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Abstract

This study sought to determine if reducing dopamine D1 receptor (D1R) expression in the dorsal 

striatum (DS) via RNA-interference alters methamphetamine self-administration. A lentiviral 

construct containing a short hairpin RNA (shRNA) was used to knock down D1R expression 

(D1RshRNA). D1RshRNA in male rats increased responding for methamphetamine (i.v.) under a 

fixed-ratio schedule in an extended access paradigm, compared to D1R-intact rats. D1RshRNA 

also produced a vertical shift in a dose–response paradigm and enhanced responding for 

methamphetamine in a progressive-ratio schedule, generating a drug-vulnerable phenotype. 

D1RshRNA did not alter responding for sucrose (oral) under a fixed-ratio schedule compared to 

D1R-intact rats. Western blotting confirmed reduced D1R expression in methamphetamine and 

sucrose D1RshRNA rats. D1RshRNA reduced the expression of PSD-95 and MAPK-1 and 

increased the expression of dopamine transporter (DAT) in the DS from methamphetamine, but not 

sucrose rats. Sucrose density gradient fractionation was performed in behavior-naïve controls, 

D1RshRNA- and D1R-intact rats to determine the subcellular localization of D1Rs, DAT and D1R 

signaling proteins. D1Rs, DAT, MAPK-1 and PSD-95 predominantly localized to heavy fractions, 

and the membrane/lipid raft protein caveolin-1 (Cav-1) and flotillin-1 were distributed equally 

between buoyant and heavy fractions in controls. Methamphetamine increased localization of 

PSD-95, Cav-1, and flotillin-1 in D1RshRNA and D1R-intact rats to buoyant fractions. Our 

studies indicate that reduced D1R expression in the DS increases vulnerability to 

methamphetamine addiction-like behavior, and this is accompanied by striatal alterations in the 

expression of DAT and D1R signaling proteins and is independent of the subcellular localization 

of these proteins.
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Introduction

Mesencephalic dopamine signaling plays important roles in the coordination of motivated 

and emotional behaviors, including drug taking. Commonly abused psychostimulants, 

including methamphetamine, act as indirect D1R agonists, and D1R-knockout mice fail to 

self-administer cocaine compared to wild-type controls (Caine et al. 2007). Furthermore, 

systemic blockade of D1R decreased methamphetamine-associated behavioral sensitization, 

conditioned place preference, reduced methamphetamine self-administration and reduced 

methamphetamine priming-induced drug-seeking (Bardo et al. 1999; Mizoguchi et al. 2004; 

Brennan et al. 2009; Carati and Schenk 2011; Nguyen et al. 2016). These studies suggest 

that D1R plays an important role in the rewarding properties of methamphetamine. However, 

the relevant brain population of D1R as well as the molecular mechanisms underlying such 

properties are unknown.

In the dorsal striatum (DS), D1Rs reside on a subset of medium spiny neurons (MSNs) that 

project to substantia nigra [known as the direct pathway (Gerfen and Young 1988; Ince et al. 

1997)]. Exposure to psychostimulants increases the expression of striatal D1Rs (Worsley et 

al. 2000; Segal et al. 2005; Somkuwar et al. 2016). Loss of function studies have shown that 

D1R-expressing MSNs are necessary for the complete expression of psychostimulant 

seeking, behavioral sensitization, and conditioned place preference (Lobo et al. 2010; Lobo 

and Nestler 2011). A causal role for D1Rs in the DS in psychostimulant addictive-like 

behavior has yet to be elucidated.

Our recent study has shown that progressive increases in the intake of methamphetamine 

over extended access schedules of reinforcement lead to escalated and unregulated intake of 

methamphetamine, increased D1R expression, and altered MAPK-1 activation in DS 

(Somkuwar et al. 2016). Systemic D1R antagonism in methamphetamine-experienced 

animals prevents methamphetamine-induced hyperphosphorylation of MAPK-1 in the DS 

and methamphetamine reward (Mizoguchi et al. 2004). Together these studies suggest that 

altered MAPK-1 activity by methamphetamine via aberrant D1R expression is an 

intracellular signal transduction mechanism contributing to the maladaptive plasticity 

associated with reinforcing effects of methamphetamine (Nestler 2001; Ahmed and Koob 

2004; Brennan et al. 2009).

The association of D1Rs with membrane/lipid rafts (Kong et al. 2007; Voulalas et al. 2011; 

Yu et al. 2013)—specialized subcellular structures enriched in cholesterol and sphingolipid, 

and the cholesterol binding and scaffolding proteins caveolin-1 (Cav-1) and flotillin-1 

(Evans et al. 2003; Rajendran et al. 2007; Stary et al. 2012)—has supported the speculation 

that dopamine receptor (DR) subtypes may be differentially distributed within and outside 

lipid rafts, such that their subcellular localization may have relevance to the signaling and 

modulation of synaptic dopamine (Dumartin et al. 2000; Sun et al. 2003; He et al. 2009). 

Furthermore, functioning and sensitivity of D1Rs are modulated by dopamine transporters 

[DAT; (Gross et al. 2011; Bai et al. 2014; Sase et al. 2016; Robison et al. 2017)], and 

mechanistic studies support the role of DAT in the modulation of synaptic dopamine and 

signaling of dopamine via D1Rs (Jones et al. 1998; Salahpour et al. 2008; Ghisi et al. 2009). 

Most notable is that DAT is trafficked to lipid rafts and subcellular localization of DAT may 
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have relevance to the signaling and modulation of synaptic dopamine (Cremona et al. 2011). 

Additional mechanistic studies have indicated that lipid raft protein Cav-1 is directly 

regulated by MAPK-1, where hyperphosphorylation of MAPK-1 downregulates expression 

and function of Cav-1 (Engelman et al. 1999; Cohen et al. 2003). Psychostimulants and 

opiates regulate the expression of Cav-1 (Chakrabarti et al. 2016; Somkuwar et al. 2016; Cui 

et al. 2018), suggesting that interactions of D1Rs with Cav-1 may contribute to the 

behavioral effects of these drugs.

