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ABSTRACT OF THE THESIS 

 

Dissecting circuit- and stage-specific neural adaptations in an animal model of 

drug addiction 

 

by 

 

 Cindy Barrientos  

 

Master of Science in Biology 

 

University of California, San Diego, 2016 

 

Professor Byungkook Lim, Chair 

 

Drug addiction is a major global health problem, persisting due to a lack of 

effective treatments. This is largely due to insufficient understanding of the 

pathophysiology and neural circuitry underlying the progression of a healthy 

individual into drug addiction. Rodent models of cocaine addiction implicate the 

altered activity of medium spiny neurons (MSNs) in the nucleus accumbens 

(NAc) in the progression to addiction. MSNs of the NAc can be classified as



 
 

x 

dopamine receptor D1 or D2 expressing neurons, and cocaine exposure has 

previously been shown to induce differential changes in these two cells types, 

including differential modifications of dendritic spine densities and different 

changes in synaptic plasticity. While the neural substrates driving these changes 

remain unknown, it is possible that synaptic changes driven by the neural 

adaptation in the regions upstream of the NAc may have roles in response to 

cocaine administration. Therefore, we seek to determine whether brain areas 

sending major excitatory projections to the NAc MSNs exhibit morphological 

changes during different stages of cocaine exposure. In particular, previous work 

has shown the roles of basolateral amygdala (BLA), prefrontal cortex (PFC), and 

the ventral hippocampus (VH) projections to the NAc in facilitating behavioral 

aspects of addiction. We utilized a method of monosynaptic retrograde tracing 

using an EnvA pseudotyped rabies virus that would allow us to label neurons in 

these areas that directly project to MSNs. The effect of cocaine on spine density 

was measured in multiple stages: initial use (5 days of cocaine exposure), 

withdrawal (5 days of cocaine followed by a 2 week withdrawal period without 

cocaine), and reinstatement (5 days of cocaine followed by a single cocaine 

reinstatement shot at the end of 2 week withdrawal). Here, we characterize the 

distinct effects of cocaine exposure on dendritic modifications in a projection-, 

cell type-, and stage-specific manner.  Our findings suggest cocaine differentially 

alters spine densities on neurons in brain areas that send excitatory projections 

to different types of NAc MSNs. These neuroanatomical results establish a 



 
 

xi 

framework to further understand the circuit-basis of progression to drug 

addiction. 
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Introduction 

Drug abuse is one of the major public mental health issues in the United 

States, at best leading to decreased productivity and health decline; at worst, 

drug abuse leads to crime, dismantling of families, and preventable deaths. In 

particular, cocaine abuse has been increasing in college-aged Americans, as 

past-year use has increased by over 60% from 2013 to 2014 alone (Johnson 

2015). Furthermore, relapse rates may be as high as 60% in the year following 

treatment for those who may attempt to quit an addictive substance (McLellan 

2000). Unfortunately, effective treatments have not yet been developed, due in 

large part to our lack of knowledge in the mechanisms of the progression to and 

relapse of drug addiction.  As such, it is crucial to understand the mechanisms 

leading to drug addiction to create strategies to prevent and treat this devastating 

condition. 

Nucleus accumbens 

The nucleus accumbens (NAc), deemed one of the “pleasure centers” of 

the brain, is a major player in processing reward-related behaviors, and has been 

heavily implicated in drug addiction (Dackis 2001). Indeed, rats have been shown 

to compulsively press a lever that delivers the electrical stimulation of the NAc, 

similar to compulsive drug-seeking behavior in addicted humans (Olds and 

Milner 1954). 
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The NAc predominantly consists of medium spiny neurons (MSNs) that 

express either dopamine receptor D1 (D1-MSN) or dopamine receptor D2 (D2-

MSN). These two subtypes of MSNs were traditionally believed to be separated 

into the direct (D1-MSNs) and indirect (D2-MSNs) pathway: D1-MSNs in the NAc 

project directly to basal ganglia output nuclei, including the ventral tegmental 

area (VTA), whereas D2-MSNs in the NAc predominantly project indirectly to the 

VTA by relaying signals through the ventral pallidum (VP) (Gerfen 2011).  

However, it has recently been determined in mice that D1-MSNs project to both 

the VTA and VP, while D2-MSNs predominantly project to VP (Kupchik 2015). 

