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ABSTRACT   (248/250 words) 1 

Addictive behaviors, including relapse, are thought to depend in part on long-lasting drug-2 

induced adaptations in dendritic spine signaling and morphology in the nucleus accumbens 3 

(NAc). While the influence of activity-dependent actin remodeling in these phenomena has 4 

been studied extensively, the role of microtubules and associated proteins remains poorly 5 

understood. We report that pharmacological inhibition of microtubule polymerization in the 6 

NAc inhibited locomotor sensitization to cocaine and contextual reward learning. We then 7 

investigated the roles of microtubule End-Binding Protein 3 (EB3) and SRC kinase in the 8 

neuronal and behavioral responses to volitionally-administered cocaine. In synapto-neurosomal 9 

fractions from the NAc of self-administering male rats, phosphorylation of SRC at an activating 10 

site was induced after one day of withdrawal, while EB3 levels were increased only after 30 days 11 

of withdrawal. Blocking SRC phosphorylation during early withdrawal by virally overexpressing 12 

SRCIN1, a negative regulator of SRC activity known to interact with EB3, abolished incubation of 13 

cocaine craving in both male and female rats. Conversely, mimicking the EB3 increase observed 14 

after prolonged withdrawal increased the motivation to consume cocaine in male rats. In mice, 15 

overexpression of either EB3 or SRCIN1 increased dendritic spine density and altered spine 16 

morphology of NAc medium spiny neurons. Finally, a cocaine challenge after prolonged 17 

withdrawal recapitulated most of the synaptic protein expression profile observed at early 18 

withdrawal. These findings suggest that microtubule-associated signaling proteins such as EB3 19 

cooperate with actin remodeling pathways, notably SRC kinase activity, to establish and 20 

maintain long-lasting cellular and behavioral alterations following cocaine self-administration. 21 
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SIGNIFICANCE STATEMENT   (103/120 words) 22 

Drug-induced morphological restructuring of dendritic spines of nucleus accumbens neurons is 23 

thought to be one of the cellular substrates of long-lasting drug-associated memories. The 24 

molecular basis of these persistent changes has remained incompletely understood. Here we 25 

implicate for the first time microtubule function in this process, together with key players such 26 

as microtubule-bound protein EB3 and synaptic SRC phosphorylation. We propose that 27 

microtubule and actin remodeling cooperate during withdrawal to maintain the plastic 28 

structural changes initially established by cocaine self-administration. This work opens new 29 

translational avenues for further characterization of microtubule-associated regulatory 30 

molecules as putative drug targets to tackle relapse to drug taking.  31 
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INTRODUCTION   (648/650 words) 32 

Drug addiction results from dysfunction within the brain’s reward circuitry (Koob and Volkow, 33 

2010), in which excitatory projections to the nucleus accumbens (NAc) play an integral role in 34 

the acquisition and execution of goal-oriented behaviors and reward learning (Day and Carelli, 35 

2007). Drug-related reward learning and seeking mechanisms are similar to those of natural 36 

rewards (Kelley and Berridge, 2002); however, only drug-seeking increases – or “incubates” – 37 

with prolonged periods of withdrawal (Krasnova et al., 2014). This incubation of drug seeking is 38 

considered a key mediator of relapse that occurs following long abstinence periods in both 39 

human addicts and rodent models of drug addiction (Wolf, 2016). Mechanistically, drugs of 40 

abuse, such as cocaine, mimic reward-related learning signals by increasing extracellular 41 

dopamine in the NAc to levels far exceeding those of natural reinforcers (Di Chiara and 42 

Imperato, 1988). This results in maladaptive long-term changes in NAc neuronal function that 43 

underlie pathological reward learning and ultimately drug seeking and relapse (Volkow and 44 

Morales, 2015). 45 

Excitatory afferents synapse primarily on dendritic spines (Nimchinsky et al., 2002). Consequent 46 

adaptations in postsynaptic spine structure mediate many of the changes in synaptic 47 

transmission that drive learning (Lamprecht and LeDoux, 2004) and addictive behaviors (Russo 48 

et al., 2010; Toda et al., 2010; Huang et al., 2015), as alterations in dendritic spine number and 49 

morphology in the NAc occur after exposure to nearly every drug of abuse (Robinson and Kolb, 50 

2004). At the molecular level, synaptic activity triggers diverse signaling pathways, which in turn 51 

regulate cytoskeleton-associated proteins and cytoskeletal reorganization, ultimately leading to 52 
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spine growth, retraction, or morphological changes (Borovac et al., 2018). However, studies of 53 

activity-dependent structural plasticity have focused predominantly on actin cytoskeleton 54 

dynamics (Hotulainen and Hoogenraad, 2010), and it remains unclear how newly-formed thin, 55 

immature spines are stabilized into mushroom-shaped, stable spines (Kasai et al., 2003) that can 56 

persist even after prolonged drug withdrawal.  57 

We hypothesize that microtubule dynamics, in conjunction with actin remodeling, contribute to 58 

this process. Microtubules are polarized tubules assembled from / -tubulin heterodimers. The 59 

plus-end of microtubules drives polymerization and growth, while the minus-end drives 60 

microtubule “catastrophe” (Geraldo and Gordon-Weeks, 2009). Emerging evidence implicates 61 

microtubule dynamics in dendritic spine architecture and activity-dependent remodeling. 62 

Growth from the plus-end of microtubules into dendritic spines of cultured cortical and 63 

hippocampal neurons is triggered by neuronal activation (Hu et al., 2008), and this rapid 64 

invasion is responsible for later spine stabilization (Jaworski et al., 2009). Several classes of 65 

microtubule-binding proteins regulate their dynamics (Coles and Bradke, 2015). End-Binding 66 

protein 3 (EB3), also known as Microtubule-Associated Protein RP/EB Family Member 3 67 

(MAPRE3), binds microtubule plus-ends to promote mature mushroom spines over immature 68 

thin spines in cultured neurons (Jaworski et al., 2009). Interestingly, EB3 interacts with 69 

SRCIN1/p140Cap (Jaworski et al., 2009), a negative regulator of SRC kinase (Di Stefano et al., 70 

2007) previously implicated in structural plasticity and learning (Repetto et al., 2014), as well as 71 

cocaine-induced adaptations (Damez-Werno et al., 2016). Cooperation between EB3 and SRC 72 

activity via SRCIN1 has been proposed to mediate cross-talk between actin and microtubule 73 
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dynamics that are crucial for synaptic plasticity in vitro (Jaworski et al., 2009), however, the 74 

contribution of such a mechanism to complex in vivo behaviors has yet to be determined. 75 

Here, we examine the role of microtubules, microtubule-associated EB3, SRCIN1, and SRC in a 76 

rodent model of cocaine addiction. We first demonstrate that microtubules are involved in 77 

cocaine-induced plasticity. We then show that SRC phosphorylation and EB3 levels are increased 78 

at the synapse after early and/or late withdrawal from cocaine self-administration. We next 79 

explore the behavioral and structural correlates of these changes, and establish that SRC 80 

phosphorylation is necessary for incubation of cocaine craving, EB3 modulates the motivation to 81 

seek cocaine, and both are associated with alterations in spine density and morphology. 82 

Together, these results implicate for the first time microtubule-related signaling events in 83 

cocaine-induced molecular, structural, and behavioral adaptations, providing new insight into 84 

the pathophysiology of addiction.  85 
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MATERIALS AND METHODS   (1893 words) 86 

Animals 87 

Animals were housed in the animal facilities at Mount Sinai or at the University at Buffalo. Male 88 

C57BL/6J mice (8 weeks old, 20-25 g, Jackson Laboratories, Bar Harbor, ME) were maintained on 89 

a 12:12 h light/dark cycle (07:00 lights on; 19:00 lights off) and were provided with food and 90 

water ad libitum. For self-administration experiments, male (300-375 g) and female (250-325 g) 91 

rats were maintained on a 12:12 h reverse light/dark cycle (07:00 lights off; 19:00 lights on) and 92 

restricted to 95% of free-feeding body weight to improve consistency of the self-administration 93 

behavior. All animals were maintained according to the National Institutes of Health guidelines 94 

for Association for Assessment and Accreditation of Laboratory Animal Care accredited facilities. 95 