Together, these studies lead us to the mechanistic hypothesis that D1Rs in the DS are 

required for the escalation of methamphetamine self-administration, such that site-specific 

knockdown of D1Rs in the DS would reduce escalation of methamphetamine self-

administration. Based on the hypothesis that D1Rs in methamphetamine-experienced rats 

are functionally impaired, and D1R dysfunction is associated with altered activity of 

MAPK-1 (Haberny et al. 2004; Mizoguchi et al. 2004; Jiao et al. 2007; Chen et al. 2009), 

altered expression of PSD-95 (Yao et al. 2004; Porras et al. 2012; Fasano et al. 2013; Zhang 

et al. 2014), DAT (Ghisi et al. 2009; Sun et al. 2012; Rui et al. 2013) and Cav-1 (Kong et al. 

2007; Voulalas et al. 2011) our studies quantified the striatal expression of these signaling 

proteins. Lastly, since D1Rs, Cav-1, flotillin-1, and DAT are trafficked to lipid rafts and their 

subcellular localization may regulate the signaling and modulation of synaptic dopamine, 

and behavioral responses to methamphetamine, we evaluated the expression of these 

signaling molecules in lipid raft (buoyant) and non-lipid raft (heavy) sucrose density 

gradient fractions.

Materials and methods

Animals

Experimental procedures were carried out in strict adherence to the NIH Guide for the Care 

and Use of Laboratory Animals and approved by the Institutional Animal Care and Use 

Committee of VA San Diego Healthcare System. Fifty-six adult male rats on a Long–Evans 

background (bred at the VA Vivarium), age matched, weighing 200–250 g and 7 weeks old 

at the start of the experiment, were housed two per cage in a temperature-controlled 

vivarium under a reverse light/dark cycle (lights off 8:00 AM–8:00 PM).

Viral vector construction, surgery, and viral gene transfer

Lentivirus (LV)-shD1R (D1RshRNA) was generated at the UCSD viral vector core facility 

using methods based on (Mastrangelo et al. 2012). The sequence for shRNA targeting D1R 

was chosen based on a recent publication that validated D1R silencing in adult rat brain 

(Noori-Daloii et al. 2012), and was modified to produce greater selectivity to rat D1R gene 

based on BLOCKiT™ RNAi Designer tool from Invitrogen (sequence used: 5′ 
GGTCCAAGGTGACCAACT TC T 3′). This sequence produced almost 30% reduction in 

D1R protein expression in LV-shD1R compared with LV-sh scrambled (shSRM, D1R-intact) 

controls when validated via Western blotting, 6 weeks post-LV injections. LV vectors were 

produced by transient co-transfection of HEK293T cells maintained in DMEM with 10% 

FCS as described previously (Head et al. 2011). Viral titer of ~ 1011 viral particle/μL was 

used. For stereotactic injections, forty-seven rats (7 weeks old) were anesthetized with 2–4% 
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isoflurane mixed with oxygen. Using standard stereotaxic procedures (Galinato et al. 2018a), 

30-gauge stainless steel injectors were placed above the targeted brain region. Stereotaxic 

bilateral infusions of LV-shD1R and LV-shSRM with a GFP reporter sequence or sham 

(virus naïve) were applied to the DS (AP, 0.2 mm from bregma; ML, ± 2.3 mm from 

bregma; DV, − 4.5, − 5.1, and − 5.4 from dura) with a stainless steel injector attached to a 

syringe pump connected by plastic tubing (Fig. 1a–c). Infusions occurred at a flow rate of 1 

μl/min with a total volume of 10 μl (3.5ul infused at − 4.5 mm, 4.5 μl infused at − 5.1 mm, 

and 2 μl infused at − 5.4 mm) per side. The injector was left in place an additional 5 min to 

minimize diffusion up the injector tract. Immediately after surgery, Flunixin® (2.5 mg/kg, 

s.c.) was given as analgesic, and Cefazolin was administered as antibiotic. For all 

experiments, accuracy of injection coordinates was confirmed by visualization of GFP-

expressing cells in 40 um tissue sections (Fig. 1d–e). Four weeks following LV injections, 

rats either underwent surgery for jugular vein catheter implantation (for methamphetamine 

self-administration) or did not undergo any additional surgery (intended for sucrose self-

administration/drinking; Fig. 1a).

Intravenous methamphetamine self-administration

Intravenous catheterization surgery: Twenty-five rats [fifteen D1RshRNA, ten D1R-intact 

(two LV-shSRM and eight sham/virus naïve)] underwent surgery for catheter implantation 

for intravenous self-administration 4–5 weeks after virus injections. Surgery, catheter 

maintenance and catheter patency were performed according to our previous publications 

(Mandyam et al. 2007; Galinato et al. 2015).

Training and maintenance on the extended access schedule (days 1–10): one week after i.v. 

surgeries, all rats were trained to press a lever according to fixed-ratio 1 (FR1) schedule of 

methamphetamine reinforcement (0.05 mg/kg/injection of methamphetamine (provided by 

NIDA)) in operant boxes (Med Associates) under extended access conditions (6 h access per 

day for 10 days), hereafter referred to as the maintenance phase (Fig. 1a). A response on the 

active lever resulted in a 4-s infusion (90–100 μL of methamphetamine), followed by a 20-s 

timeout period to prevent overdose. Each infusion was paired for 4 s with white stimulus 

light over the active lever. Responses during the timeout or on the inactive lever were 

recorded but resulted in no programmed consequences. All animals increased 

methamphetamine self-administration across the maintenance phase (Fig. 2a). FR data were 

analyzed as number of reinforced (Fig. 2a, c) or non-reinforced (i.e., during the timeout 

period, Fig. 2b) active lever presses per session.

Dose–response (days 11–14): following ten sessions, animals underwent dose–response 

studies in which the methamphetamine dose administered was changed each day: 0.01, 0.05, 

0.1, and 0.2 mg/kg/injection (within subjects). Dose–response sessions were maintained at 6 

h and FR1 schedule.

