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Abstract 

Drug addiction is a disease characterized by episodes of relapse despite periods of drug 

abstinence. The ubiquitin-proteasome system (UPS) degrades proteins and is involved in 

cocaine-induced plasticity in the nucleus accumbens (NAc); however, E3 ubiquitin ligases 

(E3s), which conjugates ubiquitin to substrates for proteasomal degradation, have not been 

studied following cocaine exposure. Here we examined E3 Smad ubiquitinylation regulatory 

factor-1 (Smurf1) and found that following cocaine self-administration, Smurf1 was decreased, 

while substrates ras homolog gene family, member A (RhoA) and Smad1/5 were increased, in 

the NAc in a withdrawal-dependent manner. Furthermore, viral-mediated manipulation of 

Smurf1 bi-directionally mediated cue-induced cocaine seeking but did not affect food seeking 

or locomotor activity. Finally, Smad1/5-associated transcription factor Runt-related transcript 

factor 2 (Runx2) was also increased during withdrawal and binding on genes that regulate 

cocaine plasticity was enhanced. Together, this study demonstrates that Smurf1 mediates 

relapse behaviour by governing cocaine plasticity during withdrawal following self-

administration. 
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Introduction 

Drug addiction 

Drug addiction is defined as the loss of control over drug intake and compulsive drug taking 

despite horrendous adverse consequences (Nestler 2004). Ceasing use of abusive substances 

causes withdrawal symptoms and prolonged risk of relapse remains high even after prolonged 

abstinence. Relapse is often triggered by exposure to drug-associated cues, drug re-exposure 

or stress (Kalivas and McFarland 2003). It is estimated by The United Nations Office on Drugs 

and Crime (UNODC) that almost a quarter of a billion people used drugs in 2015 and 0.6 

percent of the adult population were engaged in problematic use and/or suffered from drug use 

disorders, including dependence (UNODC, 2017). More than 64.000 deaths from drug 

overdose were reported in 2016 of which 10.019 percent were from cocaine overdose. This is 

a 1.6-fold increase in deaths from 2010 (NIDA, 2016). 

Chronic drug exposure causes long-lived neural and behavioural plasticity related to addiction 

through mechanisms including changes in gene transcription, RNA and protein processing, and 

synaptic structure (Nestler 2001). Understanding these mechanisms responsible for aberrant, 

drug-induced changes in the brain is necessary for the development of more effective therapies 

for treating addictive behaviours. 

Animal models of drug addiction 

Much of the recent progress in understanding the mechanisms involved in drug addiction has 

been obtained from animal models of addiction. Though these models do not fully emulate the 

human condition, they allow for the study of specific aspects of the addiction disease. Models 

which are used to study the reinforcing efficacy of the drug include the conditioned place 

preference model (CPP model). In this model, the animals are administered drug in one context 
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and non-drug in another distinct context. Thus, the animals learn to associate drug experience 

with a specific context and the time spent in the drug paired context is considered an index of 

the reinforcing value of the drug (Koob 2012). Models employing other non-contingent drug 

injections like intraperitoneal (IP) injections are also frequently used to study the drug’s ability 

to produce locomotor sensitization and incentive sensitization. There are also models which 

can be used to study different reinforcement components or model voluntary motivation to 

consume (two-bottle choice, or drinking in the dark tests) (García, Roger et al. 2017). Regimens 

which utilize animals performing a behavioural response to receive drug are useful for studying 

drug-taking and drug-seeking behaviours (e.g., drug self-administration). In self-administration 

experiments, animals learn to perform a behaviour to receive an intravenous (IV) injection of 

drug. The drug is often paired with a cue (a light or tone), which the animal learns to associate 

with drug availability. This learned association can be used to study cue-induced drug seeking, 

extinction and reinstatement. The drug exposure in this model can be either short-access 

(sessions of 1-2h/day) or extended-access (sessions of 4-6h/day). My project utilized the short-

access self-administration paradigm where the animals trained for 10 days for 2h/day. 

Cue-induced relapse 

A major challenge to treating drug addiction is the long-lasting vulnerability to relapse to drug 

taking. One of the main causes for relapse is exposure to external cues that have been 

previously associated with drug taking like people, sounds, sights etc., which causes an 

increased craving for the drug in users (O'BRIEN, Childress et al. 1992, Kilgus and Pumariega 

1994). The intensity of craving has also been positively correlated with the severity of 

dependence in cocaine users (Modesto-Lowe, Burleson et al. 1997). Cue-induced cocaine 

craving has been showed to activate brain regions which have been associated with several 

forms of memory like the amygdala, prefrontal cortex and anterior cingulate cortex (Molchan, 
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Sunderland et al. 1994) through brain imaging studies (Maas, Lukas et al. 1998, Childress, 

Mozley et al. 1999, Wang, Volkow et al. 1999, Kilts, Schweitzer et al. 2001, Wexler, 

Gottschalk et al. 2001). Therefore, understanding the molecular mechanisms underlying this 

cue-induced craving-evoking memory can provide great therapeutic potential to treat drug 

addiction. 

Neurobiology of addiction and relapse 

Mesolimbic dopamine pathway 

Different drugs of abuse target different receptors and proteins to exert their action, such as 

opiates, which are agonists of opioid receptors, nicotine, which is a nicotinic acetylcholine 

receptor agonist and cocaine, which binds to and inhibits nerve terminal transporters for 

monoamine neurotransmitters like dopamine (Nestler 2001). Commonly, these drugs produce 

their reinforcing effect through activation of the mesolimbic dopamine system, a circuit of 

nuclei responsible for the influence of motivational, emotional, contextual effect on behaviour. 

This circuit includes amygdala, prefrontal cortex (PFC), ventral tegmental area (VTA), 

hippocampus and the nucleus accumbens (NAc). My project focuses on the NAc, which plays 

a central role in mediating motivated behaviours (Kelley 2004). Approximately 95% of neurons 

in the NAc are GABAergic medium spiny neurons (MSNs) that primarily express either D1-

type or D2-type receptors; about 1–2% of the remaining neuronal types are large aspiny 

cholinergic interneurons and another 1–2% are GABAergic interneurons (Robison and Nestler 

2011). The NAc receives glutamatergic projections from limbic nuclei including the amygdala, 

hippocampus and PFC and dopaminergic projections from the VTA. These regions have been 

implicated in memory and are important in processing decision-making, contextual 

information from environment and emotionally salient information. The NAc then influences 

motor output by sending GABAergic projections to regions with connections to the motor 
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circuitry, such as the ventral pallidum and ventral mesencephalon (Groenewegen, Wright et al. 

1999, Kelley 1999). Both the ventral pallidum and VTA send GABAergic efferents to the 

medial dorsal thalamus, which sends glutamatergic projections to the mPFC close this limbic 

circuit (Alexander, Crutcher et al. 1991, Pierce and Kalivas 1997, Pierce and Kumaresan 2006). 