Although these two MSN subtypes are not as distinct in their projection targets as 

once believed, they do carry opposing functions: D1-MSNs promote appetitive 

behaviors, while D2-MSNs motivate aversion (Richard 2011). Optogenetic 

activation of D1-MSNs during a cocaine condition placed preference test (CPP) 

increases cocaine reward compared to a low dose of cocaine alone, while 

activation of D2-MSNs attenuates the rewarding effects of higher doses of 

cocaine (Lobo 2010). Interestingly, even after rodents have reached a point of 

compulsive drug taking, optogenetically increasing the activity of NAc D2-MSNs 

is still able to significantly decrease their motivation for cocaine seeking (Bock 

2013). Overall, it is believed that drug addiction is in part due to the disruption of 

the balance between D1-MSN and D2-MSN activity. 
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Glutamatergic inputs to the nucleus accumbens 

In addition to receiving dopaminergic projections from the ventral 

tegmental area (VTA), NAc MSNs are also modulated by major excitatory inputs, 

including projections from the prefrontal cortex (PFC), the basolateral amygdala 

(BLA), and the ventral hippocampus (VH) (Britt 2012). These projections are 

known to be associated with different phenotypes of addiction-related behaviors: 

the PFC is involved in decision-making and behavioral inhibition – two functions 

that are stunted in those plagued with addiction (Stuss and Levine 2002). One 

group developed the “Iowa gambling task” to test a subjects’ decision-making 

abilities and found patients with ventromedial PFC damage were unable to 

consider future implications of their actions and instead followed immediate 

gratification (Bechara 1994). The PFC is also necessary for the induction of 

behavioral sensitization to cocaine; this sensitization is the phenomenon in which 

each subsequent exposure to cocaine induces increased locomotion in the 

minutes after drug administration (Steketee 2005). Lesions of the PFC by 

ibotenic acid injections have been shown to prevent behavioral sensitization in 

rodents (Pierce 1997).  

Substructures of the PFC are also known to be affected differently with 

exposure to cocaine: prolonged cocaine use leads to decrease excitability in the 

prelimbic (PrL) neurons, and countering PrL hypoactivity by optogenetic 

activation of PrL neurons suppresses compulsive cocaine seeking resistant to 

shock treatment (Chen 2013). Prior studies found that damage to the PrL 



4 
 

 
 

attenuated the acquisition of cocaine-induced CPP, as well as the reinstatement 

of cocaine-induced CPP after extinction training (Tzschentke and Schmidt 1998, 

Zavala 2003). The onset of behavioral sensitization to cocaine has been shown 

by one group to require the PrL, as lesions prevent locomotor sensitization 

(Tzschentke 1998). 

A different PFC substructure, the orbitofrontal cortex (OFC), has been 

found to express increased ∆FosB after chronic cocaine administration. 

Exogenous overexpression of ∆FosB in the OFC dramatically increased 

voluntary cocaine intake in rats when compared to control. In addition, the higher 

expression of ∆FosB led to increased impulsivity in rats using a 5-choice serial 

reaction time task (5CSRT) test measuring premature responses (Winstanley 

2009). An fMRI study on human addicts have implicated the OFC in cocaine 

seeking behaviors, as the subjects exhibited increased glucose metabolism in 

the OFC – indicative of increased neural activity - in proportion to the extent of 

cocaine craving (Volkow and Folwer 2000). The medial portion of the OFC (MO) 

has been associated with a preference for immediate rewards, as an fMRI study 

found increased activity in the MO of humans during behavioral tasks leading to 

immediate availability of money; this finding was later supported by a rat lesion 

study, in which damage to the MO led to a decrease in preference for a small, 

immediate reward over a large, delayed reward. (McClure 2004, Mar 2011) 

The BLA has been implicated in cocaine-seeking behavior, as lesions to 

the BLA in naïve rodents prevent the acquisition of cocaine-induced CPP, while 
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the same lesions in cocaine-induced CPP acquired animals prevented extinction 

of CPP and cocaine-seeking; this suggests the BLA encodes incentive values, 

and damage to this region impairs the ability to re-assess the value of cocaine-

paired stimuli (Fuchs 2002). The BLA’s ability to facilitate cocaine seeking 

extends even after extinction training of rats that learned to lever press for 

cocaine infusions, as electrical stimulation of the BLA is sufficient to induce 

cocaine seeking (Hayes 2003). In addition, BLA-lesioned rats have a diminished 

freezing response to cues associated with a footshock, indicating predictable 

negative consequences are less likely to inhibit drug seeking (Pelloux 2013). 