Progressive ratio (day 15): the following day after dose–response sessions, responding was 

reinforced on a progressive ratio (PR) schedule of reinforcement (Richardson and Roberts 

1996). On this schedule, the number of responses required for reinforcement increased 

progressively, and each session continued until a breakpoint (defined as the number of 

infusions obtained before 1 h elapsed with no infusions) was reached. For example, in the 
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PR schedule, the response requirement began at 1 response/injection and increased 

according to the following equation: responses/injection = (5 × e(injection number × 0.2)) − 

5. When a rat failed to achieve the response requirement within 1 h, the session ended. 

Sessions were capped at 6 h; however, no PR session exceeded 3 h. Breakpoints were 

determined for 0.05 mg/kg/injection. PR data were analyzed as the average cumulative 

active lever responses across sessions (Fig. 2d).

Sucrose self-administration

Training and maintenance on the limited access schedule (days 1–10): a separate group of 22 

rats also underwent stereotaxic surgery as described above [ten D1RshRNA, twelve D1R-

intact (eight LV-shSRM and four sham/virus naïve)]. These rats were then trained to orally 

self-administer sucrose solution (10% w/v, 30 min sessions, under FR1 schedule) for ten 

sessions. Before sucrose sessions began, animals received two training sessions that were 

conducted overnight in the operant chambers, and active lever presses were rewarded with 

tap water (100 μl per reinforced response). This allowed us to determine whether the animal 

learned to (1) press the correct lever for a fluid reward and (2) drink the administered fluid 

from the delivery/sipper cup. All animals distinguished the active versus the inactive lever 

and consumed tap water dispensed during the water training sessions (data not shown). 

During 30-min sucrose sessions, 100 μl of 10% sucrose was delivered following an active 

lever press (similar to methamphetamine sessions, a response on the active lever resulted in a 

delivery into a sipper cup, followed by a 20-s time-out period). Each delivery was paired for 

1 s with white stimulus light over the active lever. Response during the time-out or on the 

inactive lever was recorded but resulted in no programmed consequences). Operant sessions 

were conducted for a total of ten sessions.

Progressive ratio (day 11): the following day after the last FR session, responding was 

reinforced on a PR schedule of reinforcement (Richardson and Roberts 1996). On this 

schedule, the number of responses required for reinforcement increased progressively, and 

each session continued until a breakpoint (defined as the number of infusions obtained 

before 1 h elapsed with no infusions) was reached. Breakpoints were determined for 10% 

sucrose.

Brain tissue collection for immunohistochemistry and Western blotting

Tissue from a separate group of nine age-matched, virus and behavior-naïve rats was used 

for comparison in Western blotting analyses (‘control’ groups in Figs. 4 and 5, n = 5 for 

methamphetamine analyses and n = 4 for sucrose analyses). Rats (D1RshRNA and D1R-

intact methamphetamine; D1RshRNA and D1R-intact sucrose; controls) were euthanized 

via rapid decapitation under light isoflurane anesthesia (3–5%) 1 h after conclusion of the 

PR session. The left hemisphere was snap frozen for Western blotting and the right 

hemisphere was post-fixed in 4% paraformaldehyde for immunohistochemistry.

Validation of virus infection

Brain tissue containing the right hemisphere was sliced in 40-μm sections along the coronal 

plane in a cryostat. A section from the injection site of the dorsal striatum was mounted on 

Superfrost® Plus slides and dried overnight and was visualized for expression of GFP under 
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a fluorescent microscope (AxioImager A2). Rats from methamphetamine (n = 4) and 

sucrose (n = 2) groups were excluded from the study due to incorrect coordinates. 

Examination of striatal sections demonstrate robust GFP labeling confined to the dorsal 

striatum (Fig. 1c).

Immunohistochemistry and confocal microscopy

Sections were slide mounted and processed for neuronal marker neuronal nuclease (NeuN; 

mouse primary: 1:100; EMD Millipore, Billerica, MA, CY3 donkey anti-mouse secondary: 

1:200), astroglial marker glial fibrillary acidic protein (GFAP; chicken primary: 1:500; 

Abcam, Cambridge, MA, CY5 donkey anti-chicken secondary: 1:200), and GFP (1:500; 

rabbit primary; ab6556; Abcam, Cambridge, MA, CY2 donkey anti-rabbit secondary 1:200). 

The sections were pretreated (Mandyam et al. 2004), blocked, and incubated with the 

primary antibodies followed by secondary antibodies and colabeling were assessed by 

confocal analysis. Confocal analysis of triple labeled cells in the dorsal striatum was 

performed with a Zeiss Axiovert 100 M and LSM510 using a previously published method 

(Kim and Mandyam 2014). Colocalization of antibodies was assessed with the confocal 

system by an analysis of adjacent z-sections (using gallery function and orthogonal function 

for equal penetration of the antibodies). Optical sectioning in the z plane was performed 

using multitrack scanning with an optimal section thickness of 0.5 μm. Confocal analysis 

was performed at 400×.

Western blotting

Tissue punches from 300-μm-thick sections of dorsal striatum (methamphetamine groups: 

controls, n = 5; D1-intact, n = 10; D1shRNA, n = 11; sucrose groups: controls, n = 4; D1-

intact, n = 10; D1shRNA, n = 8) encompassing the injection site were homogenized on ice 

by sonication in MES buffer (150 mM NaCl, 2 mM EDTA and 150 mM Na2CO3, 1 mM 

EDTA with Protease Inhibitor Cocktail and Phosphatase Inhibitor Cocktails II and III diluted 

1:100) heated at 70 °C for 10 mins, and stored at − 80 °C until determination of protein 

concentration by a detergent-compatible Lowry method (Bio-Rad, Hercules, CA, USA). 

Samples were mixed (1:1) with a Laemmli sample buffer containing β-mercaptoethanol. 

