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ABSTRACT 43 

Cocaine self-administration increases expression of GluA1 subunits in ventral 44 

tegmental area (VTA) dopamine neurons that subsequently enhance the motivation for 45 

cocaine.  This increase in GluA1 may be dependent on concomitant NMDA receptor 46 

(NMDAR) activation during self-administration, similar to cocaine-induced LTP in the VTA.  47 

In this study, we used viral-mediated expression of a dominant negative GluN1 subunit 48 

(HSV-dnGluN1) in VTA neurons to study the effect of transient NMDAR inactivation on the 49 

GluA1 increases induced by chronic cocaine self-administration in male rats.  We found 50 

that dnGluN1 expression in VTA limited to the 3 weeks of cocaine self-administration 51 

prevents the subsequent increase in tissue GluA1 levels when compared to control 52 

infusions of HSV-LacZ.  Surprisingly, dnGluN1 expression led to an enhancement in the 53 

motivation to self-administer cocaine as measured using a progressive ratio reinforcement 54 

schedule, and enhanced cocaine seeking measured in extinction/reinstatement tests 55 

following an extended 3 week withdrawal period.  Despite blocking tissue GluA1 increases 56 

in cocaine self-administering animals, the HSV-dnGluN1 treatment increased membrane 57 

levels of GluA1 and GluN2B, along with markedly higher locomotor responses to intra-VTA 58 

infusions of AMPA, suggesting a paradoxical increase in VTA AMPA receptor 59 

responsiveness.  Together, these data suggest that NMDARs mediate cocaine-induced 60 

increases in VTA GluA1 expression, but such transient NMDAR inactivation also leads to 61 

compensatory scaling of synaptic AMPA receptors that enhance the motivational for 62 

cocaine.   63 
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SIGNIFICANCE STATEMENT 64 

 Dopamine neurons in the VTA are critical substrates of drug rewards.  Animal 65 

models indicate that chronic cocaine use enhances excitatory glutamatergic input to these 66 

neurons, making them more susceptible to environmental stimuli that trigger drug craving 67 

and relapse.  We previously found that self-administration of cocaine increases AMPA 68 

glutamate receptors in VTA, and this effect enhances motivation for cocaine.  Here we 69 

report that the mechanism for this up-regulation involves NMDA receptor activity during 70 

cocaine use.  While interference with NMDA receptor function blocks the AMPA receptor 71 

up-regulation, it also produces a paradoxical enhancement in membrane AMPA receptor 72 

subunits, AMPA responsiveness and the motivation for cocaine.  Thus, pharmacotherapy 73 

targeting NMDA receptors may inadvertently produce substantial adverse consequences 74 

for cocaine addiction.  75 
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INTRODUCTION 76 

Animal models of cocaine addiction are characterized by compulsive drug seeking 77 

and taking even after extended periods of abstinence (Ahmed and Koob, 1998; Grimm et 78 

al., 2001; Deroche-Gamonet et al., 2004).  A major hypothesis is that these addictive 79 

phenotypes reflect enhanced incentive motivation for the drug and associated stimuli 80 

(Robinson and Berridge, 1993) mediated by a potentiation of glutamatergic synapses on 81 

ventral tegmental area (VTA) dopamine neurons (Kauer and Malenka, 2007; Thomas et al., 82 

2008).  Indeed, VTA dopamine neurons exhibit transient NMDA receptor (NMDAR)-83 

dependent increases in AMPA receptor (AMPAR)-mediated currents following either single 84 

or repeated cocaine injections (Ungless et al., 2001; Saal et al., 2003; Borgland et al., 2004).  85 

Similarly, cocaine has been shown to facilitate induction of long-term potentiation (LTP), 86 

and enhance responsiveness of dopamine neurons to AMPA application (White et al., 1995; 87 

Zhang et al., 1997; Liu et al., 2005).  One potential mechanism may involve enhanced 88 

expression of the AMPAR subunits in the VTA that have been shown to occur following 89 

repeated cocaine exposure (Fitzgerald et al., 1996; Churchill et al., 1999), but see (Lu et al., 90 

2002), or through incorporation of calcium permeable AMPARs (Bellone and Luscher, 91 

2006). 92 

In contrast to transient enhancement in glutamatergic input to VTA dopamine 93 

neurons with passive (experimenter-delivered) cocaine administration, Chen et al. (2008) 94 

found persistent LTP of VTA excitatory synapses following volitional cocaine self-95 

administration (SA) in rats, lasting for up to 3 months after cessation of cocaine SA.  This 96 

effect was not found in control rats receiving an equivalent number and pattern of cocaine 97 

injections by passive yoked infusion, indicating a reinforcement-related induction of LTP in 98 
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VTA dopamine neurons.  Similarly, we previously reported reinforcement-related up-99 

regulation of both phosphorylated and total GluA1 protein levels in VTA in cocaine SA rats 100 

that is not evident in yoked controls (Choi et al., 2011).  Furthermore, viral-mediated GluA1 101 

overexpression in the VTA dramatically increases the level of effort rats would exert to SA 102 

the cocaine injections on a progressive ratio reinforcement schedule, functionally linking 103 

increased AMPA-mediated input to VTA with enhanced motivation for cocaine (Choi et al., 104 

2011).   105 

Cocaine-induced LTP in VTA dopamine neurons is blocked by local NMDAR 106 

antagonists (Ungless et al., 2001), and studies also have found that selective GluN1 deletion 107 

in dopamine neurons blocks cocaine-induced synaptic plasticity (Engblom et al., 2008; 108 

Zweifel et al., 2008; Mameli et al., 2009).  However, this GluN1 deletion may occlude rather 109 

than block LTP due to compensatory scaling up of AMPA-mediated synaptic currents, and 110 

consequently induce sensitized responses to initial cocaine exposure.  Thus, a potential 111 

drawback to the GluN1 deletion approach is that homeostatic alterations exist not only 112 

during initial cocaine exposure, but also during subsequent behavioral tests.  Thus, one 113 

cannot dissociate mechanisms of induction from expression of addictive behavior.  We 114 

sought to circumvent this issue by utilizing inducible and transient viral-mediated 115 

expression of a dominant negative mutant of GluN1.  We hypothesized that such transient 116 

inactivation of NMDARs in the VTA limited to cocaine SA training would 1) prevent 117 

cocaine-induced up-regulation of VTA GluA1 levels, and 2) subsequently reduce cocaine-118 

seeking behavior when NMDAR activity in the VTA is normalized. 119 

 120 

 121 
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MATERIALS AND METHODS 122 

Experimental animals.  Male Sprague Dawley rats, weighing 300–350g on arrival 123 

(Charles River, Kingston, NY), were housed individually in a climate-controlled 124 

environment (21°C) on a 12 h light/dark cycle (lights on at 6:00 AM).  All rats were 125 

06maintained in accordance to the guidelines of the National Institutes of Health and 126 

approved by the Institutional Animal Care and Use Committee of the University of Texas 127 

Southwestern Medical Center.  To facilitate acquisition of cocaine SA, animals were 128 

temporarily maintained on a restricted diet of lab chow at 85% of their original body 129 

weight and trained to lever press for a maximum 100 sucrose pellets (45 mg) per session 130 

on a fixed ratio 1 (FR1) reinforcement schedule for 3 consecutive days.  Animals were then 131 

fed ad libitum for at least 2 d before surgical procedures. 132 

 133 

Intravenous catheterization and intracranial cannulation.  Prior to surgery, rats were 134 

given atropine (0.10 ml, s.c.) to facilitate breathing, anesthetized with a ketamine/xylazine 135 