There have been several neuropharmacological studies in animal models which show that this 

mesolimbic dopamine system underlies cocaine reward and contributes to relapse through cue-

induced craving through drug-induced neuroadaptations (Kalivas and McFarland 2003, Wise 

2004, Pierce and Kumaresan 2006). These neuroadaptations have been hypothesised to cause 

hypersensitivity to cues associated with cocaine and impulsive decision making (Di Chiara 

1998, Jentsch and Taylor 1999, Volkow and Fowler 2000, Everitt and Wolf 2002). 

Protein degradation 

Protein degradation is an essential process to maintain cell homeostasis and can be achieved in 

two ways: proteolysis by lysosomes or an ubiquitin-dependent process that targets proteins for 

proteasomal proteolysis. Both of these systems are elaborate and are mediated by assortment 

of regulatory proteins that allow for temporal and spatial specificity of protein degradation. 

Regulated proteolysis is involved in variety of processes like cell cycle and division, apoptosis, 

transcription, and signal transduction (Ciechanover 2005). 

Ubiquitin-proteasome system 

Ubiquitin-proteasome system (UPS) is a mechanism by which proteins are degraded by a 26S 

protease complex following conjugation by specific molecules called ubiquitins. Ubiquitins are 

evolutionarily conserved 76-residue polypeptide which are conjugated to the target protein 

through a three-step cascade mechanism (Ciechanover 1994). The ubiquitin activating enzyme 

E1 activates the ubiquitin molecules through an ATP-mediated reaction. Ubiquitin-conjugating 
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E2 enzyme transfers the activated ubiquitin moiety to the substrate that is specifically bound 

to a member of the ubiquitin-protein ligase family, E3 (Glickman and Ciechanover 2002). 

Proteins can acquire a single ubiquitin, termed monoubiquitination, or several ubiquitin tags, 

called polyubiquitination. Proteins tagged with a chain of four or more ubiquitin tags linked 

together at the lysine-48 site are recognized and degraded by the 26S proteasome complex. The 

26S proteasome complex is a 2.5-MDa molecular machine built from ~31 different subunits. 

It contains a barrel-shaped proteolytic core complex (the 20S proteasome) capped at one or 

both ends by 19S regulatory complexes, which recognize ubiquitinated proteins (Voges, 

Zwickl et al. 1999). The 19S cap includes a base containing ATPase and non-ATPase subunits. 

The ATPase subunits regulate protein unfolding and activity of the 20S catalytic core through 

ATP-dependent processes. The 20S core is comprised of outer rings, containing α subunits, 

and inner rings, containing β subunits. The β subunits regulate the three types of catalytic 

activities: chymotrypsin-, trypsin and peptidylglutamyl-like activities. 

Ubiquitin proteasome system and synaptic plasticity 

The degradation of proteins by the ubiquitin-proteasome pathway has been shown to regulate 

several important cellular processes including apoptosis (Hale, Smith et al. 1996), 

differentiation and growth (Zhu, Carroll et al. 1996), transcriptional activation (Verma, 

Stevenson et al. 1995, Salghetti, Caudy et al. 2001), and antigen presentation (Michalek, Grant 

et al. 1993). The first role for ubiquitin-mediated protein degradation in synaptic plasticity was 

established through studies done in Aplysia to study the mechanisms of long term facilitation 

(LTF) (Hegde, Goldberg et al. 1993, Hegde, Inokuchi et al. 1997). Subsequent studies done on 

sensory-motor neuron synapses and rat hippocampus suggest that decrease in some critical 

inhibitory proteins during long-term memory formation is mediated by the UPS (Abel, Martin 

et al. 1998, Chain, Casadio et al. 1999, Lopez‐Salon, Alonso et al. 2001). Apart from 
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modulating long-term synaptic plasticity, UPS has also been shown to regulate synaptic 

transmission, as well as short-term synaptic plasticity (Hegde 2010). UPS has been shown to 

be present in synaptic boutons to control levels of presynaptic proteins and, therefore, regulates 

the strength of neurotransmission communication (Speese, Trotta et al. 2003). Ehlers (2003) 

demonstrated that chronic stimulation or inhibition of cultured hippocampal neurons resulted 

in dynamic changes in the protein composition of the postsynaptic density (PSD) and many of 

these changes were largely regulated by increases or decreases in polyubiquitination and 

subsequent proteasome-dependent degradation of proteins in the PSD. In addition, 

ubiquitination of scaffolding protein PSD-95, which tethers NMDA and AMPA receptors to 

signalling proteins and the neuronal cytoskeleton, was found to be critical in regulating AMPA 

receptor surface expression in synaptic plasticity (Colledge, Snyder et al. 2003). Proteasomal-

dependent protein degradation has also been implicated in late-phase long-term potentiation 

(L-LTP). It has been shown that the site of proteasome inhibition within the neuron 

differentially affects L-LTP (Dong, Upadhya et al. 2008). 

Ubiquitin-proteasome system and memory process 

Apart from synaptic plasticity, the UPS is also involved in memory process like memory 

formation and retrieval (Jarome and Helmstetter 2013). The first evidence for this comes from 

studies done by (Lopez ‐Salon, Alonso et al. 2001) who showed that pharmacological 

inactivation in the dorsal hippocampus impaired the consolidation of an inhibitory avoidance 

memory. Most of the subsequent work on the involvement of UPS in memory process has been 

done on Pavlovian fear memories, which are formed when a neutral conditional stimulus (CS) 

is paired with an aversive unconditional stimulus (UCS). Polyubiquitinated protein levels 

(Jarome, Werner et al. 2011) and catalytic proteasome activity (Jarome, Ferrara et al. 2015) 

were found to be increased in the amygdala following retrieval of fear memories and in the 
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hippocampus there was an increase in polyubiquitinated proteins (Lee, Choi et al. 2008), but 

no change in catalytic proteasome activity (Jarome, Ferrara et al. 2015). 

Memory retrieval is an important part of drug addiction, as exposure to cues previously paired 

with cocaine can lead to retrieval of cocaine-associated memories that causes cocaine craving. 

In animal models of drug addiction, increased polyubiquitinated proteins have been found in 

the NAc following memory retrieval in a CPP paradigm (Massaly, Dahan et al. 2013, Ren, Liu 

et al. 2013). However, proteasome activity was found to not be required for morphine CPP 

(Massaly, Dahan et al. 2013). After extended-access cocaine self-administration paradigm, 

(Werner, Milovanovic et al. 2015) found that retrieval of cocaine- and saline-associated 

memories both produced increased polyubiquitinated proteins in the NAc during prolonged 

withdrawal when cocaine craving has incubated. NAc proteasome catalytic activity of the UPS 

was also similar after retrieval of saline and cocaine memories. However, NAc proteasome 

catalytic activity was found to be greater after retrieval of cocaine memory than saline memory 

during early withdrawal. 

