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EPIGRAPH 

 

 

 

There followeth after me today 

A youth whose feet must pass this way. 

This chasm which has been naught to me 

To that young man may a pitfall be. 

He, too, must cross in the twilight dim. 

Good friend, I am building this bridge for him. 

 

-Will Allen Dromgoole, “The Bridge Builder” 
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ABSTRACT OF THE THESIS 

 

Knockdown of Dopamine 1 Receptors in the Dorsal Striatum Increases Drug Intake  

in Rats that Self-Administer Methamphetamine 

by 

Michael J Terranova 

Master of Science in Biology 

University of California San Diego, 2019 

Professor Chitra Mandyam, Chair 

Professor Nicholas Spitzer, Co-Chair 

 

The dorsal striatum is important for the development of drug addiction; However, the role 

of dorsal striatal dopamine D1 receptor (D1R) expressing medium-sized spiny neurons (MSNs) in 

regulating excessive methamphetamine (Meth) intake remains elusive. Here we seek to determine 

if reducing D1R expression in the dorsal striatum via RNA interference alters Meth self-

administration. A viral vector-mediated approach was used to overexpress short hairpin RNA 

against D1Rs in the dorsal striatum. Dorsal striatal D1R knockdown increased active lever 

responses for Meth during a fixed-ratio (FR1) extended access paradigm compared to D1R-intact 

controls. Knocking down dorsal striatal D1Rs also produced a vertical and rightward shift in a 

self-administration dose-response paradigm. WB analysis revealed that dorsal striatal D1R 
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knockdown (D1RshRNA) animals exhibit a reduction in D1R, PSD-95, and MAPK-1 expression 

in the dorsal striatum. Sucrose density gradient fractionation followed by semi-quantitative 

analysis of relative expression of proteins in subcellular membrane fractions demonstrated a 

redistribution of synaptic scaffolding proteins to membrane lipid raft (MLR) fractions in Meth-

taking animals when compared to Meth-naïve animals. This redistribution occurred regardless of 

D1R knockdown. Our work indicates that reduced D1R expression-mediated enhancement of 

Meth addiction-like behaviors is associated with cellular adaptations that support dysfunctional 

dopamine signaling in the dorsal striatum. 
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Introduction  

Amphetamines, including Meth, are one of the most widely abused class of drugs, with an 

estimated 37 million global users (United Nations World Drug Report 2017). In the United States 

the number of overdose deaths involving Meth rose from 1,887 in 2011 to 6,762 in 2016, indicating 

that high-risk Meth abuse is a growing national health concern (Hedegaard et al. 2018). Research 

into the neurocircuitry of habitual actions, such as compulsive Meth abuse, has determined that 

these behaviors are dependent on dorsal striatal mechanisms (Koob and Volkow, 2010). Meth acts 

as an indirect agonist to dopamine 1 receptors (D1R) in the dorsal striatum, preventing dopamine 

reuptake and increasing dopamine concentration at the synapse (Zaczek et al. 1991). High levels 

of dopamine in the synaptic cleft continuously activate D1Rs expressed by the postsynaptic 

neuron, and stimulation of this pathway is implicated in the development of Meth addiction-like 

behaviors (Brennan et al. 2009, Kitamura et al. 2006). 

Addiction phenotypes can be modelled in rats that self-administer drugs of abuse. 

Specifically, rats given extended access to self-administer Meth demonstrate an escalation in drug 

intake, with the rate of escalation being contingent on the dose of Meth available (Kitamura et al. 

2006). Additionally, these rats establish compulsive drug seeking behaviors similar to those 

observed in humans who develop drug dependence (Kitamura et al. 2006). Thus, animal models 

of extended access Meth self-administration produce an escalation phenotype that may provide 

insight to the neuronal basis of addiction, including the role of striatal D1Rs in habitual, high-risk 

drug taking behaviors. 

In the context of D1Rs and Meth addiction-like behaviors, inhibiting D1Rs with D1R-

selective antagonists reduces Meth reward and Meth self-administration, suggesting a role for 

D1Rs in these actions (Mizguchi et al. 2004, Li et al. 2015). Furthermore, research conducted in 
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D1R knockout mice with whole body deletion of D1Rs indicates that D1Rs are required for Meth-

induced striatal neurotoxicity, although these animals were given meth via binge-like 

intraperitoneal injections rather than allowed to self-administer the drug (Ares-Santos et al. 2012). 