(100/10 mg/kg i.p.) cocktail, supplemented with isoflurane gas (0.5-1%) as needed, and 136 

implanted with a chronic in-dwelling silastic i.v. catheter as described previously (Edwards 137 

et al., 2007).  Rats also received stereotaxic surgery to implant 26 gauge bilateral guide 138 

cannulae (Plastics One, Roanoke, VA) aimed 2.0 mm above the VTA, −5.6 mm posterior, 139 

±0.8 mm lateral to bregma, and −6.0 mm ventral to dura (Paxinos and Watson, 1998).  140 

Dummy cannulae (33 gauge) were left in place throughout the experiment to prevent 141 

cannula obstruction.  Upon surgery completion, rats were administered daily ketofen 142 

injections (5 mg/kg, s.c.) for up to 3 days post surgery to reduce pain and discomfort and 143 

2.27% enrofloxacin (0.05 ml, i.v.) for to 10 days post surgery to curb infections.  Catheters 144 
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were flushed daily with 0.2 ml of saline containing heparin (20 U/ml) and gentamycin 145 

sulfate (0.33 mg/ml) throughout the experiment to help maintain catheter patency.   146 

 147 

HSV vector construction.  HSV-LacZ expressing the benign E. Coli LacZ gene served as 148 

a control and was constructed as described previously (Neve et al., 1997).  For HSV-149 

dnGluN1 construction, we obtained a pRK5 vector with mutant GluN1a cDNA  (generous 150 

gift from Richard L. Huganir; John Hopkins University, School of Medicine) that contained 151 

serine to alanine mutations at residues 896 and 897 (Ehlers et al., 1995).  The mutant 152 

GluN1a was inserted into the HSV-PrpUC plasmid, packaged using 5dl1.2 helper virus, and 153 

then purified on a sucrose gradient.  The two-point mutations were confirmed by DNA 154 

sequencing.  For immunohistochemistry and electrophysiology experiments, we generated 155 

HSV-dnGluN1-GFP by subcloning the mutant GluN1a cDNA into the bi-cistronic HSV-156 

p1005+ vector that co-expresses GFP (Clark et al., 2002; Russo et al., 2009).  In this vector, 157 

a CMV promoter drives GFP expression, while the HSV immediate early gene IE4/5 158 

promoter drives mutant GluN1a expression.  An unaltered HSV-p1005+ vector served as a 159 

control.  Previous reports have shown that transgene expression with HSV vectors is 160 

transient, with peak expression occurring within 1-3 days post-transfection and dissipating 161 

to zero by days 6-7 (Carlezon et al., 1997; Barrot et al., 2002).   Vector titers were 4.0 × 107 162 

infectious units/ml. 163 

 164 

Immunohistochemistry.  Rats were given acute bilateral (1.0 μl/per side) infusions of 165 

HSV-dnGluN1-GFP into the VTA at 5.6 mm posterior, 0.8 mm lateral to bregma, and 8.0 mm 166 

ventral to dura, using a 5 μl syringe (Hamilton, Reno, NV) with a 30 gauge injector tip at a 167 
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rate of 0.1 μl/min.  Injector tips were left in place for an additional 5 min to allow for 168 

diffusion.  Two, four, or six days post-HSV infusions, rats were deeply anesthetized with 169 

chloral hydrate (400 mg/kg, i.p.) and perfused with PBS followed by 4% 170 

paraformaldehyde.  The brains were removed and stored in 4% paraformaldehyde 171 

overnight, then cryoprotected in 30% sucrose in PBS at 4°C for at least 3 days.  Coronal 172 

sections (40 μm) were taken on a cryostat and stored free floating in PBS with 0.01% 173 

sodium azide.  Following 3 brief rinses in PBS, sections were blocked with 3% normal 174 

donkey serum and 0.3% Triton X-100 in PBS for 1 h and then incubated with chicken 175 

polyclonal anti-GFP (1:5000; Aves Labs Cat# GFP-1010, RRID:AB_2307313) and rabbit 176 

polyclonal anti-TH (1:1000; Millipore Cat# AB152, RRID:AB_390204) in 3% normal donkey 177 

serum (Jackson ImmunoResearch Labs Cat# 017-000-121, RRID:AB_2337258) and 0.3% 178 

Triton X-100 for 18 h.  Sections were then incubated with fluorescent-tagged secondary 179 

antibodies, Alexa Fluor 488 donkey anti-chicken for GFP (1:250, Jackson ImmunoResearch 180 

Labs Cat# 703-545-155, RRID:AB_2340375) and CY3 goat anti-rabbit for TH (1:125, 181 

Millipore Cat# AP132C, RRID:AB_92489) for 1 h.  182 

 183 

Electrophysiological assessment of HSV-dnGluN1-GFP.  In vitro VTA slices were 184 

prepared from 6-7 week old Sprague Dawley rats as described previously (Krishnan et al., 185 

2007; Krishnan et al., 2008; Iniguez et al., 2010; Choi et al., 2011).  Slices were prepared 1-2 186 

days following in vivo viral infection of the VTA with HSV-GFP (1.0 μl) or HSV-dnGluN1-GFP 187 

(1.0 μl).  A tissue block containing midbrain was taken and sliced in ice-cold solution 188 

containing the following (in mM): 254 sucrose, 3 KCl, 1.25 NaH2PO4, 10 D-glucose, 24 189 

NaHCO3, 2 CaCl2, and 2 MgSO4. Slices (250 μm thick) were transferred to a holding chamber 190 
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in 34°C containing artificial CSF (aCSF) containing the following (in mM): 128 NaCl, 3 KCl, 191 

1.25 NaH2PO4, 10 D-glucose, 24 NaHCO3, 2 CaCl2, and 2 MgSO4, pH 7.35, 295–305 mOsm.  192 

After 45–60 min recovery, whole-cell voltage-clamp recordings were performed under 193 

blind experimental conditions (MultiClamp 700B; Molecular Devices, Sunnyvale, CA).  194 

Recording electrodes (2–4 MΩ) were filled with pipette solution containing the following 195 

(in mm): 115 potassium gluconate, 20 KCl, 1.5 MgCl2, 10 phosphocreatine, 10 HEPES, 2 196 

ATP-Mg, and 0.5 GTP, pH 7.2, 285 mOsm.  GFP-positive cells were visualized with an 197 

upright fluorescence microscope using infrared differential interference contrast (IR-DIC) 198 

illumination.  In these experiments, putative dopamine neurons in the VTA were identified 199 

by large hyperpolarization-activated currents (Ih) as described previously (Ungless et al., 200 

2003; Cao et al., 2010; Iniguez et al., 2010).  Ih current was evoked by a family of 10 mV 201 

voltage steps (duration 600 ms) from −60 mV to −140 mV holding potentials.  Following 202 

identification, putative DA neurons were clamped to +40 mV to allow development of 203 

NMDAR currents, in response to bath application of 100 μM NMDA, which were measured 204 

in solution containing the following: 40 μM 6-cyano-7-nitroquinoxaline-2, 3-dione (CNQX), 205 