Protein samples (20 μg) were run on 10% SDS-PAGE gels (Bio-Rad, Hercules, CA, USA) 

and transferred to polyvinylidene fluoride membranes (PVDF pore size 0.2 μm). Membranes 

were blocked with 5% milk (w/v) in TBST (25 mM Tris–HCl (pH 7.4), 150 mM NaCl and 

0.1% Tween 20 (v/v)) for 2–4 h at room temperature and were incubated with the primary 

antibody for 16–20 h at 4 °C: antibody for D1R (1:1000, Abcam AB20066), dopamine D2 

receptors (D2R, 1:500, Sigma Aldrich AB5084P), Cav-1 (1:500, Cell Signaling D46G3), 

PSD 95 (1:1000, Invitrogen MA1–045), MAPK-1 (1: 1000, Cell Signaling 137F5), 

flotillin-1 (1:1000, ProteinTech 15571–1-AP), and DAT (1:1000, Santa Cruz sc-32258). 

Membranes were then washed with TBST and incubated for 1 h at room temperature with 

horseradish peroxide-conjugated goat antibody to rabbit (1:1000 for D1R, D2R, Cav-1 and 

flotillin-1, 1:200 for MAPK-1) or horseradish peroxide-conjugated goat antibody to mouse 

(1:1000 for PSD-95) or horseradish peroxide-conjugated goat antibody to rat (1:1000 for 

DAT) in TBST. Following subsequent washes, immunoreactivity was detected using 

SuperSignalWest Dura chemiluminescence detection reagent (Thermo Scientific) and 

images were collected using a digital imaging system (Azure Imager c600). For 
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normalization purposes, membranes were incubated with 0.125% coomassie stain for 5 min 

and washed three times for 5–10 min in destain solution. Densitometry was performed using 

ImageJ software (NIH). The signal value of the band of interest following subtraction of the 

background calculation was then expressed as a ratio of the corresponding Coomassie signal 

(following background subtraction). This ratio of expression for each band was then 

expressed as a percent of the drug- and behavior-naïve control rat included on the same 

membrane (Fig. 4).

Sucrose density gradient fractionation

Lysate (0.5 μg/ml of protein in 1 ml) was prepared to be added to the sucrose gradient 

(methamphetamine groups: controls, n = 4; D1-intact, n = 4 and D1shRNA, n = 4). Sucrose 

gradient was made with MES-buffered saline (MBS), where sucrose was added to different 

volumes of the buffer to create initial 5%, 35%, and 80% concentration of sucrose solutions. 

In a 12-ml centrifuge tube, 1 ml of 80% sucrose was mixed with 1 ml of homogenate to 

create a 40% sucrose solution. 6 ml of 35% sucrose was floated onto the resulting 40% 

sucrose layer. Finally, 4 ml of 5% sucrose was floated onto the 35% sucrose layer. A 

SW41Ti rotor (Beckman Coulter, Fullerton, California, USA) set to 4 °C was utilized to 

centrifuge samples for 18 h at 39,000 rpm. Gradients were aliquoted by every 1 ml from top 

to bottom of the centrifuge tube, represented fractions 1–12 of the sucrose density gradient 

and fractions 3–6 (buoyant/lipid raft rich) and 9–12 (heavy) were prepared for Western 

blotting. Samples (40 μl per fraction) were mixed with a 5 × Laemmli sample buffer and 

were run on 10% SDS-PAGE gels (Bio-Rad) and transferred to polyvinylidene fluoride 

membranes (PVDF). Membranes were blocked with 5% milk (w/v) in TBST for 2–4 h at 

room temperature and were incubated with the primary antibody for 16–20 h at 4 °C: 

antibody for D1R, Cav-1, PSD 95, MAPK-1, flotillin-1 and DAT. Blots were then washed 

with TBST and incubated for 1 h at room temperature with horseradish peroxide-conjugated 

goat antibody to rabbit or horseradish peroxide-conjugated goat antibody to mouse in TBST. 

Following subsequent washes, immunoreactivity was detected using SuperSignalWest Dura 

chemiluminescence detection reagent (Thermo Scientific) and images were collected using a 

digital imaging system (Azure Imager c600). Densitometry was performed using ImageJ 

software (NIH). The signal value of the band of interest following subtraction of the 

background calculation was then expressed and used for statistical analysis.

Statistical analyses

The methamphetamine and sucrose self-administration data are expressed as the average 

total number of lever responses per session. Methamphetamine or sucrose self-

administration during the 6-h FR maintenance and dose–response sessions was examined 

using a two-way repeated-measures analysis of variance (ANOVA) followed by the 

uncorrected Fisher’s LSD post hoc test. For maintenance sessions, active and inactive lever 

presses were analyzed separately (Fig. 1a). Independent samples t tests were used to 

determine group differences in total methamphetamine/sucrose deliveries earned per PR 

session (Fig. 3c). The cumulative frequency distributions for responding under the PR 

schedule (Figs. 2d, 3d) were compared between the D1R-intact and D1RshRNA groups 

using the two-sample Kolmogorov–Smirnov test for equality of continuous probability 

distributions. Significance was assessed at α = 0.05. A one-way ANOVA was conducted to 
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determine differences between drug- and behavior-naïve controls, D1R-intact, and 

D1RshRNA rats for Western blots of all proteins followed by Tukey’s post hoc tests for each 

protein. Western blot analysis was conducted on percent change values from age-matched-

naive controls (Fig. 4b, d). Data are expressed as mean ± SEM in all graphs.

Results

Effect of D1R silencing on methamphetamine self-administration

Methamphetamine self-administration behavior (FR, DR and PR sessions) did not differ 

between the shSRM-RNA rats and those that were virus naïve. Therefore, the rats from both 

these groups were combined and is indicated as the D1R-intact group (n = 10, Fig. 2).

FR—Two-way ANOVA of active lever responses did not detect a significant session × 

treatment interaction. However, there was a significant main effect of session (F(9,171) = 

9.17, p < 0.0001) and treatment (F(1,19) = 5.43, p = 0.03; Fig. 2a). All rats increased the 

number of active lever presses across the ten acquisition sessions, but D1RshRNA rats also 

showed a higher number of active lever presses on day 2 (~ 152) vs day 1 (~ 98), whereas 

active lever presses in D1R-intact rats did not increase significantly until day 5 (~ 118) 

compared to day 1 (~ 55, ps < 0.05; Fig. 2a). D1RshRNA and D1R-intact rats did not differ 

in inactive lever presses [treatment: F(1,19) = 0.84, p > 0.05], nor did inactive presses 

change across the acquisition phase [session: F(9,171) = 1.31, p > 0.05; Fig. 2a]. Two-way 

ANOVA of timeout lever responses detected a significant session × treatment interaction 

(F(9,171) = 2.06, p = 0.03), a significant main effect of sessions (F(9,171) = 4.76, p < 

0.0001) and did not detect a main effect of treatment (F(1,19) = 0.5, p = 0.47; Fig. 2b). Post 

hoc analysis demonstrated higher number of responses on day 4 in D1RshRNA rats 

compared to D1R-intact rats (Fig. 2b).