All experimental protocols were approved by the Institutional Animal Care and Use Committee 96 

at Mount Sinai. 97 

Conditioned place preference 98 

An unbiased conditioned place preference assay was carried out in male mice as described 99 

previously (Calipari et al., 2018) using three conditioning sessions with a dose of 10 mg/kg i.p. of 100 

cocaine. 101 

Microinfusion experiments 102 

Mice were surgically implanted with bilateral guide cannula (Plastics One, Roanoke, VA) as 103 

described previously (Calipari et al., 2018). The following coordinates were used to target the 104 

NAc bilaterally: from Bregma, anteroposterior +1.5 mm, mediolateral +1.0 mm, dorsoventral –105 

4.3 mm. The infusion probes were designed to protrude 200 μm below the tip of the guide 106 
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cannula so that the drug was injected directly into the NAc at –4.5 mm Bregma. Approximately 107 

30 min before daily conditioning sessions, animals received bilateral intra-NAc infusions of 100 108 

μM podophyllotoxin diluted in a vehicle composed of artificial cerebral spinal fluid solution 109 

(Calipari et al, 2018) containing 0.5% DMSO, or the vehicle solution only at a continuous rate of 110 

0.1 μL/min via a microinfusion pump with a total injection volume of 0.5 μL (Harvard Apparatus, 111 

Holliston, Massachusetts). Injector needles remained in place for 5 min before being removed. 112 

Mice were left undisturbed for ± 5 min before the conditioning. The concentration of 113 

podophyllotoxin utilized was based on published studies (Jordan et al., 1992). 114 

Self-administration surgery and training 115 

Rats were implanted with indwelling jugular catheters as described previously (Calipari et al., 116 

2018). Following 2-4 days of recovery, animals were placed into operant drug conditioning 117 

chambers (Med Associates, Albans VT) for 6 hours daily and were allowed to acquire cocaine 118 

self-administration on a fixed ratio one (FR1) schedule of reinforcement using a cocaine dose of 119 

0.8 mg/kg/infusion delivered over 5 s, as described previously (Calipari et al., 2018). Acquisition 120 

was defined as the first session in which an animal allocated >70% of their responses to the 121 

active lever, and when a stable pattern of inter-infusion intervals was present. Rats underwent 122 

10 days of self-administration and were then euthanized after 1 or 30 days of withdrawal, with 123 

or without an i.p. cocaine challenge for subsequent biochemical analyses. For the incubation of 124 

craving experiment, rats also remained on an FR1 schedule for 10 days before being injected 125 

intra-NAc with Herpes Simplex Virus (HSV) vectors and tested for drug seeking (see below). For 126 

a select set of experiments, animals went through a within session threshold procedure – 127 

described in detail below. Before the threshold procedure, rats were trained on short-access 128 
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(2h-long sessions) FR1 until they met acquisition criteria and were then injected with HSVs. For 129 

all experiments, rats that failed to reach acquisition or maintain self-administration behavior 130 

where excluded from further analysis (<10% of total). 131 

HSV surgeries 132 

Mice and rats were anesthetized with i.p. ketamine (100 mg/kg) and xylazine (10 mg/kg) and 133 

prepared for stereotaxic surgery. Thirty-three gauge syringe needles (Hamilton) were used to 134 

bilaterally infuse at a 0.1 μL/min flow rate either 0.5 μL (mice) or 0.7 μL (rats) of bicistronic 135 

p1005 HSVs expressing GFP alone or GFP plus either EB3 or SRCIN1 into the NAc. Coordinates 136 

for rats were: from Bregma, anteroposterior +1.9 mm, mediolateral +2.8 mm, dorsoventral –7.1 137 

mm, angle 7°). Coordinates for mice were: from Bregma, anteroposterior +1.5 mm, mediolateral 138 

+1.6 mm, dorsoventral –4.5 mm, angle 10°). Animals with impeded recovery from surgery were 139 

discarded from further behavioral testing (<15% of the total). 140 

Incubation of craving 141 

After 10 days of cocaine self-administration training and HSV injection, rats (both males and 142 

females) were tested for cue-seeking after either 3 or 30 days of withdrawal. Rats were placed 143 

in the self-administration box for 30 min. Active lever presses – non-retracting – resulted in the 144 

presentation of the conditioned reinforcing cue light that previously confirmed cocaine delivery, 145 

but no cocaine was available. The number of active lever presses in these conditions is 146 

commonly used as a measure of drug-seeking behavior, and is known to increase over 147 

withdrawal time – a process termed incubation (Grimm et al., 2001). No differences between 148 
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male and female rats were noted at any level, thus data from both sexes were averaged and 149 

analyzed together. 150 

Threshold procedure 151 

Following acquisition of cocaine self-administration (short-access) and HSV injection, male rats 152 

underwent the threshold procedure to determine differences in consummatory and appetitive 153 

responding using previously published behavioral economics methods (Oleson and Roberts, 154 

2009; Calipari et al., 2018). Briefly, a descending series of 11-unit doses of cocaine (421, 237, 155 

133, 75, 41, 24, 13, 7.5, 4.1, 2.4, and 1.3 μg/injection) are available upon an FR1 schedule with 156 

no timeouts and levers remain extended. Consequently, the “price” of cocaine – number of 157 

responses required to obtain 1 mg – increases over time. Both the number of lever presses and 158 

the total cocaine intake are measured for each price bin and plotted as a function of price. The 159 

resulting demand curves can be used for mathematical curve-fitting using the equation: 160 

where Q is consumption and C the varying cost of the 161 

reinforcer (Hursh and Silberberg, 2008). The value  was set to the average of all  values 162 

obtained after a first round of individual curve-fitting, to which 0.5 was added, and was equal to 163 

2.20. The parameters , , and Pmax were then calculated for each animal.  is a measure of 164 

the animals’ preferred level of cocaine consumption and measured as the amount of 165 

consumption in mg at minimally constraining price. Pmax is the price at which the animal no 166 

longer emits enough responses to maintain the  level of intake and consumption decreases. It 167 

is the inflexion point of the demand curve, and can be measured as the point for which the first 168 

derivative slope is equal to -1. The measure of elasticity , also termed the essential value, is a 169 

measure of how sensitive the demand is to price. Thus, if elasticity is high, as price increases, 170 
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responding will drop off quickly. If the behavior is inelastic, animals will be motivated to 171 

continue consuming drug, regardless of cost. 172 

Subcellular fractionation 173 

Rat tissue was collected via decapitation followed by rapid bilateral NAc punch dissections from 174 

1 mm-thick coronal brain sections using a 12-gauge needle and frozen on dry ice. Samples were 175 

fractionated into P1 (crude nuclear), S2 (cytoplasm), and P2 (crude synapto-neurosomal) 176 

components using our established procedures (Cahill et al., 2016). Briefly, unpooled NAc 177 

samples were homogenized in 150 μL of HEPES-buffered sucrose (0.32 M sucrose, 4 mM HEPES, 178 

pH = 7.4) complemented with protease and serine/threonine and tyrosine phosphatase 179 

inhibitors before successive centrifugation and wash steps. Final pellets were resuspended in 180 

RIPA buffer (pH = 7.4) complemented with protease and serine/threonine and tyrosine 181 

phosphatase inhibitors. Protein concentrations of synapto-neurosomal (P2) fractions were 182 

determined using a DC protein assay (Bio-Rad). 183 

Western-blotting and antibodies 184 

SDS-PAGE protein separation and Western blotting were performed according to 185 

manufacturer’s instructions and our published protocols (Cahill et al., 2016). Equal amounts of 186 

P2 proteins were mixed with SDS- and DTT-containing reducing buffer (ThermoFisher), heated 187 

to 95°C for 5 min before being separated by SDS-PAGE with Criterion 4-15% Tris-HCl precast gels 188 

(Bio-Rad), and transferred onto PVDF Immobilon-P 0.45 μm membranes. Membranes were 189 

blocked in Tris-buffered saline (TBS) containing 5% bovine serum albumin (BSA) and 0.1% 190 

tween-20 for one hour at room temperature. The following primary antibodies were diluted at 191 
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1:1000 (except otherwise indicated) in blocking solution and incubated overnight at 4°C: actin 192 

(mouse, MP Biomedicals #691002, 1:40000), EB3 (rabbit, Abcam, ab157217), ß-tubulin (rabbit, 193 