The BLA is not the only glutamatergic input to the NAc that is involved in 

cocaine seeking after extinction training; electrical stimulation of the VH has been 

found to induce a relapse to cocaine seeking after extinction (Vorel 2001). Vice 

versa, lidocaine inactivation of the VH decreases relapse to cocaine seeking 

(Sun 2003). The same dose of lidocaine injected in to the BLA also decreases 

cocaine reinstatement post-extinction training, indicating some overlapping 

function in behavioral outputs of the BLA and VH (Kantak 2002). The VH also 

encodes contextual cues of cocaine intake, as chemical inactivation of the VH 

attenuates context-induced reinstatement of cocaine-seeking (Lasseter 2010). 

Dendritic spines 

 Spines are dendritic protrusions and the major targets of excitatory 

projections. They are commonly found throughout the brain and are known to be 

involved in synaptic formation and maturation (Nimchinsky 2002). Furthermore, 
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their morphological alterations are observed in the pathogenesis of many 

neurological diseases, including autism spectrum disorders (ASD), 

schizophrenia, and Alzheimers disease (Penzes 2011).  

Spines can be divided into three different subtypes based on 

morphological criteria: thin, mushroom, and stubby. Stubby spines are typically 

short and lack a thin neck connecting the head to the dendrite. Stubby spines are 

quite common in the early developing brain, though it is not known how or why. 

Mushroom spines are named as such because of its thin neck leading to a 

bulbous head. Mushroom spines are controversially thought to be matured thin 

spines, with a stronger synapse due to its greater post-synaptic density (PSD). 

Thin spines have a long and narrow neck with a small diameter head. Thin 

spines are considered to be the most plastic of the three, as they may form and 

recede rapidly within minutes to hours, although, mushroom spines are known to 

be quite plastic as well as they may recede or become other spine types. Thin 

spines that are immature are transient unless it connects with an afferent to form 

a synapse (Nimchinsky 2002). Because the spine head is proportional to the 

area of the PSD and the quantities of postsynaptic receptors and presynaptic 

docked vesicles, the larger spine heads – such as in mushroom and stubby 

spines – are associated with stronger synaptic transmission; this allows 

experimenters to indirectly measure synaptic strength in the brain by spine 

density and subtype analysis (Hering 2001). 
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Several studies have demonstrated cocaine’s ability to alter dendritic 

spine densities on MSNs, indicating the drug may re-organize connectivity of 

excitatory inputs to the NAc. Even after a 28 day withdrawal, cocaine-induced 

spine density decreases in the NAc core still persists, showing long lasting 

plasticity that may be associated with some aspect of long lasting addiction 

phenotypes (Dumitriu 2012). A recent study found that short-term 5 day cocaine 

exposure is able to specifically increase the spine density of D1-MSNs in the NAc 

that receive projections from the BLA, while inducing no effect on D1-MSNs that 

receive projections from the ventral hippocampus (MacAskill 2014). The 

implications of differential effects on excitatory projections to the NAc MSNs are 

particularly important, given the different behavioral outputs of each of these 

projections to the NAc.  

In consideration of changes in dendritic spines as highly associated with 

the maturational and functional status of synapses, we are interested in 

determining whether these changes in the dendritic spine densities of NAc MSNs 

also occur in upstream regions that send glutamatergic inputs to the NAc, as 

these projections are believed to be responsible for many of the addiction-related 

behaviors. Despite the importance of experience-dependent structural plasticity 

related to the progression to drug addiction, it has not yet been studied 

systematically. Therefore, we propose a new experimental design to determine 

whether cocaine is able to induce specific changes in primary glutamatergic 
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projections to either D1- or D2-MSNs of the NAc at different stages in the 

progression to addiction. 

Experimental Scheme for cocaine administration and imaging 

Drug addiction is a progressive disorder: it is initiated by recreational use, 

and with frequent and persistent use will develop into compulsive drug seeking 

and abuse. It is often characterized by periods of prolonged abstinence, 

withdrawal, and relapse. To address how cocaine may induce morphological 

changes in different brain areas at different stages of this progression, we 

designed a mouse model to mimic these separate stages of cocaine exposure. 