Dose–response—There was a significant main effect of dose (F(3,57) = 12.94, p < 

0.0001) and main effect of treatment (F(1,19) = 5.07, p = 0.03; Fig. 2c). A treatment × dose 

interaction [F(3,57) = 4.271, p < 0.01] reflected that D1RshRNA rats pressed the active lever 

more than D1R-intact rats at lower doses of meth (0.01 and 0.05 mg/kg) but did not differ 

when responding for higher doses (0.1 and 0.2 mg/kg; Fig. 2c). Treatment groups did not 

differ in the number of inactive nor timeout lever presses at any dose (not shown).

PR—D1RshRNA rats did not significantly differ from D1R-intact rats (10.4 ± 1.4 vs. 8.7 ± 

1.7; (t(19) = 0.78, p > 0.05) in infusions earned. Further analysis of active lever responses 

revealed significant group differences in the cumulative reinforced responses (Kolmogorov–

Smirnov D = 0.594, p < 0.001; Fig. 2d), in which the D1R-intact rats exhibited lower 

responding plateaus than D1RshRNA rats.

Effect of D1R silencing on sucrose self-administration

Sucrose self-administration behavior (FR and PR sessions) did not differ between the 

shSRM-RNA rats and those that were virus naïve. Therefore the rats from both these groups 

were combined and are indicated as D1R-intact group (n = 12, Fig. 3).
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FR—Both groups discriminated the active vs. inactive lever across each of the ten sucrose 

self-administration sessions (paired T tests, ps < 0.0001), and D1RshRNA and D1R-intact 

rats did not differ in the number of active [treatment: F(1,18) = 0.125, p > 0.05], nor inactive 

[treatment: F(1,18) = 0.234, p > 0.05] lever presses (Fig. 3a). Both groups showed similarly 

increased responding for sucrose on day 5 (~ 125 presses), and every day thereafter, 

compared to day 1 (~ 100 presses, session: F(9,162) = 12.06, p < 0.05; Fig. 3a). Timeout 

responding similarly increased across the ten sucrose self-administration sessions in both 

groups, from ~ 19 lever presses on day 1 to ~ 57 lever presses on day 10 (Fig. 3b; treatment, 

and session × treatment: ps > 0.05).

PR—On average, D1RshRNA rats earned 10.2 sucrose deliveries during the PR session and 

was significantly fewer than D1R-intact rats (12.6 deliveries; (t(13) = 2.33, p < 0.05) (Fig. 

3c). Further analysis of active lever responses revealed significant group differences in the 

cumulative distributions (Kolmogorov–Smirnov D = 0.8, p < 0.0001; Fig. 2d), in which the 

D1R-intact group exhibited higher responding plateaus for the sucrose reinforcer compared 

with the D1RshRNA group.

Expression of D1R, D2R, DAT and proteins associated with D1R signaling in dorsal 
striatum tissue homogenates

Methamphetamine rats—Treatment effects by one-way ANOVA reflected that, 

compared to methamphetamine-naïve/age-matched controls, methamphetamine-exposed 

D1R-intact rats showed similar expression levels of D1R, D2R, PSD-95, Cav-1, MAPK-1, 

flotillin-1 and DAT (Group ps > 0.05, Fig. 4ab). However, D1RshRNA rats showed reduced 

expression of D1R [F(2,23) = 5.6], PSD-95 [F(2,23) = 11.4] and MAPK-1 [F(2,23) = 9.6], 

and enhanced expression of DAT [F(2,23) = 5.4] compared to controls and D1-intact rats by 

one-way ANOVA (ps < 0.05; Fig. 4ab). D2Rs were unaltered in D1RshRNA rats vs. controls 

(p = 0.33).

Sucrose rats—D1RshRNA, D1R-intact, and sucrose-naïve, age-matched control rats did 

not differ from each other in expression of D2R (0.80), PSD-95 (p = 0.98), Cav-1 (p = 0.12), 

MAPK-1 (p = 0.24), flotillin-1 (p = 0.66) and DAT (p = 0.07) by one-way ANOVA (Fig. 4c, 

d). However, a treatment effect [F(2,19) = 7.79, p < 0.01] reflected that D1RshRNA rats 

showed reduced D1R expression compared to both D1R-intact and -naïve controls (ps < 

0.05), which did not differ from each other (Fig. 4d).

Expression of D1R, DAT and proteins associated with D1R signaling in sucrose density 
gradient fractionation of dorsal striatum tissue

To determine the subcellular localization of D1Rs, DAT and proteins associated with D1R 

signaling, we carried out discontinuous sucrose density gradient fractionation of DS tissue. 

This method has been used to isolate membrane subdomains (fractions 3–6 and 9–10) that 

have distinct biochemical compositions or properties, such as lipid rafts [buoyant fractions 

3–6 and heavy fractions 9–12; (Voulalas et al. 2011; Mandyam et al. 2015)]. Two-way 

ANOVA was performed with sucrose fractions as within subject and treatment groups as 

between subject factors. In control rats, we found greater proportion of D1Rs in heavy 

fractions compared to buoyant fractions (Fig. 5a, b), where PSD-95, MAPK-1, flotillin-1, 
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Cav-1 and DAT (Fig. 5c–l) were also observed. Two-way ANOVA of D1R expression 

demonstrated a significant fraction × treatment interaction (F(14,63) = 1.954, p < 0.05) and 

main effect of fraction (F(7,63) = 535.9, p < 0.05). Post hoc analysis showed higher levels of 

D1R in D1R-intact and D1RshRNA rats compared to controls in fraction 12 and lower levels 

of D1R in D1R-intact and D1RshRNA rats compared to controls in fraction 11 (ps < 0.05). 