Cell Signaling, #2146S), GluN2B (rabbit, Millipore, #06-600), PSD95 (rabbit, Abcam, ab18258), 194 

SRC (rabbit, Cell Signaling, #2123S), and SRC family Y416 (rabbit, Cell Signaling, #6943S). This 195 

latter antibody recognizes the phosphorylated forms of several SRC family members. Moreover, 196 

because SRC and FYN migrate similarly on Western blots, the antibody cannot distinguish 197 

between phospho-SRC and phospho-FYN. We also used an anti-SRCIN1 antibody which has been 198 

validated previously (Repetto et al., 2014; Damez-Werno et al., 2016). After washing, 199 

membranes were incubated with anti-mouse (Vector Labs, PI-2000) or anti-rabbit (Vector Labs, 200 

PI-1000) peroxidase-conjugated secondary antibodies diluted 1:50000 in blocking solution for 2 201 

hours, washed thoroughly and developed using SuperSignal West Dura substrate 202 

(ThermoFisher). Quantification was performed by densitometry using ImageJ (U.S. National 203 

Institutes of Health). Protein levels were normalized to actin or to total SRC for the 204 

phosphorylated antibody. Between primary antibodies, membranes were stripped using 205 

Restore Plus stripping buffer (ThermoFisher). 206 

Spine imaging and counting 207 

Dendritic spines from HSV-infected neurons were imaged and analyzed using established 208 

procedures (Cahill et al., 2016). Briefly, brains were perfused and post-fixed using 4% 209 

paraformaldehyde, then sectioned at 100 μm. Native GFP signal was enhanced by 210 

immunohistochemistry using an anti-GFP primary antibody (chicken, Aves Labs, GFP-1020, 211 

1:500) and the Alexa Fluor 488 anti-chicken secondary antibody (Jackson Immunoresearch, 212 

1:500) before imaging on a LSM 710 confocal microscope (Carl Zeiss) using a 100x objective 213 
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lens. After deconvolution, dendrite images were analyzed using NeuronStudio 214 

(http://research.mssm.edu/cnic/tools-ns.html). Spines were classified using the following 215 

criteria. Thin spines have a neck ratio value (head to neck diameter ratio) <1.1 and a length to 216 

spine head diameter >2.0. Mushroom spines have a neck ratio value >1.1 and a spine head 217 

diameter ≥0.3 μm. Stubby spines were not estimated. All imaging and quantification were 218 

performed by an investigator blind to experimental conditions. 219 

RNA extraction and RT-qPCR 220 

Mouse tissue was collected via cervical dislocation followed by rapid dissection of bilateral NAc 221 

from 1 mm-thick coronal brain sections using a 14-gauge needle and frozen on dry ice. Samples 222 

were subsequently homogenized in Trizol (Invitrogen) and RNA extraction was performed using 223 

RNeasy Micro columns (Qiagen) according to manufacturer’s instructions. RNA 260/280 ratios 224 

between 1.8 and 2 were confirmed using spectroscopy and reverse-transcription was achieved 225 

using the iScript kit (Bio-Rad). qPCR using SYBR-Green (Quanta) was used to quantify cDNA using 226 

an Applied Biosystems 7900HT RT-PCR system. Each reaction was carried out in triplicate and 227 

analyzed using the ΔΔC(t) method with Gapdh as the normalization control. Primer sequences 228 

are listed below, from 5’ to 3’.  229 

Mouse EB3: Forward TAGCACCACCTCCTAACCCA, Reverse GCAGCTGCTGGTTGAGTT 230 

Mouse SRCIN1: Forward CCTCGGCCATCAAGGATGAA, Reverse TGGGCCTGGATCCTCATGTA 231 

Mouse SRC: Forward  CACTGTCACCTCCCCACAAA, Reverse GACATCCACCTTCCTCGTGTT 232 

Rat EB3: Forward CCACCTCCTAACCCAGGTGAT, Reverse GGGGACGTCCTCTGTGGAAC 233 

Rat SRCIN1: Forward CATGGGCATGCTTAAGTCGC, Reverse ACCATCTCTCTCCGGAGGTC 234 
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Statistical analysis 235 

Pairwise comparisons were performed using a two-tailed unpaired Student’s t-test with Welch’s 236 

correction when appropriate. One factor comparisons were performed using one-way ANOVA 237 

followed by Holm-Sidak’s post-hoc tests or using a non-parametric Kruskal Wallis test followed 238 

by Dunn’s post-hoc tests. 2 x 2 comparisons were performed using two-way ANOVA with 239 

repeated measures for the appropriate factor and followed by Holm-Sidak’s post-hoc tests. 2 x 2 240 

x 2 comparisons were performed using three-way ANOVA with repeated measures for the 241 

appropriate factors and followed by Tukey HSD post-hoc tests. All statistical analyses were 242 

performed using GraphPad Prism, except the three-way ANOVA that was performed using R. 243 
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RESULTS   (2937 words) 244 

Microtubule dynamics in the NAc regulate cocaine-induced behavioral plasticity. 245 

We first tested the possible involvement of microtubule polymerization in drug-related reward 246 

learning using an unbiased conditioned place preference (CPP) assay in mice. This assay 247 

measures the ability of an animal to form an association between contextual cues and the 248 

rewarding effects of cocaine, and is typically used as an indirect measure of reward (Huston et 249 

al., 2013). To causally link microtubule remodeling to cocaine reward learning, the microtubule 250 

polymerization inhibitor podophyllotoxin (Desbène and Giorgi-Renault, 2002) or a control 251 

DMSO vehicle was infused into the NAc using microinfusion cannulae 30 min prior to the first 252 

cocaine or saline injection (Fig. 1A). Across the conditioning sessions, locomotor activity in 253 

response to a cocaine injection (10 mg/kg, i.p.) was monitored (Fig. 1B). Intra-NAc infusion of 254 

podophyllotoxin blocked the locomotor sensitization to cocaine (main effect of Treatment: F(1, 255 

13) = 6.185, p = 0.0273), and post-hoc testing revealed that the cocaine-induced locomotor 256 

response was different at day 2 (p = 0.0415) and 3 (p = 0.0415) but not on the first day of 257 

treatment (p = 0.8269), suggesting that podophyllotoxin specifically affected the development 258 

of cocaine-induced behavioral plasticity over repeated injections and not the acute 259 

hyperlocomotor effect of a single drug dose. In contrast, repeated podophyllotoxin infusions 260 

had no effect on locomotor activity under saline conditions (95.4 ± 4.40% of DMSO controls, n = 261 

8, p = 0.2731). Podophyllotoxin infusion also blocked the formation of a preference for the 262 

cocaine-paired side (Fig. 1C; t(13) = 2.182, p = 0.0480). These findings demonstrate that, similar 263 

to actin (Russo et al., 2010; Toda et al., 2010), microtubule dynamics are critical to cocaine-264 

induced behavioral plasticity and reward learning. 265 
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SRC phosphorylation in the NAc is induced at the synapse after early withdrawal from cocaine 266 

self-administration. 267 

Our next goal was to identify which proteins might regulate microtubule remodeling following 268 

cocaine exposure using a long-access self-administration model in rats (Fig. 2A). Before 269 

withdrawal, rats exhibited robust and stable cocaine self-administration behavior for 10 days 270 

(Fig. 2B). Because molecular (Wolf, 2016), physiological (Huang et al., 2015), and structural  271 

(Russo et al., 2010; Gipson et al., 2014) alterations induced by cocaine follow specific temporal 272 

patterns, we analyzed synaptic protein regulation after either one or 30 days of withdrawal, a 273 

timeframe during which drug-seeking incubates from low to high levels (Tran-Nguyen et al., 274 

1998; Grimm et al., 2001). We performed subcellular fractionation from NAc samples to isolate 275 

the synapto-neurosomal compartment, enriched in synaptic content, before probing for 276 

proteins of interest. We focused on EB3 and SRC because they have been shown to mediate 277 

microtubule-actin cross-talk necessary for structural synaptic plasticity in other brain regions 278 

(Jaworski et al., 2009; Repetto et al., 2014), and because SRC phosphorylation responds to 279 

experimenter-administered chronic cocaine exposure (Damez-Werno et al., 2016). After one 280 

day of withdrawal (Fig. 2C), both EB3 (t(9.432) = 0.4037, p = 0.6954) and total SRC (t(16) = 1.517, p = 281 