While useful in some applications, a systemic pharmacological blockade of D1Rs or a complete 

genetic deletion of D1Rs across the entire body is nonselective and fails to provide specific 

information regarding the role of dorsal striatal D1Rs in Meth-induced neurotoxicity or Meth 

reward. D1Rs are primarily expressed by GABAergic MSNs in the striatum, though D1R 

expression is well-documented in other neuronal populations that are associated with characteristic 

phenotypes of substance abuse disorders (Baik 2013, Calabresi et al. 2014, Koob and Volkow, 

2010, Weiner et al. 1991). It remains to be seen if reducing D1R expression in only the dorsal 

striatum affects habitual drug taking behaviors during extended access to Meth and if any resulting 

behavioral changes are associated with altered synaptic plasticity or downstream signaling in the 

dorsal striatum.  

Post synaptic density protein 95 (PSD-95) is a neuronal scaffolding protein known to 

regulate the expression of D1Rs at the plasma membrane, with PSD-95 knockout mice showing 

enhanced locomotor activity in response to amphetamine challenge (Zhang et al. 2007). 

Additionally, the signaling molecule mitogen-activated protein kinase 1 (MAPK-1) is associated 

with Meth reward and Meth addiction-like behaviors. Investigators have shown that MAPK-1 is 

activated in the striatum of rats when they are exposed to an environment where they previously 

received Meth (Mizguchi et al. 2004). This same study demonstrated how the use of a MAPK-1 

inhibitor reduced the rewarding effects of Meth (Mizguchi et al. 2004). It is notable that the 

expression of MAPK-1 displays a pattern of negative regulation with Caveolin-1 (Cav-1), a 

scaffolding protein in MLRs that binds to signaling molecules and G-protein coupled receptors in 
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the postsynaptic density (Okamoto et al. 1998). Recent publications have proposed a non-

canonical role of Cav-1 in the regulation of D1R expression and function (Kong et al. 2007, 

Voulalas et al. 2011). 

Previous research from our lab investigated the relationship between D1R, Cav-1, and 

MAPK-1 in the context of Meth abuse. These experiments suggest that escalation during Meth 

self-administration is associated with a reduced expression of Cav-1 and an enhanced expression 

of D1Rs and MAPK-1 activity, suggesting a role for Cav-1 in the regulation of Meth-induced 

increases to D1R and MAPK-1 levels (Somkuwar et al. 2016). In the current study, we 

hypothesized that site-specific silencing of D1Rs in the dorsal striatum reduces addiction-like 

behaviors in rats that self-administer Meth via an extended access schedule of reinforcement, and 

this behavioral alteration is associated with an increased expression of PSD-95 and Cav-1, while 

MAPK-1 expression is reduced. 

 Here we show that D1Rs in the dorsal striatum are associated with compulsive drug taking 

behaviors, including escalation and reinforcement in response to extended access Meth self-

administration. Our study further demonstrates that knockdown of D1Rs in the dorsal striatum 

alters the expression of synaptic scaffolding proteins and D1R-signaling-related proteins, whereas 

habitual Meth intake affects the localization of these synaptic scaffolding proteins. When taken 

together, these results shed light into the contributions made by dorsal striatal D1R-signaling 

molecules and MLRs on the development of addiction-like behaviors. 
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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 the VA San Diego Healthcare System. Thirty-six adult male rats of a Long Evans background 

(bred at the VA Vivarium), age matched, weighing 350-440g, 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) and all rats completed the study (Figure 1a). 

 

Viral Vector Design and Intracranial Surgery 

Lentivirus-shD1R was generated in collaboration with Dr. Atsushi Miyanohara of UC San 

Diego’s Vector Core Laboratory using methods based on a previous study that successfully 

silenced gene expression (Mastrangelo et al. 2012). The sequence for shRNA targeting D1R was 

chosen based on a recent publication that validated the shRNA approach in adult rat brains for 

reducing the expression of dopamine 2 receptors (D2R), and was modified to produce selectivity 

for only the rat D1R gene based on BLOCKiT™ RNAi Designer tool from Invitrogen (sequence 

used: 5’ GGTCCAAGGTGACCAACTTC T 3’; Noori-Daloii et al. 2012). We utilized this 

approach to knockdown D1Rs in the dorsal striatum (Figure 1b). A lentivirus with a scrambled 

sequence (SCshRNA) was also produced, as the scrambled sequence would not affect D1R 

expression (Noori-Daloii et al. 2012; Figure 1b). Lentiviral vectors were produced by transient co-

transfection of HEK293T cells maintained in DMEM with 10% FCS as described previously 

(Head et al. 2011). 
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For stereotactic intracranial injections, rats were anesthetized with 2-4% isoflurane mixed 

with oxygen. A viral titer of   109 viral particle/μL was used for stereotactic injections. Using 

standard stereotaxic procedures, 30-gauge stainless steel injectors were placed above the targeted 

brain region (Paxinos and Watson 2007). Nineteen 7-week-old rats received stereotaxic bilateral 

infusions of lentivirus in the dorsal striatum (AP, 0.2mm from bregma; ML, ±2.3mm 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. Infusions occurred at a flow rate of 1uL/min with a total volume of 