Two-way ANOVA of PSD-95 expression demonstrated a significant fraction × treatment 

interaction F(14,63) = 16.68, p < 0.01 and main effect of fraction F(7,63) = 123.5, p < 0.01. 

Post hoc analysis showed significant relocation of PSD-95 from heavy fractions to buoyant 

fractions in D1-intact rats compared with controls and D1shRNA rats (ps < 0.05). Two-way 

ANOVA of Cav-1 expression demonstrated a significant fraction × treatment interaction 

F(14,63) = 22.05, p < 0.001 and main effect of fraction F(7,63) = 92.6, p < 0.001. Post hoc 

analysis showed higher levels of Cav-1 in D1R-intact and D1RshRNA rats compared to 

controls in buoyant fractions, and lower levels of Cav-1 in D1R-intact and D1RshRNA rats 

in heavy fractions compared to controls (ps < 0.01). Two-way ANOVA of MAPK-1 

expression demonstrated a significant fraction × treatment interaction F(14,63) = 3.53, p < 

0.01 and main effect of fraction F(7,63) = 294.4, p < 0.001. Post hoc analysis showed higher 

levels of MAPK-1 in D1R-intact and D1RshRNA rats compared to controls in fraction 12 

and lower levels of MAPK-1 in D1R-intact and D1RshRNA rats compared to controls in 

fraction 11 (ps < 0.05). Post hoc analysis also showed significant relocation of MAPK-1 

from heavy fractions to buoyant fractions in D1-intact rats compared with controls (ps < 

0.05). Two-way ANOVA of flotillin-1 expression demonstrated a significant fraction × 

treatment interaction F(14,63) = 7.1, p < 0.001 and main effect of fraction F(7,63) = 42.1, p 
< 0.001. Post hoc analysis showed higher levels of flotillin-1 in D1R-intact rats compared to 

controls in buoyant fractions and lower levels of flotillin-1 in D1R-intact and D1RshRNA 

rats in heavy fractions compared to controls (ps < 0.05). Two-way ANOVA of DAT 

expression demonstrated a significant fraction × treatment interaction F(14,63) = 2.3, p < 

0.01 and main effect of fraction F(7,63) = 109.4, p < 0.001. Post hoc analysis showed higher 

levels of DAT in D1R-intact and D1RshRNA rat compared to controls in fraction 12 and 

lower levels of DAT in D1R-intact and D1RshRNA rats compared to controls in fraction 11 

(ps < 0.05).

Discussion

In this study, we describe the effect of reducing levels of D1Rs in the DS via RNA 

interference on methamphetamine addiction-like behaviors. D1RshRNA rats show a 30% 

decrease in D1R protein expression in the DS. D1RshRNA rats did not show any changes in 

D2R levels. A striking observation was that D1RshRNA rats demonstrated a higher rate of 

responding during extended access sessions, greater intake of methamphetamine across 

doses, and willingness to work harder to obtain the drug compared to their D1R-intact 

counterparts. This behavioral profile is associated with altered expression of DAT and 

plasticity-related proteins regulating D1R function, including MAPK-1 and PSD-95 in the 

DS. These changes support altered mesencephalic dopaminergic transmission, and that they 

are not accompanied by differential subcellular localization of D1Rs, DAT, MAPK-1, 

PSD-95, Cav-1 and flotillin-1. These results indicate that individuals with reduced D1R 

expression in the DS will be more vulnerable to drug addiction.
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Lentiviral-mediated application of targeted mRNA and proteins is a commonly used tool in 

behavioral neuroscience because it provides genetic control with minimal observed 

anatomical nor behavioral side effects in adult rats (Johnson and Kenny 2010; Yin et al. 

2017; Gao et al. 2019; Oliver et al. 2019; Shen et al. 2019). D1RshRNA animals were tested 

for methamphetamine self-administration and sucrose self-administration. Rats that self-

administered sucrose were considered behavioral control groups since sucrose is a nondrug 

reinforcer commonly used to determine the specificity of behavioral effects (Noonan et al. 

2010; Galinato et al. 2018a, b; Jaramillo et al. 2018; Kruyer et al. 2019; Vazquez et al. 2019; 

Turner et al. 2020). Accordingly, operant self-administration of sucrose does not alter the 

expression of the proteins studied in our report, and we propose that the sucrose group 

represents the pure effect of D1RshRNA to be compared with the effect of D1RshRNA with 

methamphetamine self-administration. A potential limitation in the interpretation of these 

findings is that D1RshRNA may have non-specific effects, including in non-D1R containing 

cells. However, we believe that these studies are beyond the scope of the current study.

While results demonstrated that D1RshRNA rats had increased responding for 

methamphetamine, D1RshRNA rats showed similar responding for sucrose in FR sessions 

compared with D1R-intact rats. However, our results indicate that D1RshRNA rats have a 

reduced propensity to lever press for sucrose reward in PR sessions. Therefore, D1RshRNA 

rats showed reduced motivation to seek sucrose or obtain food reward, supporting previous 

studies that were conducted with D1R antagonists (Wise 2006). A reduction in PR 

responding for sucrose in D1RshRNA rats suggests that D1Rs might distinctly be promoting 

the rewarding properties of sucrose. However, the lack of an effect on FR responding for 

sucrose suggests that there is an interaction between type of reinforcer (drug vs. natural 

reward), operant requirement (FR vs. PR) and D1R’s role in reward value. This three-way 

relationship warrants further study. Interestingly, despite relatively high levels of FR 

responding for sucrose, this behavioral profile does not seem to be due to altered expression 

of plasticity-related proteins associated with D1R signaling in the DS. This lack of an effect 

is consistent with the failure of sucrose self-administration to increase striatal D1R 

expression (Bello et al. 2002; Tonissaar et al. 2006; Rospond et al. 2019), together 

suggesting that repeated sucrose self-administration is not sufficient to alter D1R signaling. 