0.1488) levels were unaffected. However, the phosphorylation ratio (phospho/total) for 282 

phospho-SRC/FYN at its active Y416/420 site (Okada, 2012) – available antibodies cannot 283 

distinguish between phospho-SRC and phospho-FYN which also show similar Mr’s on Western 284 

blotting – was significantly increased by cocaine self-administration (t(16) = 2.297, p = 0.0354). 285 

Levels of phospho-SRC/FYN are also elevated significantly when normalized to actin (t(16) = 286 

2.152, p = 0.0470) (Fig. 2C). These data suggest that SRC kinase activity might regulate actin 287 
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polymerization at that time point, as prior work suggests that SRC inhibits actin remodeling 288 

(Repetto et al., 2014). 289 

EB3 synaptic levels in the NAc are increased after withdrawal from cocaine self-290 

administration. 291 

After 30 days of withdrawal, the synaptic protein landscape was different (Fig. 2D), with 292 

increased levels of EB3 (t(12) = 2.268, p = 0.0426), total SRC (t(12) = 2.719, p = 0.0187) and 293 

phospho-SRC/FYN-Y416/420 (t(12) = 2.180, p = 0.0498) when normalized to actin, but no change 294 

in phospho-SRC/FYN Y416/420 ratio (phospho/total; t(12) = 0.5383, p = 0.6002), between cocaine 295 

and saline samples. The sustained increase in levels of phospho-SRC/FYN (normalized to actin) 296 

could be explained by the observed decrease in SRCIN1 levels at this time point (t(12) = 2.61, p = 297 

0.0228) (Fig. 2D), since SRCIN1 has been shown to be an indirect and selective inhibitor of SRC 298 

Y416 phosphorylation (Di Stefano et al., 2007).  Expression of the glutamate ionotropic receptor 299 

subunit, GluN2B, a marker of spine stability (Akashi et al., 2009) known to participate in cocaine-300 

induced synaptic plasticity (Ortinski, 2014), was also increased after 30 days of withdrawal. By 301 

contrast, levels of the microtubule building block -tubulin (t(12) = 1,493, p = 0.1612), as well as 302 

the postsynaptic density scaffolding protein PSD95 (t(6.302) = 0.2346, p = 0.8220), remained 303 

unaffected by cocaine self-administration. Taken together, these findings support the idea that 304 

changes in protein expression and signaling at NAc synapses occur in successive waves during 305 

the withdrawal period, and could be a biochemical substrate to explain the different structural 306 

(Russo et al., 2010; Gipson et al., 2014), physiological (Huang et al., 2015), and behavioral (Tran-307 

Nguyen et al., 1998; Grimm et al., 2001; Wolf, 2016) phenotypes observed at different 308 
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withdrawal timepoints. They also highlight SRC activation and EB3 as strong candidates to 309 

contribute to these adaptations during early versus late withdrawal. 310 

SRC activity in the NAc during early withdrawal is necessary for relapse. 311 

To investigate the behavioral correlates of the protein expression changes that we observed 312 

during withdrawal from cocaine self-administration (Fig. 2), we took advantage of HSV-313 

mediated overexpression strategies to specifically manipulate SRC activity and EB3 levels before 314 

behavioral testing. HSVs express their transgenes – in neurons selectively – at maximal levels 315 

between 12 hours and 4 days after injection, with expression dissipating completely by day 7 316 

(Neve et al., 2005). First, we explored the causal role of SRC activation during early withdrawal. 317 

After 10 days of cocaine self-administration, rats were injected into the NAc with an HSV 318 

overexpressing SRCIN1 or a control GFP-expressing vector (Fig. 3A). Overexpression of SRCIN1 319 

mRNA at physiologically relevant levels – around a two-fold increase – was confirmed by real-320 

time PCR on rat NAc tissue collected 4 days after HSV infusion (Fig. 3B; p = 0.0458 vs HSV-GFP). 321 

Use of SRCIN1 is ideal, since it mediates cross-talk between EB3-bound microtubules and 322 

activity-dependent structural plasticity via SRC regulation in vitro (Jaworski et al., 2009; Repetto 323 

et al., 2014), and is induced in the NAc following chronic i.p. cocaine administration and opposes 324 

certain cocaine-related behaviors (Damez-Werno et al., 2016). There was no bias in self-325 

administration behavior before assignment to either group, as shown in Fig. 3D, indicating that 326 

groups were appropriately counterbalanced. Because HSV expression is transient, SRC 327 

phosphorylation was inhibited only during the early phase of withdrawal when drug-seeking 328 

was tested for the first time (at day 3 of withdrawal), but not for a second time after 30 days of 329 

withdrawal to measure incubation. We found that cocaine self-administering HSV-SRCIN1-330 
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injected animals failed to exhibit incubation of cocaine-seeking when comparing the levels of 331 

lever pressing behavior in the absence of drug between the first and second test days (Fig. 3E; p 332 

= 0.3069), whereas incubation was significant in HSV-GFP controls (p < 0.001). Interestingly 333 

however, seeking behavior was not different between HSV-SRCIN1- and HSV-GFP-injected rats 334 

at day 3 (p = 0.9943), when SRCIN1 is in fact overexpressed and SRC phosphorylation inhibited. 335 

These results suggest that SRC activity in the NAc does not control drug-seeking behavior per se, 336 

but rather is necessary to set the stage for plastic changes responsible for incubation of drug-337 

seeking, which become apparent later. It also further confirms earlier findings that SRCIN1 is 338 

crucial to cocaine-induced behavioral adaptations (Damez-Werno et al., 2016), and might act 339 

upstream of SRC to coordinate structural plasticity in the NAc. 340 

EB3 in the NAc enhances motivation and drug seeking. 341 

The next step was to study the behavioral consequences of the EB3 upregulation observed in 342 

the NAc after 30 days of withdrawal, with the hypothesis that this change might contribute to 343 

drug-seeking and relapse. To this end, we combined HSV-mediated overexpression of EB3 in the 344 

NAc with a threshold procedure that allows for a behavioral economics analysis of 345 

consummatory and appetitive responding independently (Fig. 4A; Oleson and Roberts, 2009). 346 

Overexpression of EB3 mRNA at physiologically relevant levels – around a two-fold increase – 347 

was confirmed by real-time PCR on rat NAc tissue collected 4 days after HSV infusion (Fig. 3C; p 348 

= 0.0074 vs HSV-GFP). In order to map the changes induced by EB3 overexpression onto 349 

complex motivated behaviors, we used a within-session threshold procedure, which allows for 350 

an entire dose-response curve to be generated within subject in a single day. In this task, the 351 

drug dose is reduced every 10 min, which requires animals to increase response rates to 352 
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maintain a constant level of drug intake. Thus, price (measured as the number of lever presses 353 

required to obtain 1 mg cocaine) is inversely related to drug dose (Fig. 4B). HSV-EB3 rats 354 

increased the number of responses across the dose-response curve compared to HSV-GFP 355 

controls (main effect of HSV: F(1, 12) = 4.982, p = 0.0454). Post-hoc testing confirmed that this 356 

effect was significant for a 75 responses/mg price (p = 0.0353), and was almost significant at 357 

42.1 responses/mg (p = 0.0689) and 133.9 responses/mg (p = 0.0593). Next, data were plotted 358 

as a demand curve: individual consumption levels (in mg of cocaine) as a function of price. Basic 359 

economic principles were then applied through mathematical modeling to dissociate measures 360 

of motivation, consumption, and perseverative responding (Oleson and Roberts, 2009; Siciliano 361 

and Jones, 2017). Generally, when the dose is relatively high (i.e., price relatively low), the 362 

animal will maintain its preferred drug consumption level, termed Q0. As price is increased, a 363 

point is eventually reached where animals will no longer maintain preferred intake levels. This 364 

inflection point is referred to as Pmax, the maximal price an animal is willing to pay to self-365 

administer cocaine. Finally, the exponential slope  at which drug consumption decreases 366 

beyond Pmax measures the elasticity of the demand curve, and can be understood as an 367 

inversely-correlated indicator of motivation (lower  values describe higher motivation). Fig. 4C 368 

compares these various parameters between HSV-GFP- and HSV-EB3-injected animals. EB3 369 

overexpression had no effect on drug intake, as Q0 was equivalent between groups (t(12) = 370 