10uL (3.5uL infused at -4.5mm, 4.5uL infused at -5.1mm, and 2uL infused at -5.4mm) per side 

(Figure 1c). The injector was left in place for an additional 5 minutes to minimize diffusion up the 

injector tract. Immediately after surgery, Flunixin (2.5mg/kg, s.c.) was given as an analgesic, and 

Cefazolin was administered as an antibiotic. For all experiments, accuracy of injection coordinates 

was confirmed by visualization of GFP in dorsal striatal tissue sections (Figure 1d, 1e). Rats 

underwent surgery for jugular vein catheters and self-administered Meth four weeks after 

intracranial lentiviral vector injections. 

 

Training and Maintenance on an Extended Access Schedule of Intravenous Methamphetamine 

Self-Administration 

Twenty-seven rats underwent surgery for catheter implantation for intravenous self-

administration (Figure 1a). Rats were implanted with a sterilized silastic catheter into the right 

jugular vein under aseptic conditions and anesthesia. The distal end of the catheter was threaded 

under the skin to the back of the rat and exited the skin via a metal guide cannula. Post-surgery 

care was provided with analgesics (Flunixin) and antibiotics (Cefazolin). Catheters were flushed 

daily with heparinized saline and tested for patency using methohexital sodium (Brevital). One 
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week after surgery, all rats were trained to press a lever according to an FR1 schedule of Meth 

reinforcement (0.05mg/kg/injection of Meth [provided by NIDA]) in operant boxes (Med 

Associates) under extended access conditions (6-hour access per day for 10 days). A response on 

the active lever resulted in a 4-second infusion (90–100μL of Meth), followed by a 20-second 

timeout period to prevent overdose. Each infusion was paired for 4 seconds 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. All animals acquired Meth self-administration and 

experienced 10 sessions of extended access schedule after a 3-hour priming session (FR1 Day 0).  

 

Dose- Response for Meth 

Twenty-seven rats experienced 10 days of 6-hour Meth self-administration sessions as 

described above. During the four following days, animals underwent dose-response studies in 

which the Meth dose administered was counterbalanced and changed each day (0.01, 0.05, 0.1, 

and 0.2mg/kg/injection). Dose-response sessions were maintained for 6 hours at an FR1 schedule. 

 

Progressive Ratio 

The day after dose-response sessions ended, reinforced Meth self-administration was 

evaluated on a progressive ratio (PR) schedule. During this schedule, the number of responses 

required for drug infusion increased incrementally, and each session continued until a breakpoint 

(defined as the number of infusions obtained before 1 hour elapsed with no infusions) was reached. 

Breakpoints were determined for 0.05mg/kg/infusion of Meth. For example, in the PR schedule, 

the response requirement began at 1 response/injection and increased according to the following 

equation: responses/injection = (5 x e(injection number x 0.2)) - 5. When a rat failed to achieve the 
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response requirement within 1 hour, the session ended. A session length under a PR schedule was 

always set at 6 hours, and PR sessions did not exceed 4 hours across rats. 

 

Brain Tissue Collection for Immunohistochemistry (IHC) and Western Blotting (WB) 

Animals were euthanized via rapid decapitation under light isoflurane anesthesia (3–5%) 

45 minutes after conclusion of their progressive ratio session. Brains were quickly removed and 

flash-frozen, then cut in half at the mid-sagittal axis. The left hemisphere was snap frozen for WB 

analysis and the right hemisphere was postfixed in 4% paraformaldehyde for IHC. 

  

Immunohistochemistry 

Brain tissue was sliced into 40μm thick sections along the coronal plane on a freezing 

microtome. A section from the injection site of the dorsal striatum (0.2mm from bregma) was 

mounted on Superfrost Plus slides, viral infection of the dorsal striatum was confirmed with green 

fluorescent protein expression (Axio Imager A2, Zeiss, Germany), and the section was dried 

overnight. Four animals were removed from the study because their lentiviral injections were 

performed at incorrect coordinates. Sections were stained for cFos (1:500, mouse monoclonal, 

Santacruz Biotechnology, Cat # SC271243) followed by biotin-tagged secondary antibodies 

(1:200, horse anti mouse, Vector Biolabs) and visualized with DAB (Vector Biolabs). 

Immunoreactive cells in the dorsal striatum were quantified with a Zeiss Axio Imager A2 (200x 

magnification) using the optical fractionator method. Cell counting was determined for one  

section from each animal using StereoInvestigator software (MicroBrightField, Williston, VT, 
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USA), and the raw cell counts per section per animal for cFos were divided by the target area of 

the dorsal striatum and are indicated as cells per mm2. 