E3 ubiquitin ligases in disorders 

E3 ubiquitin ligases (E3s) are a large diverse group of proteins responsible for the selectivity 

of the 26S proteasome for a particular protein. They contain a HECT (homologous to E6-

associated protein C-terminus), RING (really interesting new gene) or U-box (a modified 

RING motif without the full complement of Zn2+-binding ligands) domain (Ardley and 

Robinson 2005). The importance of E3s is highlighted by the number of normal cellular 

processes they regulate, and the number of diseases associated with their loss of function or 

inappropriate targeting. There are currently more than 600 E3 ubiquitin ligases which have 

been identified (Li, Bengtson et al. 2008). Many late-onset neurodegenerative diseases, such 
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as Parkinson’s and Huntington’s, are caused by intracellular toxic aggregates of proteins. 

Dysregulation of the UPS system may be a contributing factors (Bossy-Wetzel, 

Schwarzenbacher et al. 2004, Ross and Pickart 2004, Rubinsztein 2006) and, therefore, the 

therapeutic potential of E3 ubiquitin ligases are currently being studied (Paul 2008, Gong, Chen 

et al. 2010, Dawson and Dawson 2014). Mutations in SHANK scaffolding proteins which is 

degraded by E3 ubiquitin ligase Trim3 has been linked to Autism spectrum disorders (Ebert 

and Greenberg 2013) and several other E3 ligases have been linked to bipolar disorder (Ryan, 

Lockstone et al. 2006). The role E3 ubiquitin ligases in addiction has still not been extensively 

studied. My project focuses on the role of E3 ubiquitin ligase Smurf1 and its role in mediating 

cellular and behavioural plasticity after cocaine use. 

E3 ubiquitin ligase Smurf1 

Smurf1 (Smad ubiquitination regulatory factor-1) is an E3 ubiquitin ligase, homologous to E6-

AP carboxyl-terminus (HECT) domain of the C2-WW-HECT class (Izzi and Attisano 2006). 

The C2 domain can mediate interactions with membrane lipids and proteins, whereas the WW 

domains bind proline tyrosine (PY) motifs (Harvey and Kumar 1999). Smurf1 has been related 

to multiple biological processes, including cell growth and migration, and has several known 

physiological functions in bone formation, embryonic development, and tumorigenesis (Cao 

and Zhang 2013). Smurf1 has been implicated in several signalling pathways, such as the non-

canonical Wnt pathway where it targets Prickle1 for ubiquitin-mediated degradation 

(Narimatsu, Bose et al. 2009), bone morphogenetic protein (BMP) pathway (Zhu, Kavsak et al. 

1999), and the mitogen-activated protein kinase pathway (Sapkota, Alarcón et al. 2007, Mu, 

Gudey et al. 2012). Smurf1 transfers ubiquitin to specific substrates that include ras homolog 

gene family, member A (RhoA) and Smad1/5. 
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Bone Morphogenetic protein pathway 

The BMP pathway is a component of the TGF-β superfamily that plays an important role in a 

plethora of biological processes during cell development, growth, and differentiation. While 

the TGF-β pathway has been previously implicated in cocaine-induced morphological and 

behavioural plasticity (Gancarz, Wang et al. 2015, Wang, Martin et al. 2016), the BMP 

pathway has not been examined in substance use disorder. BMP receptors activate receptor-

regulated Smads (R-Smads), including Smad1 and Smad5. When phosphorylated, Smad1 and 

Smad5 (Smad1/5) form a heteromeric transcription complex with common-mediator Smad (co-

Smad) Smad4. This complex is then transported into the nucleus to regulate gene expression. 

Smurf1 interacts with phosphorylated (p)-Smad1 following a series of phosphorylation events 

involving cyclin-dependent kinase 8/9 (CDK8/9) and glycogen synthase kinase-3 (GSK3) that 

creates binding preference for Smurf1 and, based on conserved residues in the linker regions 

of Smad1 and Smad5, it is predicted that Smurf1 interacts similarly with Smad5 (Aragón, 

Goerner et al. 2011). 

Ras homolog gene family, member A (RhoA) 

RhoA is a member of the Rho family of small GTPases that cycles between active 5’-

triphosphate (GTP)-bound and inactive guanosine 5’-diphosphate (GDP)-bound states (Van 

Aelst and D’Souza-Schorey 1997, Hall 1998). Increased inactive RhoA has been found to 

produce actin instability and spine remodelling (Schubert, Da Silva et al. 2006, Bennett, Farnell 

et al. 2011, Bennett and Lagopoulos 2014). Smurf1 recognizes GDP-bound RhoA through its 

C2 domain but does not target other Rho family members, including Cdc42 and Rac1 (Lu, Li 

et al. 2011, Tian, Bai et al. 2011). 
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Runt related transcription factor 2 (RUNX2) 

Runx2 is a transcription factor whose activity is coordinated through BMP-activated Smad1/5 

(Ziros, Gil et al. 2002, Chen, Deng et al. 2012). Runx2 has been shown to functionally interact 

with c-Fos and c-Jun, immediate early genes involved in cocaine plasticity (Nestler 1993, 

Chandra and Lobo 2017), to cooperatively bind AP-1 binding sites (D'Alonzo, Selvamurugan 

et al. 2002), which are essential components of transcriptional events following cocaine 

exposure (Nestler 2005, Hyman, Malenka et al. 2006, Robison and Nestler 2011). 

In my project, I examined the role of Smurf1, in the NAc in withdrawal-dependent plasticity 

and cue-induced cocaine seeking following self-administration. After short access self-

administration, I found that Smurf1 protein level was decreased and levels of Smurf1 substrates 

were increased on withdrawal day (WD) 7 but not WD1. Furthermore, I conducted viral-

mediated gene transfer experiments that revealed a bidirectional role for Smurf1 in cue-induced 

cocaine seeking but not food reward. Finally, I conducted chromatin immunoprecipitation 

(ChIP) to examine how Smurf1 might mediate these cellular and behavioural changes after 

cocaine use. My results suggest that there is a novel role for the UPS in regulating cocaine-

induced neuroadaptations and relapse behaviours through Smurf1. 
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Materials and Methods 

Subjects. Adult male Sprague-Dawley rats (250–275 g; Envigo, Indianapolis, IN) were 

allowed to habituate to the colony room upon arrival, which was held at a constant temperature 

and humidity level. This study was conducted in accordance with the guidelines set up by the 

Institutional Animal Care and Use Committee (IACUC) of The State University of New York 

at Buffalo. 

Drugs. Cocaine hydrochloride, gifted by NIDA, was dissolved in sterile 0.9% saline. Cocaine 

solutions (4.5 mg/ml) were prepared on a weekly basis. Cocaine was delivered via a syringe 

pump and injection volumes were adjusted according to body weight on a daily basis in order 

to deliver 1.0 mg/kg/infusion. 

Jugular catheterization and patency testing. Rats were implanted with chronic indwelling 

jugular catheters. The details of this procedure have previously been described in detail 

(Gancarz, Kausch et al. 2012). Rats were allowed 7 days to recover following surgery. 