1μM tetrodotoxin, 200 μM cadmium chloride, and 100μM picrotoxin.  Data were acquired 206 

using DigiData 1440A and pClamp 10.3 (Molecular Devices, Sunnyvale, CA). 207 

 208 

Biochemical characterization of HSV-dnGluN1.  For in vitro characterization of 209 

dnGluN1 effects on NMDAR signaling, primary embryonic (E18) striatal cultures were 210 

generated from Long Evans rats (Charles River, Kingston, NY) as previously described 211 

(Pulipparacharuvil et al., 2008).  Crude striatal cells were plated at 1.3x106/well on PDL 212 

(Sigma, St. Louis, MO)-coated 6 well plates (Corning, Corning, NY) in DMEM (Life 213 
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Technologies, Grand Island, New York) supplemented with 10% (v/v) FBS (Life 214 

Technologies, Grand Island, New York), penicillin (50 g/ml)-streptomycin (50 units/ml; 215 

Sigma, St. Louis, MO) and L-glutamine (4mM; Sigma, St. Louis, MO) and incubated at 216 

37°C/5% CO2.  Twenty-four h later, media was changed to supplemented Neurobasal (2% 217 

B27 (v/v); Life Technologies, Grand Island, NY), penicillin (50 g/ml)-streptomycin (50 218 

units/ml; Sigma, St. Louis, MO) and L-glutamine (4mM; Sigma, St. Louis, MO).  On day 7 219 

(DIV7), cells were infected with HSV-dnGluN1 or HSV-LacZ (1 μg/well).  Forty-eight h later 220 

(DIV9), cells were stimulated with either 0 μM, 10 μM, or 100 μM NMDA for 10 min and 221 

harvested with 100 μl 1X sample buffer, briefly sonicated (30% amp, 20sec, on ice), boiled 222 

at 98°C for 10 mins and centrifuged 16,100 rpm for 10 mins.  Cell homogenates (10 μl) 223 

were then subjected to 10% SDS-PAGE and transferred to Amersham Hybond-P PVDF- 224 

membranes (GE Healthcare Life Sciences, Pittsburgh, PA).  Membranes were probed for 225 

GluN1, phospho-ERK2, and total ERK2 expression with mouse monoclonal anti-GluN1 CT 226 

(1:500, (Millipore Cat# 05-432, RRID:AB_390129) mouse monoclonal anti-pERK (1:1000, 227 

Cell Signaling Technology Cat# 9106, RRID:AB_331768) and rabbit polyclonal anti-ERK 228 

(1:2000, Cell Signaling Technology Cat# 9102, RRID:AB_330744), and visualized by ECL-229 

plus enhanced chemiluminescence and densitized using the NIH image (RRID:SCR_003073) 230 

as described previously (Choi et al., 2011). 231 

For in vivo characterization of HSV-dnGluN1 effects on NMDAR signaling, rats 232 

implanted with bilateral intracranial cannula targeting the VTA received unilateral 233 

infusions of HSV-dnGluN1 (1 μl) and HSV-LacZ (1 μl) on the contralateral side via 33 gauge 234 

infusion needles (Plastics One, Roanoke, VA) extending 2 mm beyond the guide cannula 235 

over a 5 min period.  Infusion needles were left in place for an additional 2 min to allow for 236 
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diffusion.  Following either 2 or 6 d post-HSV, rats received intra-VTA infusions of PBS (0.5 237 

μl), NMDA (0.5 μg/0.5 μl), or BDNF (0.25 μg/ 0.5 μl) via 33 gauge infusion needles over a 238 

100 sec period.  The infusion needles were left in place for an additional 30 sec to allow for 239 

diffusion.  Following a 10 min period, rats were killed by decapitation and the brains were 240 

removed.  Tissue punches of each unilateral VTA were taken with a 16 gauge punch from 241 

chilled coronal sections (0.5 mm) and immediately homogenized by sonication in lysis 242 

buffer (320nM sucrose, 5nM HEPES, 50mM NaF, 1mM EGTA, 1% SDS) containing Protease 243 

inhibitor cocktail I and Phosphotase inhibitor cocktails II and III (Sigma, St. Louis, MO) and 244 

stored at -80°C until further analysis.  After protein quantification by Lowry method, 20 μg 245 

protein aliquots were separated by SDS-PAGE and transferred to PVDF membrane and 246 

probed with mouse monoclonal anti-pERK (1:1000, Cell Signaling Technology Cat# 9106, 247 

RRID:AB_331768) and rabbit polyclonal anti-ERK (1:2000, Cell Signaling Technology Cat# 248 

9102, RRID:AB_330744).  249 

 250 

Cocaine SA training.  SA training sessions occurred in operant chambers (Med 251 

Associates, East Fairfield, VT) during the light cycle (i.e., starting between 9 and 11 am) as 252 

described previously (Edwards et al., 2007).  Following i.v. catheterization and intra-VTA 253 

cannulation surgery, as described above, animals were allowed to recover for least 5 days 254 

prior to cocaine SA training.  Animals were trained to SA cocaine on a fixed ratio 1 255 

reinforcement schedule during 4 h daily sessions/trials for 5 d/week for 3 weeks, resulting 256 

in 15 total sessions.  A single response on the active left lever resulted in a cocaine injection 257 

(0.5 mg/kg/0.05 ml) delivered over a 2.5 sec period.  During each cocaine injection, the 258 

house light was turned off, a cue light above the active (left) lever was concurrently 259 
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illuminated, and followed by a 12.5 sec timeout period where the house light remained off 260 

and responses on either lever had no programmed consequences.  Animals were limited to 261 

a maximum of 162 cocaine injections during each of the 15 4-h sessions.  A subset of 262 

animals underwent saline SA training exactly as described above, but received saline only 263 

injections (0.05 ml) instead of cocaine injections.   264 

 265 

Effects of transient dnGluN1 expression during cocaine SA on increases in VTA GluA1.  266 

Animals were trained on saline (controls) or cocaine SA as described above during HSV-267 

dnGluN1 and HSV-LacZ expression in the VTA.  One d prior to sessions 1-5 of the SA 268 

training period, rats received a unilateral VTA infusion of HSV-dnGluN1 (1 μl) and a 269 

contralateral infusion of HSV-LacZ (1 μl) via 33 gauge infusion needles (Plastics One, 270 

Roanoke, VA) extending 2 mm beyond the guide cannula over a 5 min period.  Infusion 271 

needles were left in place for an additional 2 min to allow for diffusion.  Rats received the 272 

same viral infusions 1 d prior to cocaine SA training sessions 6-10, and 11-15.  Thus, each 273 

rat received 3 total viral infusions during the 3 weeks of SA training.  One d following the 274 

final SA session (6 d after the HSV infusion), tissue punches of each unilateral VTA were 275 

dissected, homogenized and stored as described above.  Ten μg protein aliquots were 276 

separated by SDS-PAGE and transferred to PVDF membrane and probed with rabbit 277 

polyclonal anti-GluR1 (1:500, Millipore Cat# 07-660, RRID:AB_390157) and mouse 278 

monoclonal anti-β-tubulin (1:200,000, Millipore Cat# 05-661, RRID:AB_309885) as an 279 

internal standard. 280 

 281 
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Effects of transient dnGluN1 expression during cocaine SA on cocaine-seeking behavior 282 

(i.e., progressive ratio, extinction, and reinstatement).  Rats received 3 weekly infusions of 283 