However, it should be noted that sucrose access was limited to 30 min per day, and emerging 

evidence suggests that more extended (24 h), vs. shorter (30 min) access to sucrose produces 

distinct profiles of motivated behavior (Kreisler et al. 2017, 2018). Nevertheless, it appears 

that D1RshRNA rats have a reduction in motivation to work for the specific natural reward 

tested here.

Brain region-specific targeting of D1R using antagonists reveal a critical positive role for 

striatal and amygdalar D1Rs in promoting the rewarding properties of several drugs of abuse 

including opiates, nicotine, alcohol, and psychostimulants (Shippenberg et al. 1993; 

Abrahams et al. 1998; Berglind et al. 2006; Fenu et al. 2006; Spina et al. 2006; Chaudhri et 

al. 2009; Liu et al. 2011; Young et al. 2014). However fewer studies have utilized site-

specific genetic down-regulation of D1R function, a less invasive approach offering more 

temporally consistent and more specific, and quantifiable loss-of-function on a whole-cell 

basis (Noori-Daloii et al. 2012). The few that have taken this approach confirm the 

importance of ventral striatal D1R expression in rewarding properties of alcohol (Bahi and 
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Dreyer 2012). To our knowledge, our study is the first to use the shRNA approach to 

specifically reduce D1R expression in the DS to study its role in methamphetamine 

addiction.

However, our results might seem inconsistent with previous studies conducted with D1R 

antagonists administered systemically (Bardo et al. 1999; Brennan et al. 2009; Gong et al. 

2016), in that D1R knockdown in the DS increased FR responding for methamphetamine 

during extended access sessions, and interpreted as a sensitization to acquisition of escalated 

methamphetamine taking. One explanation for this finding may be the previously described 

DR compensatory response, in which downregulation of DR function produces subsequent 

hypersensitivity to dopaminergic stimulation (Rupniak et al. 1986). Perhaps D1RshRNA 

treatment led to hypersensitivity of existing D1Rs, leading to increased sensitivity to 

methamphetamine’s agonistic effects on dopaminergic transmission and, consequently, 

increased rewarding properties of methamphetamine. An additional explanation might lie in 

the controversial interpretation of FR1 responding as a measure of reinforcing efficacy of 

drugs of abuse. While relative increases in FR1 responding are often interpreted as increased 

reward value of the reinforcer, classical studies using manipulation of mesolimbic dopamine 

signaling provide support for the interpretation that such an increase in rate of responding is 

a compensatory response to a decrease in reinforcing efficacy (Roberts et al. 1989; Roberts 

1993; Richardson and Roberts 1996; Morgan et al. 2002). PR paradigms circumvent this 

interpretational dilemma since they are more sensitive to responding (rather than just 

consumption), and, moreover, can assess the magnitude of reinforcer efficacy by 

incrementally increasing response requirements. Indeed, PR breakpoint (lever pressing 

requirement at which a subject no longer responds for the reinforcer) is more reliably 

sensitive to drug dose (Richardson and Roberts 1996). Therefore, in the current study, 

increased FR responding, a vertical shift in dose–response curve and increased PR 

responding in D1shRNA rats could be interpreted as enhanced reinforcing efficacy of 

methamphetamine and drug-vulnerable phenotype after striatal D1R knockdown compared 

to D1R-intact rats (Piazza et al. 1989, 2000).

The in vivo role of DAT (located presynaptically) and signaling molecules associated with 

D1Rs (located post-synaptically) in the context of methamphetamine addiction and 

motivated behavior has been minimally investigated (Baucum et al. 2004; Mizoguchi et al. 

2004; Salahpour et al. 2008; Schwendt et al. 2009; Cremona et al. 2011; Shi and McGinty 

2011; Cagniard et al. 2014). Our results reveal robust increases in the expression of DAT, 

and significant decreases in the activity MAPK-1 and expression of PSD-95 in D1RshRNA 

rats, and these effects correlated with increased vulnerability to methamphetamine addiction. 

Previous reports have correlated methamphetamine-induced enhanced striatal DAT 

expression to methamphetamine-induced neurotoxicity (Baucum et al. 2004). Notably, 

enhanced DAT expression is associated with hypodopaminergia in the DS (Giros et al. 1996; 

Salahpour et al. 2008), and this mechanism could explain the enhanced methamphetamine 

addiction-like behavior in D1RshRNA rats, i.e., a compensatory behavioral response due to 

reduced reward efficacy of methamphetamine (Spielewoy et al. 2001; Baucum et al. 2004; 

Salahpour et al. 2008; Ghisi et al. 2009; Xi et al. 2009; Cagniard et al. 2014). Whether D1Rs 

expressed by postsynaptic neurons are directly capable of inducing presynaptic alterations in 

DAT in the DS is unknown, and will be an important future pursuit. In addition, the 
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presently observed hypoactivity of MAPK-1 and reduced expression of PSD-95 in 

D1RshRNA rats could be interpreted as a mechanism to compensate for the 

hypodopaminergic state, and lend support to this mechanistic hypothesis (Lindgren et al. 

2002; Yao et al. 2004).

In the context of the above mechanism, subcellular localization of DR and DAT within lipid 

rafts may have relevance to the signaling and modulation of synaptic dopamine. For 

example, temporal and spatial regulation of signal transduction of D1Rs is provided by the 

lipid raft protein Cav-1 (Allen et al. 2007; Kong et al. 2007; Voulalas et al. 2011; Stary et al. 

2012), and expression and endocytosis of DAT is regulated by the lipid raft protein flotillin-1 

(Cremona et al. 2011). Our findings support previous studies from adult rodent brain 

samples to show that Cav-1 and flotillin-1 are localized in buoyant (lipid raft) and heavy 

(non-lipid raft) fractions, and D1Rs and DAT are predominantly localized to heavy fractions 

(Kang et al. 2006; Cremona et al. 2011; Voulalas et al. 2011). More notable is that 

methamphetamine self-administration did not alter the subcellular localization of D1Rs or 

DAT, indicating that the striatal alterations in expression, and not subcellular localization of 

these proteins predicted the enhanced vulnerability to methamphetamine addiction.