Catheters were flushed daily with 0.2 ml of a solution of enrofloxacin (4 mg/ml) in heparinized 

saline (50 IU ml−1 in 0.9% sterile saline) to preserve catheter patency. One day prior to 

behavioral testing, each animal received an i.v. infusion of ketamine hydrochloride (0.5 mg/kg 

in 0.05 mL) and the behavioral response was observed to verify catheter patency. Loss of 

muscle tone and righting reflexes served as behavioral indicators of patency. Only rats with 

patent catheters were used in behavioral and biochemical studies. 

Self-administration operant chambers. 24 standard experimental test chambers (MED 

Associates, Inc., St. Albans, VT) were used. The intelligence panel had two nose poke holes 

located on one wall of the test chamber with stimulus lights mounted above the holes and a 

house light mounted on the back wall of the chamber. Snout pokes were monitored with 

infrared detectors. Test chambers were housed in isolation and were computer controlled 
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through a MED Associates interface with MED-PC. 

Self-administration. For saline and cocaine self-administration, rats were housed on a reverse 

light/dark cycle, had ad libitum access to food and water and were singly housed following 

surgery and for the duration of the experiment. Behavioural testing took place during the dark 

phase of the 12-h light/dark cycle. Following recovery from jugular catheter surgery, rats were 

assigned to self-administer either saline or 1.0 mg/kg/infusion cocaine for 10 sessions. Self-

administration procedures were conducted exactly as previously reported (Gancarz, Wang et 

al. 2015, Wang, Martin et al. 2016). A response (nose poke) in the active hole resulted in an 

intravenous (i.v.) injection of saline or cocaine according to a fixed ratio (FR) 1 schedule of 

reinforcement followed by a 30-sec time-out period. Infusions were accompanied by a 5-sec 

illumination of the stimulus light above the active hole and the house light was extinguished 

for the duration of the infusion and time-out period. Responses in the inactive hole resulted in 

no programmed consequences. Session durations were 2 h. Following training sessions, 

catheters were flushed and rats were returned to the colony room. 

Tissue collection. Tissue was collected 1 or 7 days after self-administration training. Following 

rapid decapitation, brains were removed and sliced into 1-mm-thick sections using a brain 

matrix and 2-mm- or 3-mm-diameter tissue punches targeted at the NAc or CPu, respectively, 

were collected and rapidly frozen on dry ice for immunoblotting or post-fixed for ChIP 

experiments. 

Immunoblotting. NAc tissue punches from each rat were homogenized in 30 μl of 

homogenization buffer containing 320 mM sucrose, 5 mM HEPES buffer, 1% SDS, 

phosphatase inhibitor cocktails 2 and 3 (Sigma-Aldrich, St. Louis, MO; P5726, P0044), and 

protease inhibitors (Roche, Basel, Switzerland), 11-873-590-001). Protein concentrations were 

determined, and a total of 30 mg of protein was loaded onto 10% Tris-SDS polyacrylamide 
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gels for electrophoresis separation. Proteins were transferred to nitrocellulose membranes, 

blocked with Rockland Blocking Buffer (VWR International, Radnor, PA; RLMB-070-003), 

and incubated overnight at 4°C with primary antibodies diluted in Rockland Blocking Buffer: 

anti-Smurf1 (1:500; Abcam, Cambridge, MA; ab38866), anti-p-Smad1/5 (1:500; Cell 

Signaling Technology, Danvers, MA; 9516), anti-RhoA (1:500; Cell Signaling Technology; 

2117) and anti-β-actin (1: 10,000; Cell Signaling Technology; 3700). After washing with TBS 

containing 0.1% Tween-20 (TBS-T), membranes were incubated with IRDye secondary 

antibodies (1: 5,000; LI-COR, Lincoln, NE; 926-68072) dissolved in Rockland Blocking 

Buffer for 1 h at room temperature (RT). The blots were imaged using the Odyssey Infrared 

Imaging system (LI-COR) and quantified by densitometry using ImageJ (US National 

Institutes of Health, Bethesda, MD). The amount of protein loaded into each lane was 

normalized to β-actin. 

RhoA GTPase activation assay. RhoA activation assay (NewEast Biosciences, Malvern, PA; 

80601) was performed according to manufacturer instructions and as previously described 

(Dietz, Sun et al. 2012, Dias, Dietz et al. 2015). Briefly, 100 μg of homogenized NAc protein 

with lysis buffer and anti-active RhoA monoclonal antibody was added to 20 μl A/G Agarose 

bead slurry and incubated at 4°C for 1 h with gentle agitation. The bead pellet after 

centrifugation was washed three additional times with lysis buffer and resuspended in 20 μl of 

2X reducing SDS-PAGE sample buffer. The sample was loaded into 17% polyacrylamide gel 

for electrophoresis separation. Proteins were transferred to nitrocellulose membranes, blocked 

with 5% non-fat dry milk and incubated with anti-RhoA polyclonal antibody (1:1000; Sigma-

Aldrich; 21017) diluted in 3% BSA at 4°C overnight. Membranes were then washed with TBS-

T, incubated with secondary antibodies, imaged and quantified as described above. 

Tandem ubiquitin binding entities (TUBEs) affinity purification. TUBEs affinity 

purification was performed as previously described (Schreiber, Vegh et al. 2015) with minor 
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modifications. 100 μg of homogenized NAc protein was added to 10 μl of anti-K48-TUBEs 

slurry (LifeSensors, Malvern, PA). Purification of bound proteins was performed using a 

solubilizing detergent made of 2% NP-40 in 25 mM Hepes and 150 mM NaCl, pH 7.2. 10 mM 

N-ethylmaleimide, 20 µM MG132 and protease inhibitors were added to all extraction buffers 

to minimize deubiquitylation and proteasomal degradation. Purified proteins were washed 

three times in extraction buffer, once in a high salt buffer (500 mM NaCl) and once in a buffer 

absent of salt. Proteins were then eluted in 30 μl of buffer containing 5 mM Hepes and analysed 

using immunoblotting. 

Viral-mediated gene transfer. Smurf1 plasmids used to make the HSV vectors were gifted to 

us from Dr. Jeff Wrana. We generated HSV vectors containing wild-type Smurf1 (wtSmurf1; 

Addgene, Cambridge, MA; Addgene plasmid #11752) and catalytically inactive Smurf1 (CI-

Smurf1; Addgene plasmid #11753) in which the catalytic, ligase-active site Cys699 was mutated 

to alanine (Zhu, Kavsak et al. 1999) in p1005 transcription cassettes expressing green 

fluorescent protein (GFP) driven by a CMV promoter to allow for neuronal visualization. Such 

HSV vectors exhibit maximal expression 3–5 d post-injection(Neve, Neve et al. 2005). All 

viral tools were validated both in vitro and in vivo before use in behavioural experiments. 

Cue-induced seeking test. Rats were trained to self-administer cocaine as described above. 

On WD4, rats were assigned to receive bilateral intra-accumbal viral-mediated gene transfer. 