HSV during cocaine SA as described above.  One d following the last cocaine SA session (6 d 284 

after the last HSV infusion), animals were subjected to a single progressive ratio (PR) test 285 

for cocaine reinforcement.  During PR testing, the response requirement (i.e., lever presses) 286 

for each successive cocaine injection (1.0 mg/kg/0.1 ml over a 5 sec period) increased 287 

exponentially according to the formula ([5e(inj. # x 0.2)] – 5) as described previously 288 

(Richardson and Roberts, 1996).  The breakpoint was defined as the highest ratio of 289 

responses per injection completed before a 1 h period elapsed without earning another 290 

injection.  After the PR test, rats remained in their home cages for 3 weeks of forced 291 

abstinence, followed by extinction tests consisting of 5 daily 4 h extinction sessions where 292 

responding at the drug-paired lever was recorded but had no programmed consequence.  293 

After extinction training, animals were tested for reinstatement of cocaine seeking in 4 294 

daily sessions.  During each reinstatement session, rats were placed in the SA operant 295 

chambers for 3 h of additional extinction conditions, followed by the presentation of a 296 

priming stimulus when reinstatement of drug-paired lever responses was measured for an 297 

additional 1 h period.  Priming stimuli consisted of non-contingent presentation of the 298 

drug-associated cue light every 2 min (i.e., 30 presentations during the 1 h) on day 1. 299 

During days 2-4, priming stimuli consisted of experimenter delivered i.p. saline or cocaine 300 

injections (0, 5, or 10 mg/kg) in counterbalanced order. 301 

Following completion of behavioral testing, rats were deeply anesthetized with 302 

chloral hydrate (400 mg/kg i.p.) and received bilateral intra-VTA infusions of cresyl violet 303 

(0.5 μl) through the i.c. guide cannula.  Rats were then decapitated, their brains were 304 



 

 14 

removed, and infusion sites identified in 0.5 mm coronal sections.  Animals determined to 305 

have incorrect infusion sites were not included in the data analysis. 306 

 307 

Effects of transient dnGluN1 expression on AMPA-mediated locomotor behavior.  308 

Locomotor behavior was measured in the dark using circular test chambers equipped with 309 

4 infrared photo-emitters/detectors pairs as described previously (Choi et al., 2011).  Drug 310 

naive rats received a single bilateral infusion of HSV-dnGluN1 or HSV-LacZ (1 μl/per side) 311 

via VTA guide cannulae as described above.  Six and 7 d after HSV infusions, rats were 312 

placed in the locomotor chambers for a 2 h habituation period, and then received intra-VTA 313 

infusions of AMPA (d6 - 50 ng/ 0.5 μl) and PBS (d7 - 0.5 μl) over a 100 sec period.  Rats 314 

returned to the test chambers where locomotor activity was assessed for an additional 2 h.   315 

A subset of drug naive rats received a total of 3 weekly HSV infusions to emulate the 316 

cocaine SA protocol prior to locomotor testing, and received similar locomotor testing 317 

following AMPA and PBS infusions 6 and 7 d after the last HSV infusion.  Histological 318 

verification of infusion sites was performed as described above. 319 

 320 

Effects of transient dnGluN1 expression on membrane and cytosol expression of 321 

glutamate receptor subunits in the VTA.  Drug naive rats received a single or a total of 3 322 

weekly bilateral infusion of HSV-dnGluN1 or HSV-LacZ (1 μl/per side) via VTA guide 323 

cannulae as described above.  Six days after the final HSV infusion, VTA tissue punches 324 

were collected as described above and processed using a membrane fractionation protocol.  325 

Under chilled conditions, samples were homogenized via low amplitude (20%) sonication 326 

in 160 μl of Syn-PER synaptic protein extraction reagent buffer 327 
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(https://www.thermofisher.com/order/catalog/product/87793) containing Protease 328 

inhibitor cocktail I and Phosphotase inhibitor cocktails II and III (Sigma, St. Louis, MO).  329 

Following sonication, samples were pooled (2 animals per sample) in order to harvest 330 

enough tissue for membrane fractionation for a total of 12 samples from 24 rats.  Samples 331 

were centrifuged at 3K rpm for 10 min at 4°C.  The supernatant (S1) was added to a new 332 

tube and the pellet was discarded.   The tubes with the S1 were centrifuged at 12K rpm for 333 

30 min at 4°C.  The supernatant (S2) was added to a new tube (cytoplasmic fraction) and 334 

the pellet (P2) was re-suspended with Syn-PER buffer (membrane fraction), sonicated 335 

briefly, and set aside for Lowry as described above.  Ten μg protein aliquots of either 336 

membrane of cytosol fractions were separated by SDS-PAGE and transferred to PVDF 337 

membrane and probed with rabbit polyclonal anti-GluA1 (1:500, Millipore Cat# 07-660, 338 

RRID:AB_390157), rabbit polycolonal anti-GluA2 (1:2000, Millipore Cat# AB1768, 339 

RRID:AB_2313802), rabbit polyclonal anti-GluN2B (1:500, Millipore Cat# 06-600, 340 

RRID:AB_310193), rabbit polyclonal anti-GluN3A (1:500, Millipore Cat# 07-356, 341 

RRID:AB_2112620), and mouse monoclonal anti-Pan Cadherin (1:2000, Sigma-Aldrich Cat# 342 

C1821, RRID:AB_476826) as an internal standard for membrane fractions, or mouse 343 

monoclonal anti-β-tubulin (1:100,000, Millipore Cat# 05-661, RRID:AB_309885), as an 344 

internal standard for cytosol fractions.  345 

 346 

Experimental Design and Statistical analysis.  Electrophysiological data were 347 

analyzed using an unpaired t-test.  Each group consisted of n = 10 cells;  from 4 animals (2-348 

3 cells/per animal).  For whole tissue western blot analysis, PBS and saline treated groups 349 

were pooled and served as controls.  The data were analyzed by one-way between subjects 350 



 

 16 

ANOVA followed by post hoc comparisons with Fisher’s least significant difference (LSD) 351 

test.  Membrane fractionation western blot data were analyzed using a two-way between 352 

subjects ANOVA, followed by post hoc comparisons with Fisher’s LSD test, with both group 353 

and subunit as non-repeated measures.   Self-administration data were analyzed by two-354 

way mixed ANOVA, with trial as a repeated measure, and group as a non- repeated 355 

measure.  Progressive ratio results were analyzed by unpaired t-test.  Drug prime 356 

reinstatement data were analyzed using a two-way mixed ANOVA, followed by post hoc 357 

comparisons with Fisher’s LSD test, with group as a non-repeated measure and dose as a 358 

repeated measure.  Extinction, cue reinstatement, and locomotor data were analyzed by 359 

two-way mixed ANOVA followed by post hoc comparisons with Fisher’s LSD test, with 360 

group as a non-repeated measure and trial, test, or drug as repeated measures.  Statistical 361 

significance was preset at p < 0.05.  362 

 363 

RESULTS 364 

HSV-dnGluN1 expression in the VTA decreases NMDAR function in vitro and in vivo  365 

We generated an HSV vector that expresses the GluN1 subunit containing two point 366 

mutations (S896A/S897A) with putative dominant negative NMDAR properties.   To 367 

confirm HSV-dnGluN1-GFP transient expression, we probed for GFP following 2, 4, and 6 368 

days post HSV infusion.  Fig. 1a shows HSV-mediated expression of dnGluN1-GFP in VTA 369 

coronal sections (top 3 panels) with the underlying 3 panels showing the magnified portion 370 