0.9662, p = 0.35), however, it increased Pmax (t(12) = 3.436, p = 0.0049) and strongly trended 371 

towards decreasing  (t(6.075) = 2.073, p = 0.0830). The doses delivered during the last two bins 372 

of the threshold procedure are extremely low (prices of 416 and 750 responses/mg) and are not 373 

reinforcing when presented in isolation. Previous work has shown that lever pressing during 374 
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these final time bins represents perseverative responding (Siciliano and Jones, 2017). EB3 375 

overexpression trended towards increasing the number of lever-presses during these epochs 376 

(t(6.743) = 1.754, p = 0.1245). Together, these results demonstrate that mimicking the EB3 377 

increase evident only after long withdrawal (Fig. 1D) is sufficient to drive the motivation to 378 

consume cocaine and perhaps increase seeking behavior. This is consistent with increased drug-379 

seeking at this time point (Tran-Nguyen et al., 1998; Grimm et al., 2001), and thus posits EB3 380 

levels in the NAc as an important mediator of drug seeking. The ability of EB3 overexpression in 381 

NAc to increase motivation for, but not consumption of, cocaine is precedented, because 382 

motivation and consumption are mediated by partly distinct circuit and molecular mechanisms 383 

and can undergo independent regulation (Richardson and Roberts, 1996; Bentzley et al., 2014; 384 

Siciliano and Jones, 2017). Furthermore, a mechanism that is selective for motivation may offer 385 

greater therapeutic potential since those that affect consumption might be more likely to 386 

influence adversely intake of natural rewards (Banks et al., 2019). 387 

EB3 and SRCIN1 control dendritic spine growth and structural remodeling in the NAc. 388 

Because both EB3 (Jaworski et al., 2009) and SRCIN1 (Jaworski et al., 2009; Repetto et al., 2014) 389 

have been shown to regulate cytoskeletal dynamics and dendritic spine architecture in neurons 390 

cultured from other brain regions, we hypothesized that their behavioral effects (Fig. 3, 4) might 391 

be associated with structural changes to NAc neurons in vivo. To test this hypothesis, we 392 

assessed dendritic spine number and morphology after either EB3 or SRCIN1 overexpression in 393 

the NAc using the same HSV constructs utilized earlier (Fig. 5A). Representative confocal images 394 

of infected neurites are shown in Fig 5B. Quantification of the total number of spines per 395 

neurite (Fig. 5C) revealed that overexpression of either SRCIN1 (p = 0.021) or EB3 (p < 0.0001) 396 
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increased total spine density in the NAc, suggesting that both have similar positive effects on 397 

spine growth. When further distinguishing between thin and mushroom spine morphology, 398 

which are thought to represent, respectively, more immature vs more mature forms of dendritic 399 

spines (Kasai et al., 2003), we showed that both spine types are affected. Thin spines were 400 

significantly increased by EB3 overexpression (p < 0.0001), and the same effect was close to 401 

significant after SRCIN1 overexpression (p = 0.1016). Mushroom spines were also increased by 402 

both viruses (SRCIN1, p = 0.0016; EB3, p = 0.0465), suggesting that EB3 and SRCIN1 are not only 403 

positive for spine growth but also for spine maturation and stabilization. These findings 404 

strengthen the idea that cocaine-induced increases in EB3 expression, or suppression of SRC 405 

phosphorylation by SRCIN1, in the NAc have the ability to establish similar structural plasticity in 406 

the NAc. Moreover, the ability of EB3 and SRCIN1 overexpression to induce mushroom spines 407 

on NAc medium spiny neurons is particularly noteworthy, since prior studies that manipulated 408 

synaptic actin dynamics alone in the NAc affected predominantly thin spines (e.g., Toda et al., 409 

2010; Dietz et al., 2012). 410 

Rapid changes in synaptic proteins in the NAc by a cocaine challenge after prolonged 411 

withdrawal. 412 

Persistent structural plasticity, while believed to encode enduring phenotypical changes, is 413 

nevertheless labile, as similar processes have been shown to be rapidly engaged after a 414 

subsequent drug or cue challenge (Gipson et al., 2014). To examine whether the same EB3- and 415 

SRC-associated pathways are also involved in such fast-reacting responses, we probed for the 416 

same target proteins as before (Fig. 2) in synapto-neurosomal fractions obtained from the NAc 417 

of cocaine or saline self-administering rats after 30 days of withdrawal euthanized 1 hour after 418 
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an i.p. 10 mg/kg cocaine challenge (Fig. 6A). After the challenge (Fig. 6B), EB3 (t(15) = 0.4937, p = 419 

0.6287), total SRC (t(15) = 0.5111, p = 0.6167), and SRCIN1 (t(14) = 1.49, p = 0.1583) levels were 420 

not statistically different between saline and cocaine self-administering animals, whereas 421 

phospho-SRC/FYN Y416/420 (normalized to total SRC) remained increased in rats with previous 422 

cocaine exposure compared to saline controls (t(15) = 3.707, p = 0.0021). This pattern is different 423 

from the synaptic protein expression pattern observed after prolonged withdrawal in the 424 

absence of a challenge (Fig. 2D), but similar to that seen during early withdrawal (Fig. 2C). -425 

tubulin (t(15) = 0.4755, p = 0.6413) and PSD95 (t(15) = 1.379, p = 0.1881) remained unaffected, and 426 

GluN2B was decreased after the cocaine challenge in animals with a cocaine self-administration 427 

history (t(15) = 2.617, p = 0.0194). The ability of EB3 or SRCIN1 overexpression to increase both 428 

thin and mushroom spines suggests that both proteins can promote de novo spine growth as 429 

well as spine maturation and enlargement. This is not surprising since mushrooms might arise 430 

not only from pre-existing thin spines but also from newly formed spines. Moreover, because 431 

the HSV-mediated overexpression of the proteins cannot be targeted to individual spines that 432 

undergo morphological plasticity after drug exposure, such overexpression might force the 433 

emergence of new thin spines in addition to contributing to the stabilization of existing spines 434 

into mushroom spines. Taken together, these findings indicate that a cocaine challenge after 435 

prolonged withdrawal rapidly recapitulates at least part of the synaptic profile observed after 436 

early withdrawal. The results also suggest that some of the same molecular players – such as 437 

EB3, SRCIN1, and SRC – might be involved in the rapid mechanisms underlying the labile 438 

properties of drug-induced structural plasticity. 439 

EB3, SRC, and SRCIN1 are transcriptionally regulated in the NAc by cocaine. 440 
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Finally, we studied whether cocaine regulation of EB3, SRCIN1, and SRC occur at the 441 

transcriptional level. To imitate the pharmacological effects of repeated cocaine exposure and 442 

parallel our previous experiments, mice were treated with i.p. saline or cocaine for 10 days, 443 

submitted to a saline or cocaine challenge 30 days later, and euthanized 1 hour after (Fig. 6C). 444 

As depicted in Fig. 6D, EB3 mRNA levels in the NAc were increased by a single, acute dose of 445 

cocaine (saline/cocaine vs saline/saline p = 0.0153), and by chronic cocaine and 30 days 446 

withdrawal (cocaine/saline vs saline/saline p < 0.0001), but were normalized by the cocaine 447 

challenge in animals with previous cocaine exposure (cocaine/saline vs cocaine/cocaine p < 448 

0.001). This suggests, first, that the normalization effect we observed at the protein level (Fig. 449 

6B) could be due to a combination of a challenge-induced upregulation in saline self-450 

administering animals and downregulation in cocaine self-administering animals. The same 451 

interpretation can be made for total SRC levels, with SRC mRNA following a similar pattern as 452 

EB3 (Fig. 6C), with only the chronic cocaine effect reaching significance (cocaine/saline vs 453 

saline/saline p = 0.0015). SRCIN1 also seemed to follow the same regulation, without reaching 454 

significance, however. This trend in regulation of SRCIN1 mRNA expression runs counter to the 455 

slight decrease in SRCIN1 protein levels observed after 30 days of withdrawal without a cocaine 456 

challenge (Fig. 2D), underscoring more complex regulation of this protein. In any event, we 457 

conclude that these three proteins are most likely transcriptionally regulated following drug 458 

exposure. Furthermore, because expression of their mRNAs follow similar patterns of 459 

regulation, we speculate that this might be achieved through shared activity-dependent 460 

signaling pathways and upstream transcriptional regulators.  461 
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DISCUSSION   (1489/1500 words) 462 