Three days after these injections, when viruses were maximally expressed, rats were returned 

to operant chambers for a 1 h cue-induced seeking test on WD7. 

Food reinforcement. For food self-administration, rats were singly housed on a light/dark 

cycle and were food restricted to 10% of bodyweight. Behavioural testing took place during 

the light phase of the 12-h light/dark cycle. Food training was conducted as previously 

described (Thorn, Jing et al. 2014) with few minor modifications. In commercially available 
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chambers (Coulbourn Instruments, Whitehall, PA), rats were trained to lever press for food 

reward. During the daily 1 h training sessions, rats could press the left lever (active lever) under 

a FR1 schedule and earn up to 50 food pellets. The response requirement was gradually 

increased to FR5 over a period of 10 days. Responses on the right lever (inactive lever) were 

recorded but had no programmed consequence. Four days after food training, rats were 

assigned to receive bilateral intra-accumbal injections of HSV-wtSmurf1, HSV-CI-Smurf1 or 

HSV-GFP. Three days later, rats returned to the operant chamber to measure cue-induced food 

seeking. 

Locomotor activity. Locomotor activity was recorded by an infrared motion-sensor system 

(AccuScan Instruments, Inc., Columbus, OH) fitted outside transparent plastic cages with 

Versa Max animal activity software (Omnitech Electronics, Inc., Columbus, OH) that monitors 

distance travelled during the 1 h test. Locomotor activity was measured when viruses were 

maximally expressed. 

Chromatin immunoprecipitation (ChIP)-qPCR. Bilateral NAc punches were obtained on 

WD7 following self-administration. ChIP was performed for Runx2 as described previously 

(Gancarz, Wang et al. 2015, Wang, Martin et al. 2016) with minor modifications. Four NAc 

punches from two rats were pooled together for each sample (n = 6 samples for saline and n = 

5 samples for cocaine group). Briefly, pooled NAc punches were fixed for 12 min in 1% 

formaldehyde, then quenched with 2 M glycine for 5 min. The chromatin was solubilized and 

extracted by cell and nuclear lysis. The chromatin was then sheered using a Bioruptor 300 

(Diagenode, Liège, Belgium) at 4°C at high sonication intensity for 30 secs on/30 sec off for 

10 min, followed by 10 min of rest, which was repeated three times. Fragment size of 250– 

1000 base pairs (bp) was verified on a 2% agarose gel. Magnetic sheep anti-mouse beads 

(Invitrogen of Thermo Fisher Scientific, Waltham, MA) were incubated with Runx2 antibody 

(Santa Cruz Biotechnology, Santa Cruz, CA; 390351) at 4°C overnight on a rotator. Following 
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washing of the magnetic bead/antibody complex, 70 μL of the slurry was incubated with the 

sheared chromatin sample for 16 h at 4°C. Ten percent of each sample of sheared chromatin 

was used as an input control. Samples were washed with LiCl and Tris-EDTA buffers. Reverse 

cross-linking was performed at 65°C overnight, and proteins and RNA were removed using 

proteinase K (Invitrogen) and RNase (Roche), respectively. DNA was purified using a DNA 

purification kit (Qiagen, Hilden, Germany). Additionally, an IgG control was used to test for 

nonspecific binding. qPCR was performed (iQ5 system; Bio-Rad Laboratories, Inc., Hercules, 

CA) to identify binding of Runx2 to proximal promoter regions of target genes that contain an 

Activating Protein-1 (AP-1) binding site. All ChIP-qPCR primers were tested for efficiency 

before being used in experimental conditions. Amplification reactions were run in triplicate 

with iQ SYBR Green (Bio-Rad Laboratories, Inc.), and each sample was normalized to the IgG 

control. Fold changes were calculated as cocaine relative to saline control. 

Statistical analysis. Our sample sizes are similar to those reported in previous publications 

(Gancarz-Kausch, Schroeder et al. 2013, Gancarz, Wang et al. 2015, Wang, Martin et al. 2016). 

All statistical analyses were performed using Prism (GraphPad Software, In., La Jolla, CA). 

Self-administration training was analysed using repeated measures two-way within-subject 

analyses of variance (ANOVAs), followed by Bonferroni post hoc comparisons. 

Immunoblotting, TUBEs affinity purification and RhoA GTPase activation assay studies were 

analysed using Student’s t-test. Cue-induced seeking behaviour, locomotor activity and ChIP 

studies were analysed using one-way ANOVA, followed by planned comparisons. Tests were 

two-tailed except where directional hypotheses could be inferred. The criterion for statistical 

significance was set at p < 0.05. All data are presented as mean ± s.e.m. 

16 



 
 

 

          

 

        

              

                 

           

      

         

           

            

              

            

       

               

             

               

                   

            

            

               

              

            

      

Results 

Smurf1 is decreased in the NAc in a withdrawal-dependent manner following cocaine 

self-administration 

RhoA and the TGF-β superfamily have previously been implicated in cocaine-dependent 

plasticity (Kim, Shin et al. 2009, Bakshi, Kosciuk et al. 2011, Warren, Bradley et al. 2012, 

Lichti, Fan et al. 2014, Gancarz, Wang et al. 2015, Wang, Martin et al. 2016, Luo, Shang et al. 

2017). We therefore set out to determine if Smurf1, which regulates RhoA and BMP signal 

transducers Smad1 and Smad5, is involved in cocaine-related cellular and behavioural 

plasticity. To do so, we first asked if Smurf1 and Smurf1 substrates are altered after cocaine 

exposure. Rats were trained to nose-poke to receive intravenous infusions of saline or cocaine 

paired with a light cue using a short-access regimen (2 h/day × 10 days) and then underwent 

withdrawal in home cages. Tissue punches were taken from the NAc or CPu (Supplementary 

Fig. 1) on WD1 or WD7 following the last cocaine exposure (Fig. 1a). 

Following self-administration (Fig. 1c; two-way repeated-measures ANOVA, interaction 

effect F(9,162) = 3.664, p = 0.0003; drug effect F(1,18) = 111.9, p  0.0001; session effect F(9,162) 

= 5.914, p  0.0001), protein levels were unchanged for Smurf1, RhoA, p-Smad1/5, Smad1 

and Smad5 on WD1 (Fig. 1d; t-test, t(16) = 0.0704, p = 0.944; Fig. 1e; t-test, t(15) = 0.2285, p = 

0.822; Fig. 1f; t-test, t(17) = 0.15, p = 0.882; Fig. 1g; t-test, t(14) = 0.1383, p = 0.892; Fig. 1h; t-

test, t(17) = 0.281, p = 0.782). In contrast, on WD7 following self-administration (Fig. 1c; two-

way repeated-measures ANOVA, interaction effect F(9,162) = 4.265, p  0.0001; drug effect 