(white box).  HSV-mediated expression is clearly evident 2 or 4 d after HSV infusion and 371 

generally confined to the VTA region.  In contrast, expression is absent after 6 d, consistent 372 

with the transient profile of HSV expression in a previous study (e.g., Barrot et al., 2002).  373 
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Fig. 1b shows HSV-mediated expression of dnGluN1-GFP in tyrosine hydroxylase (TH)-374 

positive dopamine neurons in the VTA.  We reported previously that approximately 75% of 375 

HSV-infected cells within this VTA region are TH-positive, and that HSV infects ~25% of the 376 

local TH-positive population of neurons (Choi et al., 2011).  Putative dopamine neurons in 377 

in vitro slices of HSV-infused VTA were identified by large Ih currents as described 378 

previously (Ungless et al., 2003) in GFP-positive cells.  Fig. 1c shows that NMDAR-mediated 379 

currents induced by bath application of NMDA (100μM) are substantially attenuated by 380 

dnGluN1-GFP expression compared to GFP-expressing controls (t18 = 4.75, p <0.005).   381 

Similarly, expression of dnGluN1 substantially reduces both basal and NMDA-stimulated 382 

ERK phosphorylation in western blots of rat primary striatal cultures compared to HSV-383 

LacZ-infected cultures (Fig. 1d), thereby confirming a NMDAR dominant negative profile in 384 

infected neurons in vitro. 385 

 We next examined the effects of HSV-dnGluN1 expression on NMDAR signaling in 386 

vivo.  Awake, freely moving rats received intra-VTA infusions of NMDA (0.5 μg/0.5 μl) or 387 

the PBS vehicle 2 days after HSV infusions when HSV-mediated expression is high (Barrot 388 

et al., 2002).  Fig. 1e shows that NMDA infusions increase ERK phosphorylation by over 389 

130% in VTA tissue dissections compared to vehicle infusions, but this effect is completely 390 

abolished by expression of dnGluN1 in the VTA (F(2,41) = 7.443; p = 0.0017).  There is no 391 

effect of dnGluN1 on basal ERK phosphorylation following intra-VTA PBS vehicle infusions.  392 

We determined whether attenuation of NMDAR signaling persists after 6 days (Fig.1f) 393 

when this HSV vector no longer expresses detectable protein, and found that NMDA-394 

induced ERK phosphorylation has completely recovered to normal levels (F(2,26) = 7.55; p = 395 

0.003).  Finally, we tested the specificity of NMDAR blockade by examining the effects of 396 
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dnGluN1 expression on BDNF-TrkB receptor-mediated ERK phosphorylation 2 days after 397 

HSV treatment.  In contrast to attenuation of NMDA-induced ERK phosphorylation, ERK 398 

phosphorylation induced by intra-VTA infusions of BDNF is not altered by dnGluN1 399 

expression (Fig. 1g; F(2,53) = 6.20; p = 0.004).  Thus, HSV-mediated dnGluN1 expression 400 

exhibits a selective dominant negative attenuation of NMDAR signaling that is temporally 401 

limited to dnGluN1 expression. 402 

 403 

Transient HSV-dnGluN1 expression in VTA blocks cocaine SA-induced increases in GluA1 404 

expression  405 

 We reported previously that cocaine SA leads to a transient and reinforcement-406 

specific up-regulation in VTA GluA1 protein levels 1 d after withdrawal from cocaine SA 407 

(Choi et al., 2011).  Given that cocaine exposure can enhance excitatory synaptic input to 408 

VTA dopamine neurons in an NMDAR-dependent manner, we investigated whether 409 

NMDAR activity is necessary for up-regulation in VTA GluA1 levels induced by chronic 410 

cocaine SA.  Fig. 2a shows the timeline depicting HSV infusions during cocaine SA training 411 

on a FR1 reinforcement schedule.  Rats readily learn to press a lever for i.v. cocaine (0.5 412 

mg/kg/0.05 ml) and show robust SA behavior compared to animals receiving only saline 413 

injections (Fig. 2b; group effect: F(1,15) = 71.78; p < 0.0001; trial effect: F(14,210) = 3.257 p = 414 

0.0001; group x trial interaction; F(14,210) = 2.632; p = 0.0015).  After 3 weeks of cocaine SA, 415 

GluA1 levels are significantly increased in unilateral VTA that received HSV-LacZ infusions 416 

compared to VTA from saline SA rats that received similar HSV-LacZ infusions (F(3,28) = 417 

2.98; p = 0.048), replicating our previous findings (Fig. 2c).  However, this GluA1 up-418 

regulation is completely attenuated by transient dnGluN1 expression in the contralateral 419 
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VTA of cocaine SA animals, as they show no GluA1 increase relative to either LacZ- or 420 

dnGluN1- expression in saline SA controls.  Thus, dnGluN1 expression in the VTA blocks the 421 

ability of cocaine reinforcement to up-regulate GluA1 expression, presumably by blunting 422 

NMDAR activity during the cocaine SA training period. 423 

 424 

Transient HSV-dnGluN1 expression in VTA leads to a paradoxical increase in cocaine-seeking 425 

behavior 426 

We previously found that rats with viral-mediated GluA1 over-expression in the 427 

VTA exhibit significantly higher breakpoints before cessation of cocaine SA on a PR test, 428 

demonstrating a functional link between enhanced VTA GluA1 levels and increased 429 

motivation for cocaine (Choi et al., 2011).  Given that transient dnGluN1 expression in the 430 

VTA prevents GluA1 up-regulation in cocaine SA rats, we hypothesized that animals 431 

receiving similar intra-VTA HSV-dnGluN1 infusions during cocaine SA would exhibit 432 

decreased motivation for cocaine compared to cocaine SA rats treated with HSV-LacZ that 433 

show GluA1 up-regulation.  Fig. 3a shows the timeline for HSV infusions during cocaine SA 434 

training followed by PR, extinction and reinstatement tests conducted during weeks 4 and 435 

5 after withdrawal from cocaine SA.  Fig. 3b shows that bilateral expression of HSV-436 

dnGluN1 in the VTA does not affect cocaine SA on a low demand FR1 reinforcement 437 

schedule compared to HSV-LacZ-infused controls (group effect: F(1,21) = 2.94; p = 0.1012; 438 

trial effect: F(14,294) = 2.285; p = 0.0056; group x trial interaction: F(14,294) = 1.507; p = 439 

0.1071).    440 

Following cocaine SA training, HSV-dnGluN1-treated animals show an unexpected 441 

increase in motivation for cocaine as indicated by a significant elevation in breakpoints for 442 
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cocaine SA on the more demanding PR reinforcement schedule (t21= 2.33; p = 0.029) and a 443 

greater total number of cocaine infusions earned (t21= 2.22; p = 0.037) compared to HSV-444 

LacZ treated controls (Fig. 3c).  Similarly, HSV-dnGluN1-treated rats show greater non-445 

reinforced responding at the drug-pared lever during initial extinction tests (Fig. 3d), 446 

despite the fact that these tests are conducted 3 weeks after cocaine SA, and 4 weeks after 447 

the last HSV-dnGluN1 infusion (group effect: F(1, 21) = 4.80; p = 0.039; trial effect: F(4,84) = 448 