Initial prolonged drug use will be studied by injecting mice with 20 mg/kg of 

cocaine once a day for 5 days. To test for changes during a period of abstinence 

following drug exposure, another group of mice will be injected with cocaine once 

a day for 5 days before undergoing 14 days of no cocaine exposure. The mouse 

will then be given a saline challenge injection on day 15. Because relapse is 

incredibly common in drug addicts, we decided to mimic the reinstatement of 

drug exposure by injecting 5 days of cocaine into mice, followed by 14 days of 

withdrawal and a cocaine challenge on day 15.  

After the cocaine administration phase is complete, the animals are 

sacrificed to obtain brain slices containing the medial orbitofrontal prefrontal 

cortex (MO), PrL, BLA, and VH with EGFP-labeled neurons. Once mounted onto 

microscope slides, the brain slices will be imaged on a confocal microscope. 

Once GFP-labeled cells are identified, secondary dendritic branches are imaged; 
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8-10 images of dendrites are acquired per brain area per animal and are 

deconvolved prior to spine analysis (including spine density quantification and 

spine morphological subtype classification). 

Viral strategy 

To label the inputs specific to D1-MSNs and D2-MSNs, we utilized a 

monosynaptic retrograde viral tracing technique together with transgenic mice 

expressing Cre recombinase specifically in D1-MSNs (D1-Cre) or D2-MSNs 

(A2a-Cre). To restrict retroviral infection to Cre-expressing neurons and 

monosynaptically-connected afferent neuronal populations, we used a strategy 

using a combination of several viruses. By co-infecting Cre-expressing cells in 

the NAc with separate adeno-associated viruses (AAV) that conditionally express 

1) TVA and the marker protein tdTomato (AAV-DIO-tdTOM-TVA) and 2) RVG 

(AAV-DIO-RVG), we enable expression of tdTomato, TVA, and RVG only in Cre-

expressing neurons. Then, we used a rabies viral vector (SADG-EGFP(EnvA)), 

which is initially incapable of retrograde transport as it lacks the requisite rabies 

glycoprotein (RVG). The rabies viral vector is then pseudotyped with EnvA such 

that it can only infect cells that express exogenous avian leukemia virus receptor 

A (TVA; Wickersham et al. 2007). Thus, a subsequent injection of the EnvA 

pseudotyped rabies virus (SADG-EGFP(EnvA)) will yield expression and trans-

synaptic labelling of the rabies marker protein only in Cre and tdTomato-

expressing neurons. 

 



 
 

10 

Methods 

Animals 

All animal housing and handling were conducted under the ethical 

standards of University of California IACUC. Adult male and female A2a-cre and 

D1-cre mice were obtained from GENSAT (Gene Expression Nervous System 

Atlas) and backcrossed with wild type C57BL mice. Mice were group-housed for 

the duration of the experiments, and maintained on a 12hr light/dark cycle (lights 

on at 7am). Animals were randomly assigned to either control or experimental 

groups. Surgeries were performed between 10-12 weeks of age. In D1-cre mice, 

6 were exposed to 5 day saline injections, 6 were exposed to 5 day cocaine 

injections, 6 were exposed to a saline reinstatement shot after 5 days of cocaine 

and a 14 day withdrawal, and 7 were exposed to a cocaine reinstatement shot 

after 5 days of cocaine and a 14 day withdrawal. In A2a-cre mice, 6 were 

exposed to 5 day saline injections, 5 were exposed to 5 day cocaine injections, 7 

were exposed to a saline reinstatement shot after 5 days of cocaine and a 14 day 

withdrawal, and 7 were exposed to a cocaine reinstatement shot after 5 days of 

cocaine and a 14 day withdrawal. 

Surgeries 

Mice were anaesthetized with a 150mg/kg ketamine and 

dexmedetomidine mixture i.p. injection. Viruses were stereotaxically injected 

(Kopf Instruments) using a Harvard Apparatus syringe pump into the right NAc 
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core with coordinates relative to bregma: anterior/posterior +1.5, medial/lateral 

+1.0, dorsal/ventral -4.4. The syringe was left for ten minutes after viral 

administration to minimize potential leakage dorsal of the injection site via 

syringe removal. The scalp was immediately resealed using 3M Vetbond Tissue 

Adhesive. Mice were then injected i.p. with 150 mg/kg Antisedan and s.c. with 

100 µl of buprenorphine and maintained on a heating pad during recovery from 

anaesthesia. 