F(1,18) = 90.7, p  0.0001; session effect F(9,162) = 0.539, p = 0.539), Smurf1 was significantly 

decreased in the NAc (Fig. 1d; t-test, t(15) = 2.149, p = 0.048) but not the dorsal 

striatum/caudoputamen (CPu; Supplementary Fig. 2; t-test, t(16) = 0.397, p = 0.67) while 

Smurf1 substrates, RhoA, p-Smad1/5, Smad1 and Smad5, were significantly increased in 
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cocaine-treated rats compared to saline controls (Fig. 1e; t-test, t(10) = 2.394, p = 0.018; Fig. 1f; 

t-test, t(22) = 2.031, p = 0.027; Fig. 1g; t-test, t(16) = 2.222, p = 0.041; Fig. 1h; t-test, t(12) = 2.874, 

p = 0.014). 
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Figure 1 | Smurf1 is decreased, while Smurf1 substrates are increased, in the NAc on WD7 following cocaine self-

administration. a Experimental timelines for self-administration training and withdrawal. b Representative immunoblot 

band images. c Self-administration training behaviour (n = 9-11 per group). Protein levels for d Smuf1 (n = 8–10 per group), 

e RhoA (n = 6–9 per group), f p-Smad1/5 (n = 9–11 per group), g Smad1 (n = 8–10 per group) and h Smad5 (n = 6-10 per 

group). NAc = nucleus accumbens; WD = withdrawal day; p = phosphorylated. Data are mean ± s.e.m. * p < 0.05. 
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Inactive RhoA and Smurf1 substrate polyubiquitination levels are increased during 

withdrawal following cocaine self-administration 

RhoA regulates dendritic spine length and density via actin polymerization (Schubert, Da Silva 

et al. 2006, Sfakianos, Eisman et al. 2007, Kang, Guo et al. 2009) and has previously been 

implicated in in cocaine plasticity (Gourley, Koleske et al. 2009, Kim, Shin et al. 2009, Bakshi, 

Kosciuk et al. 2011, Warren, Bradley et al. 2012, Lichti, Fan et al. 2014, Luo, Shang et al. 

2017). We have previously demonstrated that following 7 days of withdrawal from cocaine 

self-administration, there is a persistent increases in MSN spine density (Gancarz, Wang et al. 

2015). To determine if inactive RhoA is altered during withdrawal in the NAc, we used a RhoA 

GTPase activation assay and found that inactive/total RhoA is significantly increased on WD7 

in cocaine-treated rats compared to saline controls (Fig. 2b; t-test, t(10) = 2.252, p = 0.048), 

which is associated with an increase in actin polymerization/instability and remodelling of 

spines (Schubert, Da Silva et al. 2006, Bennett, Farnell et al. 2011, Bennett and Lagopoulos 

2014). 

Smurf1 mediates the polyubiquitination of its substrates for proteasomal degradation (Zhu, 

Kavsak et al. 1999, Wang, Zhang et al. 2003). Therefore, we next hypothesized that the 

reduction in Smurf1 on WD7 (Fig. 1d) results in a diminution of Smurf1 substrates. To directly 

test this, we utilized anti-lysine (K) 48-tandem ubiquitin binding entities (TUBEs) to pull-down 

proteins polyubiquitinated for proteasomal degradation (Hjerpe, Aillet et al. 2009). We found 

significant reductions in levels of polyubiquitinated/total RhoA (Fig. 2c; t-test, t(9) = 2.743, p 

= 0.022), polyubiquitinated/total p-Smad1/5/total Smad1 (Fig. 2d; t-test, t(10) = 2.727, p = 

0.021) but not polyubiquitinated/total p-Smad1/5/total Smad5 (Fig. 2d; t-test, t(8) = 1.472, p = 

0.179) in cocaine-treated rats compared to saline controls on WD7, suggesting that decreased 

Smurf1 expression (Fig. 1d) increases RhoA (Fig. 1e) and p-Smad1/5 (Fig. 1f) by reducing 

polyubiquitination of RhoA (Fig. 2c) and p-Smad1/5 (Fig. 2d) for proteasomal degradation. 
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Smurf1 in the NAc regulates cue-induced cocaine seeking following withdrawal from 

cocaine self-administration 

To determine a casual role for of Smurf1 in the NAc, we used viral-mediated gene transfer to 

overexpress Smurf1 or catalytically inactive Cl-Smurf1, which is unable to conjugate ubiquitin, 

in the NAc of rats that underwent cocaine self-administration. We first confirmed that in vivo, 

herpes simplex virus (HSV)-wtSmurf1 increased Smurf1 and decreased RhoA and p-Smad1/5 

compared to HSV-GFP (Supplementary Fig. 2a; t-test, t(10) = 3.983, p = 0.002; Supplementary 

Fig. 2b; t-test, t(14) = 2.21, p = 0.022; Supplementary Fig. 2c; t-test, t(15) = 1.954, p = 0.034), 

while overexpression of HSV-Cl-Smurf1 increased Smurf1, RhoA and p-Smad1/5 

(Supplementary Fig. 2d; t-test, t(12) = 2.27, p = 0.043; Supplementary Fig. 2e; t-test, t(13) = 2.371, 

p = 0.017; Supplementary Fig. 2f; t-test, t(9) = 2.035, p = 0.036). These results demonstrate that 

HSV-wtSmurf1 increases Smurf1 while HSV-Cl-Smurf1 expresses a mutant Smurf1 that is 

unable to tag substrates for degradation. 

Following training cocaine self-administration, (Fig. 3b), rats received intra-accumbal delivery 

of HSV-wtSmurf1, HSV-CI-Smurf1 or HSV-GFP on WD4 (Fig. 3c). Viral-mediated gene 

transfer groups were selected in a pseudorandom manner such that groups did not differ with 

respect to the amount of cocaine taken during self-administration (Fig. 3b; two-way repeated-

measures ANOVA, interaction effect F(18,243) = 2.516, p = 0.0008; drug effect F(2,27) = 1.509, p 

= 0.2391; session effect F(9,243) = 37.2, p  0.0001). On WD7, when the virus was maximally 

expressed, rats were returned to operant chambers for a cue-induced cocaine-seeking test. We 

found that viral-mediated gene transfer had a significant effect on cue-induced cocaine seeking 

(3d; one-way ANOVA, F(2,27) = 4.68, p = 0.0004). More specifically, viral-mediated Smurf1 in 

the NAc significantly attenuated the number of total active responses compared to HSV-GFP 

controls (Fig. 3d; t-test, t(13) = 2.565, p = 0.023), while HSV-CI-Smurf1 significantly increased 

total active responses compared to HSV-GFP controls (Fig. 3d; t-test, t(16) = 2.609, p = 0.019). 
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Together these findings suggest Smurf1 bi-directionally regulates cue-induced cocaine seeking 

during withdrawal from cocaine self-administration. 
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Figure 3 | Smurf1 in the NAc bi-directionally regulates cue-induced cocaine seeking on WD7 

following cocaine self-administration. a Experimental timeline for cocaine self-administration 

training, intra-NAc viral-mediated gene transfer and cue-induced cocaine seeking test. b Anatomical 

placement of viral infection and representative image of HSV-infected area in the NAc adjacent to the 

anterior commissure (AC). c Cocaine self-administration training prior to viral-mediated gene transfer. 