 

Western Blotting 

Tissue punches from 500μm thick sections of dorsal striatum were homogenized on ice by 

sonication in buffer (320mM sucrose, 5mM HEPES, 1mM EGTA, 1mM EDTA, 1% SDS, with 

Protease Inhibitor Cocktail and Phosphatase Inhibitor Cocktails II and III diluted 1:100 [Sigma, 

St. Louis, MO, USA] for standard WB or 25mM MES, 150mM NaCl, 2mM EDTA and 150mM 

Na2CO3, 1mM EDTA with Protease Inhibitor Cocktail and Phosphatase Inhibitor Cocktails II and 

III diluted 1:100 for sucrose density gradient WB). Tissue homogenate was then heated at 100ºC 

c 

a b 

d e 

Figure 1: GFP expression confirms lentiviral infection and incorporation of plasmid in dorsomedial striatum and 

dorsolateral striatum. (a) Timeline of experimental design indicating age of rats in days, surgeries, and operant 

behavior sessions. PND, postnatal day; IC, intracranial; IV, intravenous; FR, fixed-ratio schedule; DR, dose-

response; PR, progressive ratio schedule; IHC, immunohistochemistry; WB, Western blot. (b) Structure of 

lentiviral plasmid. (c) Coordinates used for IC surgery. (d) D1RshRNA animals express GFP near the injection 

site. (e) SCshRNA animals express GFP near the injection site. 
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for five minutes and stored at -80ºC until determination of protein concentration by a detergent-

compatible Lowry method (Bio-Rad, Hercules, CA, USA). Samples were mixed with a Laemmli 

sample buffer containing β-mercaptoethanol (1:1 for standard WB and 5:1 for sucrose density 

gradient WB). 

Each sample containing protein from one animal was run (20μg per lane for standard WB; 

40µL per fraction per lane for sucrose density gradient WB) on 10% SDS-PAGE gels (Bio-Rad, 

Hercules, CA, USA) and transferred to polyvinylidene fluoride membranes (PVDF pore size 

0.2μm). Blots were blocked with 5% milk (w/v) in TBST (25mM Tris–HCl [pH 7.4], 150mM 

NaCl and 0.1% Tween 20 [v/v]) for 2-4 hours at room temperature and were incubated with the 

primary antibody for 16–20 hours at 4 ºC: antibody for D1R (1:1500 Abcam AB20066), Cav-1 

(1:1000 Cell Signaling D46G3), PSD-95 (1:1000 Invitrogen MA1-045), and MAPK-1 (1:1000 

Cell Signaling 137F5).  

Blots were then washed with TBST and incubated for 1 hour at room temperature with 

horseradish peroxide-conjugated goat antibody to rabbit (1:1000 for D1R and Cav-1, 1:200 for 

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

(BioRad, Hercules, CA, USA) in TBST. Following subsequent washes, immunoreactivity was 

detected using SuperSignal West Dura chemiluminescence detection reagent (Thermo Scientific, 

Waltham, MA, USA) and images were collected using a digital imaging system (Azure Imager 

c600, VWR, Radnor, PA, USA). For normalization purposes, membranes were incubated with 

0.125% coomassie stain for 5 minutes and washed three times for 5–10 minutes a in destain 

solution. Densitometry was performed using ImageJ software (NIH). Following subtraction of the 

background, the signal value from the band of interest was expressed as a ratio with the 
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corresponding coomassie signal. The ratio of expression for each band was then displayed as a 

percent of the meth-naïve control signal expression from the same blot. 

 

Sucrose Density Gradient Fractionation 

Sucrose was added to MES-buffered saline to create initial sucrose aliquots of 5%, 35%, 

and 80% sucrose. The protein lysate was sonicated and 1mL was added to a 12mL centrifuge tube 

(Beckman Coulter, Brea, California, USA). Next, 1mL of 80% sucrose was added to the lysate 

and vortexed to create a 40% sucrose solution in the tube. Then 6mL of 35% sucrose was floated 

into the tube above the layer containing the protein lysate and 40% sucrose solution. Finally, 4mL 

of 5% sucrose was floated into the tube above the 35% sucrose layer. A SW41Ti rotor (Beckman 

Coulter, Fullerton, California, USA) at 4°C was utilized to centrifuge samples for 18 hours at 

39,000 rpm. Following centrifugation, 12 fractions from each tube were removed 1mL at a time 

and stored in 12 individual tubes per animal for WB. 