24.23; p < 0.0001; group x trial interaction: F(4,84) = 6.151; p = 0.0002).  This enhancement 449 

in cocaine-seeking behavior in the absence of cocaine reinforcement is consistent with 450 

enhanced motivation for cocaine observed during the PR tests.  Fig. 3e shows that cues 451 

associated with prior cocaine infusions effectively reinstate drug-paired lever responding 452 

compared to extinction baselines (test effect: F(1,21) = 12.64; p = 0.0019), but no significant 453 

group differences are found (group effect: F(1,21) = 0.3867; p = 0.5407; group x test 454 

interaction: F(1,21) = 0.1288; p = 0.7232).  Following cue induced reinstatement testing, the 455 

ability of non-contingent priming injections of cocaine to reinstate cocaine seeking also is 456 

elevated in rats receiving prior HSV-dnGluN1 infusions (saline versus pooled 5 and 10 457 

mg/kg cocaine doses), although both groups show low reinstatement in response to 458 

priming with saline infusions thereby negating a generalized increase in lever-press 459 

behavior (Fig. 3f; group effect: F(1,21) = 2.57; p = 0.1241; dose effect: F(1,21) = 36.63; p < 460 

0.0001; group x dose interaction: F(1,21) = 3.442; p = 0.0776).  Together, these data indicate 461 

that prior inactivation of NMDAR function during cocaine SA leads to prolonged increases 462 

in cocaine-seeking behavior elicited by the cocaine-associated environmental context or 463 

cocaine itself, but not discrete cues associated with cocaine SA. 464 

 465 
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Transient HSV-dnGluN1 expression in VTA facilitates AMPAR-mediated locomotor activity 466 

and membrane expression 467 

Based on the finding that dnGluN1 expression in VTA neurons increases the 468 

motivation for cocaine despite attenuating cocaine-induced up-regulation in VTA GluA1 469 

levels, we hypothesized that even transient dnGluN1-mediated attenuation of NMDAR 470 

function may lead to compensatory increases in functional (cell surface) AMPA receptors, a 471 

phenomenon referred to as ‘scaling’ (Turrigiano, 2008).  To determine whether transient 472 

HSV-dnGluN1 expression affected subsequent AMPAR function in the VTA, animals 473 

received a single infusion of HSV-LacZ or HSV-dnGluN1 and then were tested for 474 

locomotion in response to a subthreshold dose of intra-VTA AMPA (50 ng/ 0.5 μl) or PBS 475 

vehicle (0.5 μl) 6 d after the HSV infusion (Fig. 4a).  A single infusion of HSV-dnGluN1 in 476 

VTA produced no effect on AMPA-mediated locomotor responses compared to HSV-LacZ 477 

treated rats (group effect: F(1,7) = 0.2850; p = 0.61; drug effect: F(1,7) = 1.627; p = 0.2428; 478 

group x drug interaction: F(1,7) = 0.0072; p = 0.9344), and responses in both groups fail to 479 

differ from PBS vehicle infusions (Fig. 4b,c).  We next determined whether 3 weekly VTA 480 

HSV infusions, similar to HSV treatment in the cocaine SA protocol (Fig. 4d), would alter 481 

AMPA-mediated behavior.  In contrast to a single VTA infusion, 3 weekly HSV-dnGluN1 482 

infusions substantially enhance the locomotor response to subthreshold AMPAR challenge 483 

(Fig 4e,f; group effect: F(1,8) = 6.635; p = 0.0328; drug effect: F(1,8) = 14.37; p = 0.0053; group 484 

× drug interaction: F(1,8) = 5.513; p = 0.0468).  This enhanced AMPA locomotor response 485 

occurs at the same time after HSV-dnGluN1 treatments when motivation for cocaine is 486 

increased in cocaine SA rats (but tissue GluA1 levels are not), and is consistent with the 487 

hypothesis that NMDAR blockade leads to increased cell surface AMPAR expression.  Thus, 488 
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prolonged attenuation of NMDAR activity over 3 but not 1 weeks of dnGluN1 expression is 489 

required to induce compensatory increases in VTA AMPA receptor function.  To test this 490 

hypothesis, we measured membrane and cytosol levels of glutamate receptor subunits in 491 

VTA after the 3 weekly HSV-dnGluN1.  Fig. 4g shows that 3 weeks of dnGluN1 expression 492 

significantly increased levels of GluA1 and GluN2B (group effect: F(1,36) = 11.99; p = 0.0014), 493 

but failed to alter GluA2 or GluN3A (subunit effect: F(3,36) = 0.6332; p = 0.5985; group x 494 

subunit interaction: F(3,36) = 0.6332; p = 0.5985).  No differences were observed in the 495 

cytosol fraction (group effect: F(1,36) = 0.0267; p = 0.8709; subunit effect: F(3,36) = 0.4447; p = 496 

0.7225; group x subunit interaction: F(3,36) = 0.4447; p = 0.7225).  Thus, sustained 497 

inactivation of NMDAR function leads to increased membrane levels of both AMPAR and 498 

NMDAR subunits, consistent with a homeostatic scaling response.  Fig. 5 a,b depicts the 499 

location of HSV infusion sites in the VTA for all the animals included in behavioral studies 500 

based on histological analyses.   501 

 502 

DISCUSSION 503 

Dominant negative effect of GluN1 S896A/S897A phosphorylation-resistant mutation 504 

We report here evidence for a novel, inducible and transient method to down-505 

regulate NMDAR function in adult neurons via viral-mediated expression of a mutant 506 

GluN1 subunit that is resistant to phosphorylation by both PKA (S897) and PKC 507 

(S896)(Tingley et al., 1997).  We found dominant negative actions at NMDARs in 3 tests.   508 

First, we show that NMDAR-mediated currents are prominently decreased in putative VTA 509 

dopamine neurons expressing dnGluN1.  Second, given that ERK2 phosphorylation is a well 510 

established component of downstream NMDAR-Ca2+-dependent signaling cascades 511 
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(Thomas and Huganir, 2004; Haddad, 2005; Wang et al., 2007), we show that dnGluN1 512 

expression attenuates NMDAR-mediated ERK phosphorylation in both primary striatal 513 

cultures and following intra-VTA infusions of NMDA in vivo.  Results with in vivo NMDA 514 

infusions are particularly compelling as they demonstrate that dominant negative efficacy 515 

is contiguous with the time frame of HSV-mediated expression (less than 6 days), and 516 

specific to activated NMDARs in awake freely moving animals.  Thus, the HSV-dnGluN1 517 

vector can be used to induce continuous silencing of NMDAR function for relatively short 518 

time frames or phases of experimentation with complete reversion to normal NMDAR 519 

function after HSV-mediated expression declines.  Earlier studies have shown that 520 

mutation of serine sites 896/897 to alanine on GluN1 suppresses trafficking of NMDARs 521 

from the endoplasmic reticulum (ER) to the cell surface membrane (Ehlers et al., 1995; 522 

Scott et al., 2001), while mutations that mimic constitutive active phosphorylation at these 523 

sites increases cell-surface expression (Scott et al., 2001; Scott et al., 2003).  Since NMDARs 524 

typically are composed of obligatory GluN1 subunits that co-assemble with GluN2 and 525 

GluN3 subunits in the ER (McIlhinney et al., 1998; Perez-Otano et al., 2001), we speculate 526 

that dnGluN1 subunits co-assemble with endogenous GluN2 and GluN3 subunits, thereby 527 

reducing the available pool of functional NMDARs that can be trafficked to the surface, 528 

resulting in the dominant negative effects on NMDAR activity during dnGluN1 expression.   529 

 530 

Cocaine SA-induced increases in VTA GluA1 levels are mediated by NMDAR activity 531 