In this study, we show that microtubule dynamics are important for cocaine-induced plasticity in 463 

the NAc and identify microtubule-bound EB3, SRCIN1, and SRC as important mediators of this 464 

process. Using a combination of viral approaches, we confirmed the causal role of these targets 465 

during withdrawal from cocaine self-administration in triggering relapse-like behaviors, effects 466 

which are associated with structural adaptations in dendritic architecture. Our data support the 467 

idea of cooperation between actin and microtubule dynamics specifically at NAc synapses in 468 

mediating activity-dependent but nevertheless persistent adaptations that underlie the 469 

maladaptive learning implicated in cocaine addiction. 470 

The contribution of cytoskeletal dynamics to drug-induced adaptations is well-established. At 471 

the structural level, chronic cocaine exposure is associated with changes in dendritic spine 472 

architecture (Robinson and Kolb, 2004; Russo et al., 2010; Gipson et al., 2014), for which actin 473 

polymerization is necessary (Toda et al., 2010). The current model posits that a subset of thin 474 

spines induced by cocaine mature over time into enlarged mushroom spines that encode stable 475 

drug-related memories (Gipson et al., 2014; Huang et al., 2015). Our result implicating 476 

microtubule polymerization in cocaine-induced plasticity (Fig. 1) is one of the first looking at 477 

cytoskeletal components other than actin. Consistent with a role for microtubules in the plastic 478 

changes underlying addiction in general, microtubule-related signaling has been implicated 479 

previously in alcohol abuse models (Liu et al., 2017). Drug-induced spine remodeling thus 480 

involves mechanisms more complex than previously assumed, requiring the coordination of 481 
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actin and microtubules, but also of non-canonical cytoskeletal partners such as nonmuscle 482 

myosin II (Briggs et al., 2017), across various timescales. 483 

Cross-talk between actin filaments and microtubules has been proposed in other systems. Most 484 

of the supporting evidence, however, comes from in vitro studies of the axonal growth cone and 485 

suggests that actin-microtubule interactions result in the reciprocal stabilization of these 486 

otherwise dynamic structures (Coles and Bradke, 2015). A similar process might explain the 487 

time-dependent structural changes that dendritic spines undergo during plasticity (Kasai et al., 488 

2003), with a first step of active reorganization followed by stabilization of the newly-remodeled 489 

spines (Kasai et al., 2003; Hotulainen and Hoogenraad, 2010; Borovac et al., 2018). In vitro work 490 

demonstrated that the interaction between EB3 and SRCIN1, only possible upon invasion of 491 

growing EB3-bound microtubules into dendritic spines, alters spine morphology in cultured 492 

cortical and hippocampal neurons (Jaworski et al., 2009). EB3 and SRCIN1 are seemingly both 493 

positive for spine stabilization and maturation, because knock-down of either protein resulted 494 

in a similar phenotype, with decreased mushroom and increased thin spines (Jaworski et al., 495 

2009; Repetto et al., 2014). In vivo, however, the dendritic spine phenotype in hippocampal 496 

neurons of SRCIN1 knock-out mice was not as clear (Repetto et al., 2014). This might be due to a 497 

non-cell autonomous developmental compensation mechanism, as our spine imaging data using 498 

SRCIN1 overexpression in NAc neurons revealed increased mushroom spines (Fig. 5), consistent 499 

with the in vitro findings (Jaworski et al., 2009). Moreover, the fact that we found similar 500 

dendritic spine phenotypes after EB3 and SRCIN1 overexpression (Fig. 5) suggests that both 501 

proteins act in concert to promote both spine growth (as evidenced by increased thin spines) 502 

and maturation (as evidenced by increased mushroom spines) in the NAc in vivo. 503 
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Mechanistically, EB3 and SRCIN1 have been proposed to stabilize spines by promoting actin 504 

polymerization through a complex signaling pathway involving, among many other mechanisms, 505 

SRC phosphorylation (Repetto et al., 2014). SRC phosphorylation at the Y416 residue triggers 506 

signaling cascades ultimately inhibiting actin polymerization (Repetto et al., 2014).  507 

Following cocaine self-administration, we show that SRC phosphorylation was induced in the 508 

NAc during early withdrawal, while EB3 levels were increased only after longer withdrawal (Fig. 509 

2). In light of the respective roles of SRC phosphorylation and EB3 regarding cytoskeleton and 510 

spine remodeling (see above), this two-step scenario could coincide with a two-step mechanism 511 

of spine restructuring and stabilization (Fig. 7). Early after drug exposure, when spines are 512 

putatively still undergoing restructuring, SRC phosphorylation is induced and would be expected 513 

to inhibit actin polymerization. Synaptic weakening caused by a deteriorating actin cytoskeleton 514 

at early withdrawal timepoints, associated with thin spine formation, has previously been 515 

reported (Shen et al., 2009; Russo et al., 2010). This first stage of remodeling is believed to be 516 

followed by a longer-lasting state of spine stabilization (Russo et al., 2010; Gipson et al., 2014), 517 

and we here propose that the entry of microtubule-bound EB3 into dendritic spines observed 518 

after prolonged withdrawal from cocaine exposure might be a positive trigger for the 519 

abovementioned signaling pathways, leading to actin polymerization and spine stabilization. 520 

Moreover, because SRCIN1 overexpression-mediated SRC inhibition selectively during early 521 

withdrawal reduces later drug-seeking (Fig. 3), we can hypothesize that this first stage of SRC-522 

dependent synaptic weakening is required for longer-lasting pathological adaptations 523 

underlying relapse, maybe by preventing a second stage of EB3-mediated spine stabilization to 524 

occur, which we show increases the motivation to seek and consume cocaine (Fig. 4). This is 525 
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also consistent with the published behavioral effects of SRCIN1 overexpression, where SRCIN1 526 

opposed cocaine-induced behaviors (Damez-Werno et al., 2016). Because it may oppose the 527 

necessary first step of actin depolymerization controlled by SRC phosphorylation, SRCIN1 528 

overexpression might impede the formation of drug-context associative memories that depend 529 

on structural plasticity, as well as reduce the reinforcing properties of cocaine (Damez-Werno et 530 

al., 2016). However, we find that SRCIN1 expression is slightly decreased at the 30 day 531 

withdrawal time point. This is consistent with increased levels of phospho-SRC/FYN (when 532 

normalized to actin, although not to total SRC) observed under these conditions, but counter to 533 

our hypothesis that prolonged withdrawal from cocaine self-administration is associated with 534 

suppression of SRC function by an EB3/SRCIN1-dependent mechanism. One explanation for 535 

these paradoxical observations is that sufficient levels of SRCIN1 remain after 30 days of 536 

withdrawal to interact with elevated levels of EB3 to suppress SRC function and enable 537 

stabilization of mushroom-shaped dendritic spines. At the same time, these observations 538 

underscore the complexity of the biochemical mechanisms that control SRC function and spine 539 

dynamics in the NAc and suggest the involvement of still additional microtubule- and actin-540 

associated proteins in these phenomena. 541 

A key role for EB3 and SRC phosphorylation in mediating the cytoskeletal dynamics underlying 542 

spine morphological changes is further supported by our findings following a cocaine challenge 543 

after prolonged withdrawal (Fig. 6). Such a challenge rapidly reversed the elevated levels of EB3 544 

and total SRC seen prior to the challenge dose of cocaine. These actions might reduce SRCIN1 545 

inhibition of SRC and promote actin depolymerization, although additional proteins are likely 546 

involved as noted above. This would fit with the current model according to which a cocaine 547 
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challenge rapidly induces spine destabilization and re-emergence of thin spines from mushroom 548 

spines (Shen et al., 2009; Russo et al., 2010; Huang et al., 2015; Spencer et al., 2017) and a 549 

similar mechanism could be at play when relapse is triggered by re-exposure to a drug-paired 550 

context (Stankeviciute et al., 2014). Overall, this mechanism could explain how supposedly 551 

stable mushroom spines remain labile to certain stimuli, and is consistent with proposed 552 

mechanisms of memory reconsolidation (Sorg, 2012). 553 

Another interesting finding was the regulation pattern of GluN2B. After 30 days of withdrawal 554 

from cocaine self-administration, synaptic expression of GluN2B was increased (Fig. 2), but 555 

rapidly normalized by the cocaine challenge (Fig. 6). This seems discrepant with a previous 556 

report of unaffected synaptic GluN2B levels in the NAc after 45 days of withdrawal from cocaine 557 

self-administration (Ferrario et al., 2012). However, we cannot exclude that its regulation might 558 

be time-sensitive, similar to GluN2B expression in prefrontal cortex, which increased specifically 559 

after 14, but not after 1 or 60, days of withdrawal (Ben-Shahar et al., 2009). Functionally, 560 