 

Statistical Analysis 

The Meth self-administration data is expressed as the total number of lever responses 

during each session of Meth self-administration. The effect of session duration on Meth self-

administration during the 6-hour sessions was examined over the 10 escalation sessions using a 

repeated-measures analysis of variance (ANOVA) followed by the Uncorrected Fisher’s LSD post 

hoc test. A one-way ANOVA was conducted to examine group differences in dorsal striatal cFos 

expression. One-way ANOVA followed by the Uncorrected Fisher’s LSD post hoc test was also 

performed to determine interactions and group differences for dose-response sessions and WB of 

D1R, PSD-95, and MAPK-1 expression. WB analysis was conducted on raw data and the percent 
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change from controls was used for graphical representation. SCshRNA rats (n = 2) were collapsed 

into the D1R-intact group because they displayed no change in active lever responses or D1R 

expression compared to virus-naïve rats that took meth. The data are expressed as mean ± SEM in 

all graphs. All experiments were double-blind. 

 

Results 

D1R Knockdown Rats Displayed Enhanced Latency to Escalate and Self-Administered More Than 

D1R-Intact Rats 

 Rats experienced meth self-administration on an FR1 schedule for 10 days. Both groups 

displayed compulsive drug taking behaviors, with D1RshRNA animals displaying an enhanced 

a b 

c 

Figure 2: Distinct operant responses during extended access Meth self-administration sessions in D1RshRNA 

and D1R-intact rats. Data from SCshRNA rats (n = 2) was collapsed with data from rats that did not receive 

intracranial injections (n = 7) to create the D1R-intact group (a) Active and inactive lever responses for 

D1RshRNA and D1R-intact rats self-administering 0.05 mg/kg/infusion of Meth under an FR1 schedule of 

reinforcement. (b) Active lever responses for rats self-administering 0.01, 0.05, 0.1, or 0.2 mg/kg/infusion of Meth 

under an FR1 schedule of reinforcement. (c) Active lever responses during PR sessions. Data are represented as 

mean ± S.E.M. n = 11 D1RshRNA rats, n = 9 D1R-intact rats. # main effect of treatment; &, main effect of days 

in (a) and dose in (b); $ interaction by repeated measures two-way ANOVA; * p<0.05 vs. D1R-intact active. 
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latency to escalate, as their active lever responses per session increased earlier than D1R-intact 

animals. Repeated measures two-way ANOVA of active lever presses did not detect a significant 

treatment x days interaction (F(9,171) = 0.331, p = 0.9638) but did detect a main effect of days 

(F(9,171) = 9.168, p < 0.0001) and treatment (F(9,171) = 5.43, p = 0.0310; Figure 2a). Post hoc analysis 

revealed a significant increase in active lever responses and increased in Meth intake during the 

FR1 sessions for both D1RshRNA and D1R-intact rats during days 2-10 compared with day 1. 

D1RshRNA animals took more Meth than D1R-inact animals (data not shown). No significant 

changes were observed in inactive lever presses (p > 0.05), indicating that both groups were able 

to discriminate between the levers and compulsively respond to the active lever (Figure 2a).  

D1RshRNA rats display a higher peak and rightward shift in their active lever response 

curve during a dose-response paradigm (Figure 2b). Compared to D1R-intact animals, Meth self-

administration rates were higher in D1RshRNA animals at low doses, indicated by a significant 

treatment x dose interaction (F(3,57) =4.271, p = 0.0087), with main effects of treatment (F(1,19) = 

5.066, p = 0.0364) and dose (F(3,57) = 12.94, p < 0.0001) by two-way ANOVA (Figure 2b). This 

demonstrates that dorsal striatal D1Rs are associated with reinforcing high-risk, compulsive drug 

taking behaviors even at low doses of Meth.  

Rats experienced a progressive ratio paradigm to determine differences in motivation to 

obtain Meth. The ventral striatum is implicated in the development of motivated behaviors, and 

alterations in motivated behaviors may indicate aberrant functioning in the ventral striatum (Everitt 

et al. 2008). Our D1R knockdown procedure involved stereotaxic surgery that only targeted the 

dorsal striatum, and four animals that displayed GFP outside the dorsal striatum were removed 

from analysis. No differences were observed in the number of Meth infusions earned by 

D1RshRNA rats or D1R-intact rats (p > 0.05), confirming that dorsal striatal D1R knockdown 
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does not affect motivation to obtain Meth (Figure 2c). Animals were sacrificed 45 minutes after 

completion of their PR session. 

 

Immunohistochemical Analysis with Immediate Early Gene Marker cFos Reveals Similar 

Neuronal Activation in All Groups  

Immunohistochemistry with cFos was performed to determine the effect of D1R 

knockdown and Meth intake on neuronal activation in the dorsal striatum. A one-way ANOVA 

resulted in no significant differences in the number of cFos-positive cells between Meth-naïve, 

D1R-intact, and D1RshRNA rats at the time of sacrifice (p > 0.05; Figure 3).  