d Total active responses during 1 hr cue-induced cocaine seeking test for HSV-wtSmurf1, HSV-CI-

Smurf1 or HSV-GFP (n = 7–12 per group). NAc = nucleus accumbens; HSV = herpes simplex virus; 

WD = withdrawal day; wt = wild-type; CI = catalytically inactive. Data are mean ± s.e.m. * p < 0.05. 
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Smurf1 in the NAc does not affect cue-induced food seeking or locomotion 

To examine the behavioural specificity of Smurf1 in regulating reward behaviours, we trained 

rats to respond for food, conducted viral-mediated gene transfer and then tested rats for 

responding to cues previously paired with food availability (i.e. food-seeking (Fig. 4a). Four 

days following the final day of food self-administration, rats were assigned to receive bilateral 

intra-accumbal delivery of HSV-wtSmurf1, HSV-CI-Smurf1 or HSV-GFP. Rats were assigned 

to treatment groups such that there were no differences in food training (Fig. 4c; two-way 

repeated-measures ANOVA, training session effect F(9,180) = 111.9, p  0.0001). Three days 

later when viruses were maximally expressed, rats were returned to the operant chamber for a 

cue-induced seeking test. We found that neither overexpression of Smurf1 nor CI-Smurf1 

affected cue-induced food seeking (4d; one-way ANOVA, F(2,20) = 0.276, p = 0.761). We also 

tested rats for locomotor activity during maximal virus expression (Fig. 4b) and found no 

differences (Fig. 4e; one-way ANOVA, F(2,20) = 1.588, p = 0.229). Together, these results 

demonstrate that the role of Smurf1 in the NAc is specific for cue-induced cocaine seeking and 

not general reward behaviours or locomotion. 
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Figure 4 | Smurf1 in the NAc does not affect cue-induced food seeking or locomotor activity. Experimental 

timeline for a food self-administration training, intra-NAc viral-mediated gene transfer and cue-induced food 

seeking test and b intra-NAc viral-mediated gene transfer and locomotor test. c Food training. d Total active 

responses during 1 hr cue-induced food seeking test (n = 7–8 per group). e Total distance travelled in a locomotor 

test (n = 7–8 per group). NAc = nucleus accumbens; WD = withdrawal day; wt = wild-type; CI = catalytically 

inactive. Data are mean ± s.e.m. 
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Enhanced occupancy of transcription factor Runx2 at AP-1 sites on target genes 

associated with cocaine plasticity 

To understand how Smurf1-regulated pathways may mediate molecular processes to regulate 

cue-induced cocaine seeking, we examined regulation of transcription by Smad1/5-associated 

Runt-related transcript factor 2 (Runx2) (Chen, Deng et al. 2012), which was increased in the 

NAc on WD7 (Fig. 5a; t-test, t(10) = 3.386, p = 0.007) but not WD1 (Fig. 5a; t-test, t(17) = 0.395, 

p = 0.698). Runx2 binds to AP-1 binding sites (D'Alonzo, Selvamurugan et al. 2002, Ziros, Gil 

et al. 2002), which we used to identify several putative Runx2 gene targets based on DNA 

consensus binding sites (Supplementary Table 1). Following self-administration (Fig. 5b; two-

way repeated-measures ANOVA, interaction effect F(9,180) = 3.36, p  0.001; drug effect F(1,20) 

= 19.06, p  0.001; session effect F(9,180) = 7.727, p  0.5045), chromatin immunoprecipitation 

(ChIP) assays revealed increased Runx2 binding in cocaine-treated rats at promoter regions of 

several target genes that we and others have previously been implicated in cocaine-induced 

plasticity (Fig. 5c; one-way ANOVA, F(7,29) = 3.087, p = 0.015) (Gancarz-Kausch, Schroeder 

et al. 2013, Chandra, Francis et al. 2015, Wang, Martin et al. 2016, Chandra, Engeln et al. 

2017), including Egr3 (t-test, t(8) = 2.196, p = 0.029), Dnml1 (t-test, t(7) = 2.419, p = 0.046) and 

Smarca4 (gene for Brg1; t-test, t(8) = 2.169 , p = 0.031) but not Tgfbr1 (t-test, t(6) = 0.9585, p = 

0.374), suggesting that the Smurf1—Smad1/5—Runx2 pathway may serve as an essential 

transcriptional regulator mediating behavioural plasticity following cocaine self-administration. 
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Figure 5 | Runx2 protein and DNA binding are increased on WD7 following cocaine self-administration. a WD1 

and WD7 NAc protein levels for Runx2 (n = 6–10 per group). b Self-administration training behaviour. c Runx2 binding 

at AP-1 sites along the promoter region of target genes in the NAc on WD7 (n = 3–6 samples per group, 2 rats per 

sample). NAc = nucleus accumbens; WD = withdrawal day. Data are mean ± s.e.m. * p < 0.05, ** p < 0.01. 
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Discussion 

Long-term neuroadaptations in brain regions that process reward and motivation, including the 

NAc, underlie relapse vulnerability. The UPS governs activity-dependent synaptic plasticity 

(Ehlers 2003, Sun and Wolf 2009, Hegde 2010, Bach and Hegde 2016) and has been shown to 

be involved in cocaine-related plasticity in the NAc (Ren, Liu et al. 2013, Ohnishi, Ohnishi et 

al. 2015, Werner, Milovanovic et al. 2015, Gonzales, Howell et al. 2017). However, the role 

of E3s, which mediate polyubiquitination of substrates for proteasomal degradation, has not 

been examined in substance use disorder. In this study, I examined E3 Smurf1 in cellular and 

behavioral plasticity in the NAc during withdrawal following cocaine self-administration. I 

found that Smurf1 protein levels were decreased, while Smurf1 substrates RhoA and Smad1/5 

were increased, in the NAc on WD7, but not WD1, following cocaine self-administration. 

Moreover, Smurf1 bi-directionally regulated cue-induced cocaine seeking during withdrawal. 

High propensity for relapse persists throughout prolonged withdrawal (Gawin and Kleber 

1992) due, in part, to cue-induced drug craving that is associated with subsequent relapse 

(Courtney, Schacht et al. 2016). Preclinical rodent relapse models demonstrate that synaptic 

and epigenetic alterations occur during withdrawal following cocaine exposure (Russo, Dietz 

et al. 2010, Nestler 2014, Wolf 2016). These neuroadaptations underlie a functional ‘rewiring’ 

of the mesolimbic dopamine system, including the NAc, that mediate relapse behaviors 

(Kalivas and McFarland 2003, Bossert, Marchant et al. 2013). Here I demonstrate a 

withdrawal-dependent change in Smurf1, which mediates cue-induced cocaine seeking. 