Next, mechanistic studies conducted in vitro in non-neuronal cells demonstrate that Cav-1 

gene and protein expression are regulated by MAPK-1 activity (Engelman et al. 1999; 

Cohen et al. 2003), suggesting that Cav-1 can act as an inhibitor of signaling cascades 

involving MAPK-1 (Engelman et al. 1998; Galbiati et al. 1998). Accordingly, we 

demonstrate that although total expression of Cav-1 was not enhanced in D1RshRNA rats, 

there was a significant increase in Cav-1 expression in the buoyant fractions in D1RshRNA 

rats. Although the relocation of Cav-1 to buoyant fractions was predicted as an inverse effect 

of reduced MAPK-1 activity in D1RshRNA rats, the relocation of Cav-1 was also seen in 

D1R-intact rats. Relocation of Cav-1 to buoyant fractions occurred concurrently with 

relocation of PSD-95 and flotillin-1 to buoyant fractions. This suggests that self-

administration of methamphetamine per se produced postsynaptic adaptations in the DS. 

Such adaptations may include more stable scaffolds, creating subdomains within the plasma 

membrane, which could promote a microenvironment for compromised D1R signaling. 

Taken together, findings from D1RshRNA rats indicate that enhanced vulnerability to 

methamphetamine addiction is predicted by dysfunctional dopamine signaling coupled with 

altered neuronal membrane microdomains in the DS.

In conclusion, results of the present study suggest a role for D1Rs in the DS that is unique to 

methamphetamine addiction-like behavior and indicate potential intracellular molecular 

targets that might play a role in synaptic changes that accompany these behavioral changes. 

A minor limitation is that the current study was conducted in male subjects. Given the 

increasing number of studies that highlight the importance of including sex as a biological 

variable in exploring neuroplasticity changes that predict addiction-like behaviors (Lynch 

2006; Becker 2016; Becker et al. 2017; Song et al. 2018; Becker and Chartoff 2019), the 

current findings in male rats may not be extendable to female subjects. Therefore, future 

studies should continue to outline the mechanistic relationships between D1Rs, DAT and 

signaling molecules in the context of compulsive methamphetamine self-administration in 

male and female subjects.
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Fig. 1. 
a Schematic of the timeline of experimental design and corresponding age of rats (in 

postnatal days, PND) from the start to the completion of the study; FR fixed ratio, DR dose–

response, PR progressive ratio. b Schematic representation of a coronal section through the 

dorsal striatum of the adult rat brain indicating the placement of injector needle for virus 

infusions. DS dorsal striatum. c Representative low-magnification image of the striatal tissue 

indicating endogenous GFP labeling in the brain. cc corpus callosum, GFP green fluorescent 

protein. d Schematic of the lentiviral vector backbone indicating the genes of interest along 

with the U6 promoter that are inserted upstream of the WPRE in the pHIV-7 vector; eGFP 
enhanced green fluorescent protein. e Subsection of DS from (c), with GFP-positive cells 

indicated by arrowheads. f–i Confocal triple labeling of NeuN (CY3, marker for neurons, f), 
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GFAP (CY5, marker for astroglia, g), GFP (CY2, marker for lentivirus, h) and the composite 

of all three images (i). Arrowhead points to a NeuN + GFP + colabeled cells that do not 

express GFAP (i). j Confocal z-stack image of (i) in orthogonal view indicating colabeling 

of the cell in (f–i) pointed with an arrowhead. xy- and yz-axis is indicated in (j) with thin 

arrows to demonstrate equal penetration of GFP, NeuN and GFAP antibodies. Open 

arrowheads point to additional NeuN + GFP + cells that do not express GFAP. Scale bar in 

(c) is 300 μm, in e–j is 30 um
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Fig. 2. 
a Active and inactive lever responses during extended 6-h access sessions of 

methamphetamine self-administration. b Active lever responses during timeout period. c 
Active lever responses during dose–response sessions. d Cumulative active lever responding 

across progressive-ratio sessions. n = 311 D1RshRNA and n = 10 D1R-intact rats. Solid line 

is the average cumulative response and dotted lines are ± SEM. *p < 0.05 vs. D1R-intact rats 

by repeated measures ANOVA. &p < 0.05, significant group × session (a, b), or group × 

dose (c) interaction; #p < 0.05, significant main effect of session or dose; $p < 0.05, 

significant main effect of treatment by repeated measures ANOVA
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Fig. 3. 
a Active and inactive lever responses during 30 min sucrose self-administration sessions. b 
Active lever responses during timeout period. c Average number of sucrose deliveries earned 

per progressive-ratio session with corresponding number of required lever presses. d 
Cumulative active lever responding across progressive-ratio sessions. n = 8 D1RshRNA and 

n = 8 D1R-intact rats. Solid line is the average cumulative responses and dotted lines are ± 

SEM. *p < 0.05 vs. D1R-intact rats overall
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Fig. 4. 
a Representative immunoblots of the various proteins used for Western blotting analysis 

from methamphetamine and control rats. Molecular masses (kilodaltons) are indicated 

adjacent to each representative blot. Corresponding Coomassie staining (Coom) of the 

membrane is shown as loading control. Quantitative analysis of protein expression in tissue 

from methamphetamine-exposed (b) and sucrose-exposed (d) rats as well as behavior- and 

virus-naïve controls (white bars in b and d). c Representative immunoblot of D1R from 

sucrose and control rats. Molecular mass (kilodaltons) is indicated adjacent to the blot. 

Corresponding Coomassie staining (Coom) of the membrane is shown as loading control. *p 
< 0.05 vs. controls, #p < 0.05 vs. D1R-intact rats by one-way ANOVA followed by post hoc 

analysis. n = 4–11 in each group
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Fig. 5. 
Representative immunoblots (a, c, e, g, i, k) and quantitative analysis (b, d, f, h, j, l) of the 

various proteins used for sucrose density gradient fractionation analysis from 

methamphetamine and behavior- and virus-naïve control rats. *p < 0.05 vs. controls, #p < 

0.05 vs. D1R-intact rats by ANOVA followed by post hoc analysis. n = 4 in each group
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