 

D1R Knockdown in the Dorsal Striatum Distinctly Alters Expression of D1R-Signaling Proteins 

and Synaptic Scaffolding Proteins 

Immunoblotting with antibodies against of D1R, PSD-95, Cav-1, and MAPK-1 was 

performed to examine if expression levels of proteins associated with synaptic scaffolding and 

dopamine signaling are affected by D1R silencing. Graphical representations are expressed as a 

Figure 3: Quantitative analysis of cFos-positive cells in the dorsal striatum. Data are represented as mean ± S.E.M. 

Data from SCshRNA rats (n = 2) was collapsed with data from rats that did not receive intracranial injections but 

did self-administer Meth (n = 5) to create the D1R-intact group. n = 5 meth-naïve, n = 7 D1R-intact, n = 11 

D1RshRNA. 
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percent of meth-naïve control animals; however, statistical significance was calculated from raw 

densitometry values produced by ImageJ for Meth-naïve, D1R-intact, and D1RshRNA rats. One-

way ANOVA was completed for each protein, with D1R (F(2, 25) = 5.639, p = 0.0095), PSD-95 

(F(2,23) = 11.64, p = 0.0003), and MAPK-1 (F(2,24) = 9.868, p = 0.0007) showing an expression x 

treatment interaction (Figure 4b). One-way ANOVA for Cav-1 resulted in no significant 

interactions (p > 0.05). Post-hoc analysis with uncorrected Fisher’s LSD testing revealed a 

statistically significant reduction in D1R expression for D1RshRNA animals compared to Meth-

naïve (p = 0.0037) and D1R-intact animals (p = 0.0298; Figure 4b). Three animals that received 

D1RshRNA lentiviral vector and expressed GFP in only their dorsal striatum did not show a 

reduction in D1R expression and their data was excluded from the study. 

Additional Fisher’s LSD testing uncovered a significant decrease in PSD-95 expression for 

D1RshRNA animals compared with Meth-naïve (p = 0.0001) and D1R-intact animals (p = 0.0068; 

Figure 4b). Further analysis with a Fisher’s LSD test demonstrated that MAPK-1 expression is 

Figure 4: D1R-signaling related proteins are distinctly affected in D1R knockdown rats. (a) Representative 

immunoblots of each protein measured with observed molecular weight in kDa. (b) Quantitative analysis of 

density of protein shown in a. Data shown are represented as mean ± S.E.M. Data from SCshRNA rats (n = 2) 

were collapsed with data from rats that did not receive intracranial injections but did self-administer Meth to create 

the D1R-intact group. n = 8 D1R-intact, n = 11 D1RshRNA, n = 9 meth-naïve for D1R. n = 9 D1R-intact, n = 11 

D1RshRNA, n = 6 meth-naïve for PSD-95. n = 9 D1R-intact, n = 10 D1RshRNA, n = 8 meth-naïve for MAPK-1. 

n = 9 D1R-intact, n = 11 D1RshRNA, n = 9 meth-naïve for Cav-1. @ p < 0.05 vs. meth-naïve; & p < 0.05 vs D1R-

intact.  
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significantly reduced in D1RshRNA rats compared to both Meth-naïve (p = 0.0006) and D1R-

intact rats (p = 0.0013; Figure 4b). No differences were observed in overall expression levels of 

D1R, PSD-95, Cav-1, or MAPK-1 between Meth-naïve and D1R-intact animals. 

 

Methamphetamine Self-Administration Alters the Localization of Synaptic Scaffolding Proteins

 Semi-quantitative analysis of D1R-signaling proteins and synaptic scaffolding proteins 

was performed using a discontinuous sucrose density gradient to produce fractions for WB. 

Fractions 4, 5, and 6 are buoyant, low-density fractions (BF) that are known to contain MLRs, 

whereas fractions 10, 11, and 12 are heavy, high-density fractions (HF) that do not contain MLRs 

(Head et al. 2008). D1Rs were localized in the HFs of all groups, mirroring the results obtained by 

other researchers studying cocaine abuse, and suggesting that D1R distribution on MLRs is not 

affected by D1R silencing or Meth intake (Figure 5a; Voulalas et al. 2011). Similarly, MAPK-1 

expression was absent in the BFs but present in the HFs of all groups, indicating that the 

localization of MAPK-1 within neurons is unaffected by D1R knockdown or Meth abuse (Figure 

5b). This finding is supported by the existing documentation of MAPK-1 as a downstream target 

of dopamine receptor activity inside neurons, and it is not expected to interact with MLRs (Baik 

2013).  