Polyubiquitin tags are formed when additional ubiquitin are attached to the first ubiquitin 

molecule at specific K residues, with K-48 linkage believed to provide maximal signal to be 

recognized and degraded by the 26S proteasome complex (Tai and Schuman 2008, Hegde 
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2010, Mabb and Ehlers 2010). I used anti-K48-TUBEs to pull-down and quantify 

polyubiquitinated proteins tagged for proteasomal degradation and found a decrease in levels 

of polyubiquitinated/total Smurf1 substrates suggesting that increased protein expression is the 

result of a reduction in conjugation of ubiquitin by Smurf1. 

I found an increase in inactive RhoA during abstinence from drug when others have reported 

significant changes in dendritic spine density (Gancarz, Wang et al. 2015, Anderson and Self 

2017) and actin cycling(Toda, Shen et al. 2006) in the NAc. Inactive RhoA is known to produce 

actin instability and spine remodeling. Furthermore, it is known that changes in dendritic spine 

density and actin cycling govern glutamatergic plasticity (Quintero 2013) in substance use 

disorder and activation of RhoA has been shown to regulate dendritic spine morphology in a 

glutamate receptor-dependent manner (Schubert, Da Silva et al. 2006). These findings suggest 

that the increase in inactivated RhoA observed in the NAc on WD7 may underlie changes in 

actin-mediated spine stability and glutamate receptor expression. 

Smad1/5 and BMP signaling have been implicated in synaptic maturation and activity-

dependent synaptic plasticity (Berke, Wittnam et al. 2013). However, their roles in psychiatric 

disorders have been not been studied extensively. For the first time, I showed that the Smad1/5 

is altered during withdrawal following cocaine exposure in the NAc and is regulated by 

Smurf1. 

Activity of transcription factor Runx2 is coordinated through BMP-activated Smad1/5 (Ziros, 

Gil et al. 2002, Chen, Deng et al. 2012) and functionally interacts with c-Fos and c-Jun, 

immediate early genes involved in cocaine plasticity (Nestler 1993, Chandra and Lobo 2017), 

to cooperatively bind AP-1 binding sites (D'Alonzo, Selvamurugan et al. 2002), which are 
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essential components of transcriptional events following cocaine exposure (Nestler 2005, 

Hyman, Malenka et al. 2006, Robison and Nestler 2011). I found that Smad1/5 and Runx2 are 

upregulated in the NAc during withdrawal following cocaine self-administration, which made 

me examine Runx2 binding to target genes previously implicated in cocaine plasticity (i.e. 

Egr3, Dnml1 and Smarca4 (Chandra, Francis et al. 2015, Wang, Martin et al. 2016, Chandra, 

Engeln et al. 2017)). I found that cocaine self-administration induces enhanced Runx2 binding 

at AP-1 sites along the promoters of these genes, suggesting that Runx2 may be a master 

regulator of multiple pathways that govern cocaine-induced plasticity. 

There remains a critical need to identify novel pharmacotherapeutic targets to develop effective 

treatments for cocaine use disorder. My project establishes a novel role for the E3 Smurf1 in 

the NAc in cellular and behavioural plasticity following cocaine self-administration. By 

conjugating ubiquitin to RhoA and Smad1/5, Smurf1 regulates proteasomal degradation of 

substrates that govern neuronal plasticity underlying cocaine relapse behaviour during 

withdrawal from cocaine self-administration and may serve as a novel therapeutic target for 

the prevention of relapse. 
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Supplementary figures 
Supplementary Figure 1

Bregma 1.68

1 mm

Supplementary Fig. 1 Schematic of dissected 2-mm- or 3-mm-diameter nucleus accumbens (NAc; red) 

or caudoputamen (CPu; green) punches, repsectively, from 1 mm coronal slice prepared with a brain 

matrix for immunoblotting and chromatin immunoprecipitation (ChIP) studdies. 

CPu

NAc

Figure S1 | Schematic of dissected brain regions of interest. 2 mm or 3 mm tissue punches for NAc 

(red) or CPu (green) punches, respectively, from 1 mm coronal slices prepared with a brain matrix for 

immunoblotting and chromatin immunoprecipitation (ChIP) studies. NAc = nucleus accumbens; CPu 

= caudoputamen 

Supplementary Figure 2
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Fig. 1. Smurf1 is unchanged in the CPu on WD7 following cocaine self-administration. Protein levels 

for Smuf1. CPu = caudoputamen; WD = withdrawal day; sal = saline; coc = cocaine. Data are mean ± 

SEM. * p < 0.05.

Smurf1
b-actin

Figure S2 | Smurf1 is unchanged in the CPu on WD7 following cocaine self-administration. Protein 

levels for Smuf1 (n = 8–10 per group). CPu = caudoputamen; WD = withdrawal day; sal = saline; coc 
= cocaine. Data are mean ± s.e.m. * p < 0.05. 
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Supplementary Figure 3

Supplementary Fig. 3 HSV-wtSmurf1 and HSV-CI-Smurf1 protein levels in the NAc. HSV-wtSmurf1

increased a Smurf1 and decreased b RhoA and c p-Smad1/5. HSV-CI-Smurf1 increased d Smurf1, 

e RhoA and f p-Smad1/5. wt = wild type; CI = catalytically inactive; p = phosphorylated. Data are 

mean ± SEM. * p < 0.05.
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Figure S3 | In vivo HSV-wtSmurf1 and HSV-CI-Smurf1 protein levels in the NAc. HSV-wtSmurf1 

increased a Smurf1 (n = 6 per group) and decreased b RhoA (n = 8 per group) and c p-Smad1/5 (n = 
8–9 per group). HSV-CI-Smurf1 increased d Smurf1 (n = 7 per group), e RhoA (n = 7–8 per group) and 

f p-Smad1/5 (n = 5–6 per group). HSV = herpes simplex virus; wt = wild type; CI = catalytically 

inactive; p = phosphorylated. Data are mean ± s.e.m. * p < 0.05. 
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Table S1 Primer list for chromatin immunoprecipitation. 

Gene Gene name ENSEMBL accession no. Primer sequence, 5’-3’ 
symbol 

Egr3 Early growth ENSRNOT00000024067.5 F GGCTACACATTACTCCGCCA 

response 3 R CCTTGGGGCTCCTGACCCTG 

Dnml1 Dynamin 1- ENSRNOT00000002477.8 F CTTACTGTGGAGATTAACAG 
like R CCTCAGACTGAGAAGGCAGA 

Tgfbr1 Transforming ENSRNOT00000081090.1 F GCTTTGCCGGTGCAGGACTG 

growth factor, 

β receptor 1 R TTTCTTCTACTCCAACCCCA 

Smarca4 SWI/SNF ENSRNOT00000013165.6 F GTCCTGAGTTCAATTCCCAG 

related, matrix 

associated, 
actin 

dependent 

regulator of R ATAAGTACACTGTAGCTGTC 

chromatin, 

subfamily a, 

member 4 
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