For 5 day cocaine group and saline control group, two helper viruses, 

AAV-DIO-tdTom-TVA and AAV-DIO-RVG (150 nl each), were injected 

unilaterally into the right NAc core 14 days prior to the first cocaine injection. Two 

days prior to the first saline habituation injection, SADΔG-EGFP(EnvA) was 

injected into the same location and the animal is sacrificed one day after the final 

cocaine injection. These regiments ensured robust expression of SADΔG-

EGFP(EnvA) while minimizing the risk of potential cell death induced by longer 

periods of viral expression. 

For withdrawal groups, two helper viruses, AAV-DIO-tdTom-TVA and 

AAV-DIO-RVG (150 nl each), were injected into the NAc core 2 days prior to the 

first saline habituation injection. Then, 6 days before the reinstatement shot, 

SADΔG-EGFP(EnvA) was injected into the same location and the animal was 

perfused the day following reinstatement. Refer to figure 1 for a diagrammatic 

representation. 
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Histology 

Mice were perfused 24 hours after the last cocaine or saline injection. 

First, animals were anaesthetized with isoflurane gas and perfused with 0.9% 

saline solution, followed by 4% paraformaldehyde (PFA) in phosphate-buffered 

saline (PBS). Brain was fixed overnight in 4% PFA at 4°C. After wash with PBS, 

the brain was sectioned into 50 µm coronal slices on a Leica VT1000s vibratome 

and immediately mounted on Superfrost plus microscope slides with DAPI 

Fluoromount-G. 

Behavioral sensitization test 

All groups of animals underwent a habituation period in which saline was 

i.p. injected into animals once per day in the two days prior to the sensitization 

test and placed into a 27.25 x 27.25 cm open field arena used for monitoring 

locomotion. Animals were re-weighed each day prior to behavior in order to 

account for potential fluctuations in weight and subsequent changes in cocaine 

concentration administration. After each saline or cocaine injection (20 mg/kg), 

the animal is immediately placed into the chamber to monitor locomotion by 

BIOBSERVE software for 15 minutes (Graph 1). 

For 5 day repetitive cocaine administered group and saline control, 

animals were injected daily for 5 consecutive days at the same time ± 2 hours. 

The animals were sacrificed 24 hours later. 
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For withdrawal groups, animals were injected daily for 5 consecutive days 

at the same time ± 2 hours and monitored for locomotor sensitization. The 

animals then underwent a 2 week withdrawal in their home cage in which no 

saline or cocaine was administered. After 2 weeks withdrawal, a single 20 mg/kg 

cocaine or saline challenge (cocaine reinstatement and saline reinstatement 

groups, respectively) shot was administered. Animals were again sacrificed 24 

hours later. 

Imaging 

Secondary dendrites were imaged under an Olympus Fluoview FV1200 

confocal microscope using a 100x lens at 3.5x zoom with a resolution of 

1024x1024 in which each pixel corresponded to 0.035 x 0.035 x 0.15 µm. Z-

stacks were acquired on FV10-ASW software. A highly sensitive gallium arsenide 

phosphide (GaAsP) detector was used in most cases to ensure visualization of 

all spines. For more accurate quantitation and future morphological analysis, 

images were processed with AutoQuant X3 deconvolution software prior to 

analysis. 

Spine quantitation 

Deconvolved images were imported and analyzed through NeuronStudio 

(Rodriguez 2008). The software allows for automated spine counting; however, 

to ensure optimal and accurate counting, a human experimenter would manually 

verify each spine. This software also allows for automated, unbiased counting of 
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dendritic spine subtypes (thin, mushroom, and stubby). All imaging and 

quantitation was performed blind to the experimental condition and genotype. 