PSD-95 was only expressed in the HFs of meth-naïve animals, whereas D1RshRNA and 

SCshRNA animals expressed PSD-95 in their BFs and HFs (Figure 5c). Previous whole-cell-based 

studies have associated an inverse relationship between PSD-95 expression with D1R localization 

at the cellular surface, although our sucrose density gradient fractionation-based results contradict 

this finding (Zhang et al. 2007). Finally, all animals expressed total Cav-1 in similar amounts, yet 

only Meth-naïve animals exhibited an even distribution profile for Cav-1 between their BFs and 
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Figure 5: Cav-1 and PSD-95 distribution profiles are altered in rats that self-administer Meth. (a,b,c,d) 

Representative WB images and sucrose density gradient distribution profiles for (a) D1R, (b) MAPK-1, (c) PSD-

95, and (d) Cav-1 expression in meth-naive, D1RshRNA, and SCshRNA rats. Fractions 1 and 2 were excluded 

from WB because they do not contain membrane components. Fractions 7 and 8 were excluded because they 

contain both low- and high-density molecules that cannot be differentiated by WB. Arbitrary intensity units 

obtained from ImageJ area densitometry of each blot. n = 2 drug naïve control, n = 2 D1RshRNA, n = 2 SCshRNA. 

BF, buoyant fractions; HF, heavy fractions; kDA, kilodalton. 
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HFs (Figure 5d). D1RshRNA and SCshRNA animals expressed Cav-1 only in their low density 

BFs, indicating that D1R knockdown does not affect Cav-1 localization, and associating Meth 

abuse with Cav-1 redistribution to the MLRs (Figure 5d). 

 

Discussion  

A multitude of studies demonstrate that dopamine-mediated activation of D1R-expressing 

MSNs regulates motivated behavior, and that D1Rs play a role in Meth taking, Meth seeking, and 

neurotoxicity linked to Meth addiction (O'Dell et al. 1993, Mizoguchi et al. 2004, Brennan et al. 

2009, Hiranita et al. 2010, Ares-Santos et al. 2012, Berke et al. 2000, Nestler et al. 2001). It is also 

important to note that while acute effects of Meth intake are mediated by neuroadaptations in the 

ventral striatum, habitual drug seeking behaviors are linked to neuroadaptations in the dorsal 

striatum (Koshikawa et al. 1989, Everitt et al. 2008, Everitt and Robbins 2013). The present study 

examined the role of dorsal striatal D1Rs in an extended access Meth self-administration paradigm 

which models the characteristics of compulsive drug abuse. The extended access schedule of 

reinforcement utilized has been shown to produce a high-risk addiction phenotype, with animals 

displaying loss of control over Meth intake, high motivation to obtain Meth, and persistent Meth-

seeking despite negative consequences (Kitamura et al. 2006, Rogers et al. 2008, Krasnova et al. 

2014, Galinato et al. 2018).  

We hypothesized that silencing D1R expression in the dorsal striatum would reduce 

compulsive self-administration and suppress escalation behavior during extended access to meth. 

Contrary to our hypothesis, silencing D1Rs in the dorsal striatum via a lentiviral vector-mediated 

approach led to an increase in voluntary Meth taking during an extended access drug use paradigm. 

The self-administration observed in D1RshRNA animals exceeded that of D1R-intact animals, 
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with D1RshRNA animals compulsively pressing the active lever to obtain meth without escalating 

their inactive lever responses. Reinforcement of drug taking was also increased for low doses of 

meth in D1RshRNA animals, leading us to conclude that dorsal striatal D1Rs play a role in 

regulating habitual drug taking. 

Previous studies report that systemic D1R antagonism reduces the reinforcing effects of 

Meth, observations which seemingly contradict the current findings (Bardo et al. 1999, Brennan 

et al. 2009).  A critical distinction between the aforementioned publications and the results put 

forth in this study is their use of an intravenous D1R antagonist that induces systemic 

pharmacological blockade of D1Rs. Therefore, their approach is insufficient to associate altered 

D1R activity in specific neuronal populations with addiction-like behaviors. The current study 

used cell-specific targeting methods and neuroanatomically restricted the targeting of D1R 

knockdown to the dorsal striatum to assess the role of D1Rs in escalation patterns of Meth self-

administration. This novel approach allows for the examination of specific brain regions when 

investigating the contributions of specific neural circuits in the context of addiction-like behaviors. 