Chronic cocaine SA induces a reinforcement-related up-regulation in GluA1 subunits 532 

in the VTA, along with increased PKA-mediated GluA1 phosphorylation 1 d after cessation 533 

of daily SA sessions (Choi et al., 2011).  Here we show that this GluA1 up-regulation is 534 



 

 24 

blocked by sustained dnGluN1 expression in the VTA during the SA training phase, 535 

indicating that reinforcement-related up-regulation of GluA1 is NMDAR-dependent.  These 536 

results concur with previous studies showing that cocaine-evoked LTP of excitatory inputs 537 

to VTA dopamine neurons also requires NMDAR activation.  For example, pre-treatment 538 

with the NMDAR antagonist MK-801, blocks the increase in AMPA/NMDA ratio observed 539 

following cocaine exposure (Ungless et al., 2001).  Similarly, genetic ablation of the GluN1 540 

subunit in dopamine neurons also prevents the cocaine-induced augmentation of AMPA 541 

inputs onto VTA dopamine neurons, but primarily due to compensatory increases in 542 

AMPAR input that occlude further potentiation (Engblom et al., 2008; Zweifel et al., 2008).  543 

Importantly, the inducible and reversible approach for NMDAR inactivation produced by 544 

dnGluN1 expression fails to cause similar compensatory increases in GluA1 protein levels 545 

in saline SA controls.  Thus, an NMDAR-dependent mechanism for cocaine SA-induced 546 

GluA1 up-regulation is more clearly indicated by our approach. 547 

  Given that chronic cocaine SA also increases GluA1 mRNA expression in the VTA 548 

that could drive an increase in GluA1 protein (Choi et al., 2011), one potential mechanism 549 

may involve glutamate release and an NMDAR signaling cascade that stimulate GluA1 gene 550 

expression.  Indeed, increases in extracellular VTA glutamate levels are reported to occur 551 

only in cocaine-reinforced SA animals, but not in yoked controls that receive cocaine 552 

injection by passive infusion (You et al., 2007), similar to GluA1 up-regulation (Choi et al., 553 

2011).  Elevated glutamate activation of NMDARs during daily cocaine SA sessions, and 554 

subsequent NMDAR-mediated Ca2+ influx, could stimulate BDNF secretion as has been 555 

shown in cultured neurons (Marini et al., 1998; Hartmann et al., 2001; Matsuda et al., 556 

2009).  BDNF-TrkB signaling is known to induce GluA1 transcription and translation in 557 
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hippocampal neurons (Caldeira et al., 2007), and increase synaptic expression of GluA1 558 

(Gao et al., 2016).  In this regard, a similar NMDAR-BDNF-TrkB signaling cascade mediates 559 

LTP of excitatory AMPAR input to VTA dopamine neurons following repeated systemic 560 

cocaine injections (Pu et al., 2006).  Thus, by attenuating VTA NMDAR signaling with HSV-561 

dnGluN1, such BDNF-mediated increases in VTA GluA1 gene expression may be prevented.    562 

 563 

Transient HSV-dnGluN1 expression in VTA results in a paradoxical increase in cocaine seeking 564 

behavior 565 

Since GluA1 over-expression in VTA neurons directly increases motivation for 566 

cocaine in SA animals (Choi et al., 2011), we hypothesized that the blockade of endogenous 567 

GluA1 up-regulation in animals treated with HSV-dnGluN1 would reduce motivation for 568 

cocaine.  Surprisingly, animals receiving intra-VTA infusions of HSV-dnGluN1 during 569 

cocaine SA show increased motivation for cocaine in a PR test conducted when GluA1 up-570 

regulation is attenuated.  Importantly, cocaine seeking elicited in both extinction and 571 

reinstatement (cocaine-primed) remains elevated following 3-5 weeks of protracted 572 

withdrawal.  Thus, transient inactivation of VTA NMDAR signaling during cocaine SA leads 573 

to a paradoxical and enduring enhancement in cocaine-seeking behavior.  In contrast, 574 

permanent deletion of GluN1 from dopamine neurons abolishes cocaine-primed 575 

reinstatement of cocaine-conditioned place preference (Engblom et al., 2008), and a cue-576 

induced lever pressing is reduced in cocaine SA mice (Mameli et al., 2009), although either 577 

effect may reflect the loss of NMDAR input to dopamine neurons during testing rather than 578 

attenuation of  cocaine-induced neuroplasticity.  Indeed, acute pharmacological blockade of 579 
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VTA glutamate receptors (AMPAR or NMDAR) reduces cocaine-seeking behavior (Sun et al., 580 

2005; You et al., 2007). 581 

 582 

Transient HSV-dnGluN1 expression in VTA increases AMPAR-mediated locomotor activity and 583 

membrane expression of glutamate receptor subunits 584 

Since permanent deletion of GluN1 in dopamine neurons can induce compensatory 585 

increases in AMPAR activity (Turrigiano, 2008), we determined whether increased 586 

cocaine-seeking behavior following transient dnGluN1 expression also relates to increased 587 

AMPAR function in the VTA.  Consistent with this hypothesis, rats subjected to the 3 week 588 

protocol of dnGluN1 expression used in cocaine SA experiments show strong facilitation of 589 

AMPAR-mediated locomotor responses in the VTA.  Furthermore, a similar treatment of 3 590 

HSV-dnGluN1 infusions increases membrane (but not whole tissue or cytosolic) expression 591 

of both GluA1 AMPAR and GluN2B NMDAR subunits, providing biochemical evidence of 592 

homeostatic scaling following prolonged GluN1 inactivation in the VTA, similar to synaptic 593 

scaling observed with continuous knockout of GluN1 in VTA dopamine neurons or in 594 

ventral spinal neurons following sustained pharmacological inactivation of NMDARs 595 

(Rosen et al., 2007; Engblom et al., 2008; Zweifel et al., 2008).  Moreover, it’s been reported 596 

that cocaine administration promotes excitatory synaptic plasticity in VTA neurons that is 597 

mediated in part by increased expression of GluN2b and their redistribution to the 598 

membranes (Schilstrom et al., 2006).  NMDARs containing GluN2b have slower decay 599 

properties that would promote excitatory currents (Paoletti et al., 2013).  Conversely, 600 

Schumann et al. (2009), found that inhibiting GluN2b-containing receptors with ifenprodil, 601 

blocked cocaine-induced increase in AMPAR/NMDAR current ratios.  Thus, the increase in 602 
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motivation for cocaine, despite blockade of up-regulation in GluA1 protein levels, is likely 603 

caused by a counter-adaptive increase in functional cell-surface AMPARs and NMDARs in 604 

response to prolonged GluN1 inactivation in the VTA.  The augmentation in AMPAR 605 

function is not evident following only 1 HSV-dnGlu1 infusion, suggesting that a longer 606 

period of GluN1 inactivation is necessary to induce compensation in AMPAR responses.  607 