GluN2B is involved in activity-dependent plasticity, as it is important for the strengthening and 561 

stabilization of cocaine-induced new synapses (Lee and Dong, 2011), is regulated through SRC 562 

signaling (Sinai et al., 2010), and might act upstream of cytoskeleton remodeling, because 563 

GluN2B deletion causes a decrease in actin polymerization and spine density (Akashi et al., 564 

2009). This could explain why GluN2B is increased after prolonged withdrawal, when mature 565 

spines are present, and quickly downregulated by a cocaine challenge that is associated with 566 

spine weakening (Fig. 7). 567 
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In conclusion, this study represent an important advance in the study of cocaine-induced 568 

structural plasticity mechanisms, because it posits microtubules and associated signaling 569 

proteins as key mediators of spine remodeling and subsequent behavioral alterations. Further 570 

work is still needed to elucidate the precise temporal dynamics of microtubule remodeling and 571 

its coordination with actin remodeling following drug exposure, and to obtain a more complete 572 

view of the complex, time-dependent regulation of a host of actin- and microtubule-associated 573 

proteins that are likely involved in spine dynamics. A better understanding of how reward 574 

learning is encoded by dendritic spine changes at different time scales, from the first drug 575 

exposure to relapse even long into the withdrawal period, along with the identification of 576 

specific molecules engaged in the process, remains an important effort from both fundamental 577 

and translational standpoints.  578 
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FIGURE LEGENDS 686 

Figure 1. Inhibiting microtubule polymerization in NAc blocks cocaine-induced behavioral 687 

plasticity. A Experimental timeline. Mice were surgically implanted with microinfusion cannula 688 

and the microtubule polymerization inhibitor podophyllotoxin (n = 6) or DMSO vehicle (n = 9) 689 

was infused into the NAc 30 min before cocaine conditioning with a 10 mg/kg dose. On the test 690 

day, preference was measured as the difference in time spent between the cocaine-paired and 691 

the saline-paired chambers. B Locomotor sensitization to cocaine was blocked in mice treated 692 

with intra-NAc podophyllotoxin (two-way ANOVA with repeated measures; main effect of Day: 693 

F(2, 26) = 0.6054, p = 0.5534; main effect of Treatment: F(1, 13) = 6.185, p = 0.0273; interaction: F(2, 694 

26) = 2.406, p = 0.1100; followed by Holm-Sidak’s post-hoc testing; day 1 p = 0.8269, day 2 p = 695 

0.0415, day 3 p =  0.0415 vs DMSO). C Place preference formation was abolished by intra-NAc 696 

podophyllotoxin infusion (unpaired t-test; t(13) = 2.182, p = 0.0480). Data represented as mean ± 697 

sem. #p < 0.05 for ANOVA main effects, *p < 0.05 for t-tests and post-hoc tests. 698 

Figure 2. Synaptic EB3 levels and SRC phosphorylation are elevated in the NAc after 699 

withdrawal from cocaine-self administration. A Experimental timeline. Rats were trained to 700 

self-administer cocaine or saline on a fixed-ratio one (FR1) schedule of reinforcement for 10 701 

consecutive days and NAc tissue was collected after either 1 d (n = 8 saline, 10 cocaine) or 30 d 702 

(n = 6 saline, 8 cocaine) of withdrawal for subcellular fractionation. B Lever pressing behavior 703 

across the 10 self-administration sessions. C Western blot quantification (top) and 704 

representative images (bottom) showing increased SRC/FYN phosphorylation at Y416/420 after 705 

1 d of withdrawal when normalized to either actin (unpaired t-test; t(16) = 2.152, p = 0.0470) or 706 
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total SRC levels (unpaired t-test; t(16) = 2.297, p = 0.0354) but no change in EB3 (unpaired 707 

Welch’s t-test; t(9.432) = 0.4037, p = 0.6954) and total SRC (unpaired t-test; t(16) = 1.517, p = 708 

0.1488) levels . D Western blot quantification (top) and representative images (bottom) showing 709 

increased EB3 (unpaired t-test; t(12) = 2.268, p = 0.0426), GluN2B (unpaired t-test; t(12) = 2.299, p 710 

= 0.0482) and total SRC (unpaired t-test; t(12) = 2.719, p = 0.0187) levels after 30 d of withdrawal. 711 

SRC/FYN phosphorylation was increased when compared to actin levels (unpaired t-test; t(12) = 712 

2.180, p = 0.0498), but not when compared to total SRC (unpaired t-test; t(12) = 0.5383, p = 713 

0.6002). SRCIN1 levels were slightly decreased (unpaired t-test; t(12) = 2.61, p = 0.0228). -714 

tubulin (unpaired t-test; t(12) = 1,493, p = 0.1612) and PSD95 (unpaired Welch’s t-test; t(6.302) = 715 

0.2346, p = 0.8220) levels were similar between groups. Data represented as mean ± sem. *p < 716 

0.05, **p < 0.01 for t-tests. 717 

Figure 3. SRCIN1 overexpression in the NAc diminishes incubation of cocaine craving. A 718 

Experimental timeline. Rats were trained to self-administer cocaine or saline on a fixed-ratio 719 

one (FR1) schedule of reinforcement for 10 consecutive days before being injected in the NAc 720 

with an HSV overexpressing either SRCIN1, a negative regulator of SRC phosphorylation, or a 721 

control GFP vector (n = 10 saline-GFP, 10 saline-SRCIN1, 9 cocaine-GFP, 8 cocaine-SRCIN1). 722 

Seeking was then measured after 3 and 30 d of withdrawal. B Overexpression of SRCIN1 in the 723 

NAc of rats 4 days after HSV-SRCIN1 infusion in this brain region was confirmed by real-time 724 

PCR, with no effect on SRCIN1 expression seen with HSV-EB3 infusion (one-way ANOVA; F(2, 11) = 725 

5.003, p = 0.0285; followed by Holm-Sidak’s post-hoc testing; HSV-SRCIN1 p = 0.0458 vs HSV-726 

GFP, p = 0.0458 vs HSV-EB3. C Conversely, overexpression of EB3 in the NAc of rats 4 days after 727 

HSV-EB3 infusion in this brain region was confirmed by real-time PCR, with no effect on EB3 728 
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expression seen with HSV-SRCIN1 (one-way ANOVA; F(2, 11) = 8.515, p = 0.0058; followed by 729 

Holm-Sidak’s post-hoc testing; HSV-EB3 p = 0.0074 vs HSV-GFP, p = 0.0151 vs HSV-SRCIN1. D 730 

Lever pressing across the 10 self-administration sessions showing no difference in intake before 731 

HSV group assignment. E SRCIN1 transient overexpression in the NAc during early withdrawal 732 

diminished incubation at a later time point (three-way ANOVA with repeated measures; main 733 

effect of Drug: F(1, 33) = 131.860, p < 0.0001; main effect of HSV: F(1, 33) = 3.731, p = 0.0621; main 734 

effect of Day: F(1, 33) = 11.354, p = 0.00193; interaction Drug×HSV: F(1, 33) = 4.865, p = 0.0345; 735 

interaction Drug×Day: F(1, 33) = 7.087, p = 0.0119; interaction HSV×Day: F(1, 33) = 0.549, p = 0.464; 736 

interaction Drug×HSV×Day: F(1, 33) = 0.986, p = 0.3280; followed by Tukey HSD post-hoc testing; 737 

CocaineSA.GFP.Day30 vs Day3 p < 0.001, CocaineSA.SRCIN1.Day30 vs Day3 p = 0.3069, 738 

