of GluR1, ERK1/2 and rpS6 were 1241 
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normalized to -actin. Samples derive from the same experiment and the blots were 1242 

processed in parallel. A loading control was included in each gel and was used to 1243 

normalize data across multiple blots. Amphetamine increased the phosphorylation state 1244 

of GluR1-Ser845, ERK2-Thr202/Tyr204 and rpS6-Ser235/23 independently of genotype 1245 

controls. Donezepil pretreatment significantly reduced the amphetamine-induced 1246 

phosphorylation of GluR1-Ser845 (A) and rpS6-Ser235/23 (C) in both Gng7
fl/flD1Cre+ 1247 

and Gng7
fl/fl wild-type mice (Three-way ANOVA and Tukey’s post-hoc: “pretreatment x 1248 

treatment” interaction, ***p<0.001 saline-amphetamine vs saline-saline; ###p<0.001 1249 

donezepil-amphetamine vs saline-amphetamine). Donezepil pretreatment reduced ERK2-1250 

Thr202/Tyr204 phosphorylation (B) both at baseline and after amphetamine treatment. 1251 

Total levels of GluR1, ERK and rpS6 proteins were not affected by amphetamine or 1252 

donezepil treatment. Data are represented as mean ±SEM, n=7-9 mice/group. 1253 

 1254 

Tables  1255 

 1256 

 MALES FEMALES 

 Vertical 

counts 

Stereotypy %Thigmotaxis 

 

Vertical 

counts 

Stereotypy %Thigmotaxis 

Gng7fl/fl 1305±125 18671±1079 66.5±1.2 1214±124 14107±900 71.4±1.8 

Gng7fl/flD1Cre+ 1090±92 18463±799 67.6±1.5 1127±112 14387±961 72.1±2.1 

Gng7fl/fl 1080±94 18893±986 69.8±1.2 1198±100 15872±888 72±1.3 

Gng7fl/flD2Cre+ 1809±122*** 24966±1227*** 71.1±1.1 1940±233** 21084±639*** 74.1±1.2 

 1257 

Table 1. Open field activity of conditional D1R- and D2R-7 knock-out mice and 1258 

wildtype littermates. Average of cumulative vertical counts and stereotypic counts and % 1259 
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thigmotaxis (100* Σ distance periphery / Σ tot distance) over the 2-h testing period by male and 1260 

female Gng7
fl/flD1Cre+ mice, Gng7

fl/flD2Cre+ mice and relative littermate control. 1261 

**p<0.01, ***p<0.001 indicate significant difference between Gng7
fl/flD2Cre+ mice and 1262 

relative Gng7
fl/fl wildtype littermates (Student’s t-test). Data are represented as mean 1263 

±SEM, n=14-21 mice/group.  1264 






