Additionally, silencing dorsal striatal D1Rs decreased the expression of D1R-signaling 

proteins and synaptic scaffolding proteins, indicating that D1R knockdown is associated with a 

broader dysregulation in dopamine signaling. Therefore, it was expected that dorsal striatal tissue 

from D1RshRNA animals would exhibit a reduction in D1R and MAPK-1 expression and an 

increase in PSD-95 and Cav-1 expression. In fact, D1RshRNA animals displayed a decrease in 

overall D1R, MAPK-1, and PSD-95 expression, although overall Cav-1 expression was not 

significantly different from D1R-intact or meth-naïve animals.  

 To further understand the role of these proteins, we utilized sucrose density gradient 

fractionation to examine their distribution profiles between the MLR-associated buoyant fractions 
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and the non-buoyant complex-content fractions. Each group displayed striatal D1R localization 

only in their most-dense fractions, indicating that neither dorsal striatal D1R silencing nor Meth 

intake affect D1R localization in MLRs. This result aligns with a similar investigation that 

concluded striatal D1R localization in dense fractions is unaffected by repeated cocaine intake 

(Voulalas et al. 2011). Similarly, the intracellular target of dopamine receptor activation, MAPK-

1, was not present in the buoyant, MLR-containing fractions of any group. Striatal MAPK-1 

distribution profiles matched the distribution profiles of striatal D1Rs, and MAPK-1 localization 

was unaffected by striatal D1R knockdown or Meth self-administration. 

 We found PSD-95 in striatal tissue from meth-naïve animals was localized in the densest 

fractions, a result which duplicates the PSD-95 distribution seen by other researches in drug-naïve 

animals (Voulalas et al. 2011). Interestingly, rats that self-administered Meth exhibited PSD-95 

redistribution to both buoyant and non-buoyant fractions, regardless of D1R knockdown. This 

contradicts work performed on cocaine-abusing rats which show striatal PSD-95 localized in the 

dense fractions despite cocaine administration (Voulalas et al. 2011). The consequences of PSD-

95 redistribution have yet to be characterized in the context of Meth addiction-like behaviors and 

provide a source of future inquiry into synaptic adaptations unique to Meth intake. 

Meth-naïve animals showed striatal Cav-1 localized across both buoyant and non-buoyant 

fractions, replicating the distribution profiles identified in neurons from WT mice (Head et al. 

2008). However, animals that self-administer Meth display Cav-1 localization only in their MLR-

containing buoyant fractions regardless of D1R knockdown. Crucially, this distinct localization 

occurred despite total Cav-1 expression remaining identical across each group. This redistribution 

pattern has not been identified in the existing literature of habitual drug abuse and requires further 

study, possibly in conjunction with investigations into other proteins commonly found on MLRs. 
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Future research should focus on the localization of proteins associated with drug dependence, as 

whole-tissue homogenization is not sufficient to characterize the distribution of these proteins and 

may obscure critical synaptic processes. 

The cause of increased drug taking after dorsal striatal D1R knockdown remains unknown. 

It is possible that D1R knockdown caused changes to excitatory and inhibitory synaptic 

transmission, since acute administration of dopamine agonists is known to desensitize and 

internalize dopamine receptors (Kong et al. 2011, Galvan et al. 2012). Furthermore, D2Rs have a 

greater binding affinity to dopamine than D1Rs, leading to the theory that D2R-MSNs have a 

greater chance of developing abnormal responses to dopamine challenge than D1R-MSNs (Baik 

2013, Galvan et al. 2012). Thus, dorsal striatal D1R knockdown may dysregulate D1R and D2R 

activity in the dorsal striatum, leaving this region vulnerable to further dysregulation from high 

dopamine concentrations at the synapse during meth intake. Electrophysiology studies are 

necessary to reveal the firing patterns of dorsal striatal neurons after D1R knockdown, and 

forthcoming investigations should examine the effects of D1R knockdown on D2R expression, 

localization, and activity in the context of addiction. Finally, the role of MLRs in compulsive meth 

taking must be investigated, as we have demonstrated that two synaptic scaffolding proteins known 

to regulate D1R function are mobilized to MLRs during compulsive meth self-administration. 

In conclusion, a reduction of D1R expression in only the dorsal striatum is sufficient to 

enhance Meth self-administration during an extended access paradigm. D1R knockdown rats 

exhibit an enhanced latency to develop compulsive drug taking and are susceptible to the 

reinforcing effects of Meth at lower doses than control animals. Additionally, the D1R knockdown 

animals displayed a reduction in molecules associated with D1R-signaling in the dorsal striatum. 

Further analysis revealed that proteins specific to synaptic scaffolding were redistributed in all 
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animals that self-administered Meth. Given the significant increase in meth taking after D1R 

knockdown in the dorsal striatum, additional applications of this technique may provide insight to 

the mechanisms underlying compulsive, high risk drug abuse. 
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