CocaineSA.Day3.SRCIN1 vs GFP p = 0.9943, CocaineSA.Day30.SRCIN1 vs GFP p = 0.1089). Data 739 

represented as mean ± sem. *p < 0.05, **p < 0.01 , ***p < 0.001 for post-hoc tests. 740 

Figure 4. EB3 overexpression in the NAc increases motivation. A Experimental timeline for 741 

behavioral economics testing. Rats were trained to self-administer cocaine or saline on a fixed-742 

ratio one (FR1) schedule of reinforcement before being injected in the NAc with an HSV 743 

overexpressing either EB3 (n = 7) or a control GFP vector (n = 7), and subsequently went 744 

through the threshold procedure. B Dose-response curves showing that EB3 overexpression 745 

increased responding for cocaine (two-way ANOVA with repeated measures; main effect of 746 

Price: F(9, 108) = 10.38, p < 0.0001; main effect of HSV: F(1, 12) = 4.982, p = 0.0454; interaction: 747 

F(9,108) = 1,713, p = 0.0947; followed by Holm-Sidak’s post-hoc testing; price 42.1 responses 748 

(resp)/mg p = 0.0689, price 75 resp/mg p = 0.0353, price 133.9 resp/mg p = 0.0593 vs HSV-GFP). 749 

C The motivation measure Pmax was significantly increased upon EB3 overexpression (unpaired t-750 



 

 37 

test; t(12) = 3.436, p = 0.0049), while consumption remained unaffected (unpaired t-test; t(12) = 751 

0.9662, p = 0.35). The elasticity parameter, , was trending toward a decrease (unpaired 752 

Welch’s t-test; t(6.075) = 2.073, p = 0.0830) and perseverative responding trended toward an 753 

increase (unpaired Welch’s t-test; t(6.743) = 1.754, p = 0.1245). Data represented as mean ± sem. 754 

#p < 0.05 for ANOVA main effects, *p < 0.05, **p < 0.01 for t-tests and post-hoc tests. 755 

Figure 5. EB3 and SRCIN1 overexpression in the NAc both increase spine density and modulate 756 

dendritic spine morphology. A Experimental timeline for spine morphology analysis. Mice were 757 

injected in the NAc with an HSV overexpressing EB3 (n = 26 neurites across 3 mice), SRCIN1 (n = 758 

30 neurites across 3 mice), or a control GFP vector (n = 57 neurites across 6 mice) and were 759 

perfused for immunostaining after 5 d. E Representative confocal images of HSV-infected 760 

neurites. Scale bar 5 μm. F Both HSV-SRCIN1 and HSV-EB3 viruses increased the total number of 761 

spines (Kruskall-Wallis test; H(2) = 22.53, p < 0.0001; followed by Dunn’s post-hoc testing; HSV-762 

SRCIN1 p = 0.021, HSV-EB3 p < 0.0001 vs HSV-GFP), affecting both thin (Kruskall-Wallis test; H(2) 763 

= 20.46, p < 0.0001; followed by Dunn’s post-hoc testing; HSV-SRCIN1 p = 0.1016, HSV-EB3 p < 764 

0.0001 vs HSV-GFP) and mushroom spines (Kruskall-Wallis test; H(2) = 12.78, p = 0.0017; 765 

followed by Dunn’s post-hoc testing; HSV-SRCIN1 p = 0.0016, HSV-EB3 p = 0.0465 vs HSV-GFP). 766 

Data represented as mean ± sem. *p < 0.05, **p < 0.01, ***p < 0.001 for post-hoc tests. 767 

Figure 6. Cocaine challenge after prolonged withdrawal normalizes EB3 and total SRC levels in 768 

the NAc. A Experimental timeline. Rats were trained to self-administer cocaine (n = 10) or saline 769 

(n = 7) on a fixed-ratio one (FR1) schedule of reinforcement for 10 consecutive days. After 30 d 770 

of withdrawal, animals were injected with an intraperitoneal 10 mg/kg dose of cocaine and NAc 771 
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tissue was collected 1 h later for subcellular fractionation. B Western blot quantification (top) 772 

and representative images (bottom) showing that the cocaine challenge increased SRC/FYN 773 

phosphorylation at Y416/420 when normalized to total SRC levels (unpaired t-test; t(15) = 3.707, 774 

p = 0.0021), with a trend seen when normalized to actin (unpaired t-test; t(15) = 2.012, p = 775 

0.0626), and decreased GluN2B levels (unpaired t-test; t(15) = 2.617, p = 0.0194) in rats with 776 

previous cocaine self-administration experience compared to saline controls. Total EB3 777 

(unpaired t-test; t(15) = 0.4937, p = 0.6287), SRC (unpaired t-test; t(15) = 0.5111, p = 0.6167), 778 

SRCIN1 (unpaired t-test; t(14) = 1.49, p = 0.1583), -tubulin (unpaired t-test; t(15) = 0.4755, p = 779 

0.6413), and PSD95 (unpaired t-test; t(15) = 1.379, p = 0.1881) levels, however, were not 780 

affected. C Experimental timeline. Mice were i.p. injected with cocaine (10 mg/kg) or saline daily 781 

for 7 d, and with another cocaine (10 mg/kg) or saline challenge i.p. injection 30 d later (n = 9 782 

saline/saline, n = 10 saline/cocaine, n = 10 cocaine/saline, n = 9 cocaine/cocaine). D Fold change 783 

in mRNA levels compared to saline/saline control for EB3 (two-way ANOVA with repeated 784 

measures; main effect of chronic treatment: F(1, 34) = 10.69, p = 0.0025; main effect of challenge: 785 

F(1, 34) = 2.435, p = 0.1279; interaction: F(1, 34) = 33.56, p < 0.0001; followed by Holm-Sidak’s post-786 

hoc testing; saline/cocaine vs saline/saline p = 0.0153, cocaine/saline vs saline/saline p < 0.0001, 787 

saline/cocaine vs cocaine/saline p = 0.0051, cocaine/saline vs cocaine/cocaine p < 0.001), 788 

SRCIN1 (two-way ANOVA with repeated measures; main effect of chronic treatment: F(1, 26) = 789 

1.485, p = 0.2340; main effect of challenge: F(1, 26) = 0.5752, p = 0.4550; interaction: F(1, 26) = 790 

5.167, p = 0.0315; followed by Holm-Sidak’s post-hoc testing; cocaine/saline vs saline/saline p = 791 

0.1110) and SRC (two-way ANOVA with repeated measures; main effect of chronic treatment: 792 

F(1, 31) = 4.489, p = 0.0422; main effect of challenge: F(1, 31) = 0.1313, p = 0.7195; interaction: F(1, 793 
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31) = 13.05, p = 0.0011; followed by Holm-Sidak’s post-hoc testing; saline/cocaine vs saline/saline 794 

p = 0.0851, cocaine/saline vs saline/saline p = 0.0015, cocaine/saline vs cocaine/cocaine p = 795 

0.0558). Data represented as mean ± sem. *p < 0.05, **p < 0.01, ***p < 0.001 for t-tests and 796 

post-hoc tests. 797 

Figure 7. Proposed model of cooperation between EB3, SRCIN1, and SRC at NAc synapses 798 

regulating cytoskeletal dynamics and structural plasticity following cocaine self-799 

administration. During early withdrawal from cocaine self-administration (left), SRC 800 

phosphorylation at its active Y416 site is induced at NAc synapses and indirectly inhibits actin 801 

polymerization. Actin cytoskeleton destabilization is associated with the emergence of thin, 802 

immature, and plastic spines during this stage of memory “formation.” After prolonged 803 

withdrawal (center), EB3-bound dynamic microtubules have invaded NAc spines. Because it 804 

interacts with EB3, SRCIN1 (despite a  slight reduction in total levels) is relocated in the 805 

postsynaptic compartment, where it inhibits SRC Y416 phosphorylation and thus releases the 806 

inhibition of actin polymerization. This activation of actin polymerization creates enlarged 807 

mushroom spines associated with the “stabilization” of drug memories. After an acute cocaine 808 

challenge (right), EB3- and SRCIN1-bound microtubules exit NAc spines; SRC-Y416 809 

phosphorylation is consequently induced and inhibits actin polymerization to revert mushroom 810 

spines into thin and labile spines, putatively allowing the drug memories to be “reconsolidated”. 811 

This is a highly simplified scheme given the likely involvement of additional proteins and 812 

mechanisms in these phenomena. 813 
