Statistical analysis 

Graphpad Prism was utilized for all statistical tests. Dendritic spine 

densities were calculated by dividing total spines by length of the dendritic 

segment analyzed. Spine subtype ratios were calculated by dividing the number 

of spine subtype by total spines. Statistical differences of dendritic spine density 

between cocaine exposed animals and those given 5 days of saline injections 

were determined using a K-S test, as well as the Mann-Whitney (depicted in the 

bar graphs). Mann-Whitney was also used to compare spine subtype ratios of 

cocaine exposed groups to saline control. 
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Results 

BLA neurons projecting to NAc MSNs are differentially affected by cocaine 

Our results indicate that BLA neurons projecting to D1-MSNs and D2-

MSNs showed distinct changes in dendritic spine density at different stages of 

cocaine administration. First, there is an increase in the dendritic spine density of 

D1-MSN projecting BLA neurons after 5 days of cocaine injections, and 

continues to increase after 14 days of withdrawal (fig. 2B). The ratio of MSN 

spine subtypes of BLA neurons projecting to D1-MSNs exhibit a decrease in the 

fraction of thin spines and an increase in that of mushroom spines after 5 days of 

cocaine and after a 14 day withdrawal; this indicates that thin spines are matured 

into mushroom spines after 5 days of cocaine injections and during a withdrawal 

period (fig. 2D). Cocaine reinstatement after 14 days of withdrawal returns spine 

density levels near that of 5 day cocaine exposure. This may be due to the 

decrease in the fraction of mushroom spines and increase in that of thin spines 

after the cocaine reinstatement, suggesting that the mushroom spines generated 

during the withdrawal period are more plastic than those increased during the 5 

day cocaine injections. 

Second, BLA neurons projecting to D2-MSNs show no change in spine 

density by cocaine injections, indicating that cocaine administration induces 

specific structural plasticity in BLA neurons based on their projections. However, 

there is rearrangement of all three spine subtype ratios: there is an increase in 

thin spines after saline reinstatement, and a decrease in mushroom spines 
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across all groups compared to control (fig. 2G). We also observe an increase in 

stubby spines after 5 days of cocaine exposure and cocaine reinstatement. It’s 

possible that despite no net change in the dendritic spine density of D2-MSN 

projecting BLA neurons, individual spines display dynamic changes in response 

to cocaine administration. 

Spine density increases in VH neurons projecting to D1- but not D2-MSNs with a 

cocaine challenge after 14 days of withdrawal 

Hippocampal projecting neurons contain long and elaborated dendritic 

structures (fig. 3A). Moreover, the different areas of dendrites receive inputs from 

different brain structures. Thus, we hypothesized that these differences may lead 

to selective changes in spine densities between dendrite subtypes – apical and 

basal dendrites – in response to cocaine administration. We found that 5d 

cocaine administration showed no change in spine density on apical and basal 

dendrites of VH neurons projecting to D1-MSNs. Interestingly, the increases in 

dendritic spines were observed only after a cocaine challenge, not by a saline 

challenge, following a 14 day withdrawal period with greater changes in the 

apical dendrites than the basal. The fraction of different subtypes of dendritic 

spines remains consistent across all groups in the apical dendrites, suggesting 

that all subtypes of spines increased after a cocaine challenge following a 14 day 

withdrawal period (fig. 3D). However, basal dendrites undergo a decrease in the 

ratio of stubby spines after a 14 day withdrawal with a saline challenge, and 
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decrease even further after a cocaine reinstatement shot, suggesting a selective 

increase in thin and mushroom spines after cocaine withdrawal. 

Similar to the BLA-NAc projections, VH neurons projecting to D2-MSNs 

show no change in dendritic spine density in response to cocaine administration. 

Furthermore, cocaine does not induce any changes in spine subtype ratios in the 

apical dendrites of VH neurons projecting to D2-MSNs (fig. 4D). Interestingly, we 

find a significant decrease in thin spines after 5 days of cocaine injections in the 

basal dendrites, indicating that the dynamics of thin spine maturation is altered 

by cocaine administration (fig. 4G). 

Cocaine induces spine density decreases in dendrites of PrL inputs to D1-MSNs, 

but not D2-MSNs 

Like VH neurons, NAc projecting layer 5 PrL neurons also have long, 

elaborated dendritic structures. Thus, we examine the spine in apical and basal 

dendrites separately. Contrary to D1-MSN projecting neurons in the BLA and VH, 

cocaine induces a decrease in the spine density of PrL cells innervating NAc D1-

MSNs (fig. 5A). Apical dendrites exhibit a significant decrease in spine density 

after a 14 day withdrawal with a saline or cocaine challenge (fig. 5B, 5C). Aside 

from a short term increase in stubby spines after 5 days of cocaine exposure, 

there are no changes in spine subtype ratios (fig. 5D). More pronounced 

decreases in spine density are observed in basal dendrites of Prl neurons 

projecting to D1-MSNs in all 3 cocaine-administered groups (fig. 5E). The 

average spine density of the basal dendrites decreases after 5 day cocaine 
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exposure; this effect continues to persist after 14 days of withdrawal with a saline 

or cocaine reinstatement shot (fig. 5F). No change in spine subtype composition 

in basal dendrites was observed. 