In summary, dnGluN1 is a selective and effective approach to reduce NMDAR 608 

function in an inducible, continuous and reversible manner.  When coupled with short-609 

acting viral vectors such as HSV that generally expresses detectable protein for only 1-5 610 

days, this tool could be useful to dissociate NMDAR effects on neuroplasticity relating to 611 

drug treatment, learning or other experience-dependent processes from the prominent 612 

role NMDARs have in expression of neurophysiological and behavioral responses.  These 613 

findings also illustrate the potential for adverse consequences with prolonged 614 

experimental or therapeutic manipulation of NMDARs, although one could envision 615 

potential applications where long-term homeostatic compensation following relatively 616 

brief attenuation of NMDAR function would be advantageous (e.g., ketamine in treatment-617 

resistant depression)(Kavalali and Monteggia, 2012).  However, the ability of even 618 

transient loss of NMDAR function to enhance excitatory transmission in the VTA, together 619 

with long-lasting facilitation of addictive behavior, suggests that VTA neurons would be 620 

hyper-responsive to conditioned glutamate release that increases the incentive motivation 621 

for cocaine.   622 
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 805 

FIGURE LEGENDS 806 

 807 

Figure 1. Characterization of HSV-dnGluN1 in vitro and in vivo.  a) Expression of GFP in 808 

VTA sections 2, 4, and 6 days after intra-VTA HSV-dnGluN1-GFP infusions in rats. b)  809 

Colocalized expression (yellow) of mutant dnGluN1-GFP (green) in VTA dopamine neurons 810 

(red) after intra-VTA HSV-dnGluN1-GFP infusions in rats. c) Responses to bath application 811 

of N-methyl-d-aspartate (NMDA) in VTA dopamine neurons infected with HSV-GFP or HSV-812 

dnGluN1-GFP.  Representative traces and averaged data of whole-cell recordings show a 813 

significantly reduced response to bath application of 100 μM NMDA (horizontal black bar 814 

above trace) in HSV-dnGluN1-GFP compared to HSV-GFP expressing VTA neurons held at 815 

+40 mV (n = 10 cells/group;  n=2-3 cells/4 animals).  d) HSV-dnGluN1 infection led to 816 

overexpression of GluN1 protein compared to HSV-LacZ infection in primary neuronal 817 

cultures.  NMDA application (100μM) increased pERK2 levels in HSV-LacZ but not HSV-818 

dnGluN1 infected  neurons.  e) in vivo intra-VTA NMDA infusions (0.5 μg/0.5 μl) increased 819 

VTA pERK2 levels during HSV-LacZ expression (n=11) compared to pooled PBS infused 820 

(0.5 μl) groups  (n=22), an effect blocked by HSV-dnGluN1 expression (n=11).  f) in vivo 821 

intra-VTA NMDA infusions (0.5 μg/0.5 μl), increased VTA pERK2 levels in both HSV-LacZ 822 

(n=7) and HSV-dnGluN1 (n=8) treated groups compared to pooled PBS infused groups 823 
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(n=14) when tested 6 d post HSV expression.  g) in vivo intra-VTA BDNF infusions (0.25 824 

μg/0.5 μl) increased VTA pERK2 levels during HSV-LacZ (n=14) and HSV-dnGluN1 (n=14) 825 

expression compared to pooled PBS infused groups (n=28).  Data are expressed as mean ± 826 

SEM, *p <0.05, **p<0.005 (significant from controls or designated group using t-test or 827 

Fishers LSD posthoc test). 828 

 829 

Figure 2.  Increased GluA1 expression in the VTA following cocaine SA is blocked by 830 

transient HSV-dnGluN1 expression.  a) Timeline depiction of HSV treatment regimens for 831 

saline (n=10) and cocaine (n=7) SA animals.  b) Number of  infusions per session in saline 832 

and cocaine (0.5 mg/kg/infusion) SA animals.  c) Example immunoblots of total GluA1, and 833 

β-tubulin in the VTA after 1d withdrawal (WD) from saline and cocaine SA.  Cocaine SA 834 

animals exhibit elevated total GluR1 expression in animals treated with HSV-LacZ (n=6), 835 

but not when treated with HSV-dnGluN1 (n=7) in VTA homogenates, compared to pooled 836 

(n=19) saline SA animals. Data are expressed as mean ± SEM, *p <0.05, (significant from 837 

controls using Fishers LSD posthoc test). 838 

 839 

Figure 3.  Paradoxical increase in motivation for cocaine following transient HSV-dnGluN1-840 

mediated inactivation of NMDARs in the VTA.  a)  Timeline depiction of HSV treatment 841 

regimens for cocaine SA animals and subsequent PR, extinction, and reinstatement testing.  842 

b) Number of  infusions per session in HSV-LacZ (n=12) and HSV-dnGluN1 (n=11) treated 843 

cocaine SA animals.  c) Transient HSV-dnGluN1 expression in the VTA during cocaine SA 844 

increases break points (left panel), and total number of infusions earned (right panel), at a 845 

dose of 1 mg/kg/infusion compared to HSV-LacZ after 1d withdrawal (WD).  d)  Transient 846 
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HSV-dnGluN1 expression in the VTA during cocaine SA enhances drug-paired lever 847 

responding during initital extinction trial. e) Transient HSV-dnGluN1 expression in the VTA 848 

during cocaine SA has no effect on cue-primed reinstatement of drug-paired lever 849 

responding.  f) Transient HSV-dnGluN1 expression in the VTA during cocaine SA increases 850 

cocaine-primed reinstatement of drug-paired lever responding (pooled 5 and 10 mg/kg i.p. 851 

cocaine).  Data are expressed as mean ± SEM, *p <0.05, **p <0.005 (significant from 852 

controls using Fishers LSD posthoc test). 853 

 854 

Figure 4. Transient NMDAR inactivation in the VTA enhances AMPAR-mediated locomotor 855 

activity and membrane expression of glutamate receptor subunits.  a & d)  Timeline 856 

depiction of HSV treatment regimens and subsequent locomotor testing.  b & e)  Locomotor 857 

counts (20 min bins) for intra-VTA HSV-LacZ (n=4-5) and HSV-dnGluN1 (n= 4-6) treated 858 

animals during habituation and following intra-VTA PBS (0.5 μl) or AMPA (50 ng/0.5 μl) 859 

infusions.  c & f) Locomotor counts (2 h) for intra-VTA HSV-LacZ (n=4-5) and HSV-dnGluN1 860 

(n=4-6) treated animals during habituation and following intra-VTA PBS (0.5 μl) or AMPA 861 

(50 ng/0.5 μl) infusions.  A single intra-VTA HSV-dnGluN1 or HSV-LacZ infusion has no 862 

significant effect on intra-VTA AMPA-mediated locomotor activity.  In contrast, animals 863 

that received 3 intra-VTA HSV-dnGluN1 infusions over 3 weeks exhibit significantly 864 

increased levels of AMPA lococomotor activity compared to 3 intra-VTA HSV-LacZ-treated 865 

controls.  Data are expressed as mean ± SEM, **p <0.005 (significant from all groups using 866 

Fishers LSD posthoc test). g) Example immunoblots of glutamate receptor subunits in 867 

membrane and cytosolic fractions of VTA tisue after 3 weekly intra-VTA HSV-dnGluN1 868 

(n=6) or HSV-LacZ (n=6).  Animals infused with HSV-dnGluN1 show increased membrane 869 
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levels of GluA1 and GluN2b 6 days following the last HSV infusion.  No differences were 870 

found in the cytosol fraction.  Data are expressed as mean ± SEM, *p <0.05 (significant from 871 

controls using Fishers LSD posthoc test). 872 

 873 

Figure 5.  Histological localization of HSV-LacZ and HSV-dnGluN1 infusion sites in the VTA 874 

for  a) cocaine SA animals tested in progressive ratio/extinction/reinstatement and b) 875 

animals tested in AMPA-mediated locomtotor activity. 876 