Unlike changes in spine density of PrL neurons projecting to D1-MSNs in 

response to cocaine administration, no change was observed in the spine density 

in both apical and basal dendrites of cells projecting to D2-MSNs upon cocaine 

administration (fig. 6B, 6C, 6E, 6F). Despite no net changes in density, there is 

structural reorganization of individual spines given the alterations in thin and 

stubby spine ratios: apical dendrites exhibit a decrease in thin spines and an 

increase in stubby spines after 5 days of cocaine injections. Thin spines on basal 

dendrites also decrease after 5 days of cocaine exposure, however, stubby 

spines increase after 5 days of cocaine and is retained after withdrawal and 

reinstatement. Since stubby spines are also considered immature, there may be 

a recession of thin spines that is replaced by new stubby spines. 

Cocaine decreases the spine density of basal dendrites on MO neurons 

projecting to D1-MSNs after withdrawal, and also causes decreases in MO 

neurons projecting to D2-MSNs after initial 5 day cocaine use 

The MO and the PrL, collectively known as the prefrontal cortex, are 

known to carry different functions. For this reason, we decided to subdivide these 

regions in our analysis in the event that cocaine may also differentially affect 

them. Indeed, this was found to be the case (fig. 7A). The dramatic decreases in 

spine density with 5 days of cocaine exposure to PrL cells were not seen in the 
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MO; apical dendritic spine density of D1-MSN projecting MO neurons were 

unaffected by cocaine (fig. 7B, 7C). However, spine rearrangement may be 

occurring as a significant decrease in thin and increase in mushroom spines are 

seen after 14 days of cocaine withdrawal, suggesting that thin spines may be 

maturing into a mushroom-type structure, or that there is a recession of thin 

spines that is replaced by growth of new stubby spines (fig. 7D). Basal dendrites 

of these cells show a decrease in spine density after a 14 day cocaine withdrawal 

with a saline reinstatement shot (fig. 7E)). These effects appear to recover after a 

cocaine reinstatement shot (fig. 7F). Spine subtype ratios remain mostly 

consistent across all groups; however, there is an increase in mushroom spines 

after 14 day cocaine withdrawal. It may be that the spine densities after 

withdrawal and saline reinstatement were non-selectively decreased, and the 

recovery seen after a cocaine reinstatement is due to an induction of mushroom 

spine synaptogenesis.  

Of all four D2-MSN projecting brain areas analyzed, only MO inputs to D2-

MSNs show cocaine-induced changes in spine density (fig. 8A). Apical dendrites 

undergo a significant decrease in spines after 5 days of cocaine exposure, 

though, a recovery occurs after 14 day withdrawals – regardless of a saline or 

cocaine reinstatement shot (fig 8B, 8C). Significant spine subtype rearrangement 

is also induced: there is a decrease in thin spines after 5 days of cocaine, as well 

as an increase in stubby subtypes in all cocaine exposed groups (fig. 8D). 5 days 

of cocaine exposure also induces a decrease in spine density of basal dendrites 
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(fig. 8E); though the effect is lost after a 14 day withdrawal, regardless of saline 

or cocaine reinstatement. Spine subtype ratio alterations are similar across apical 

and basal dendrites: there is a decrease in thin spines after 5 days of cocaine, 

while an increase is observed in stubby spines across all cocaine exposed 

groups (fig. 8G). This indicates that regardless of whether cocaine has recently 

been taken or 14 days prior, the drug is able to increase the proportion of stubby 

spines in both types of dendrites. 
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Figures 

 

Figure 1. Experimental scheme. A) Two helper viruses, AAV-DIO-tdTom-TVA and AAV-DIO-

RVG are injected into the NAc of either D1- or A2a-cre animals to selectively express red 

fluorescence, rabies glycoprotein, and a TVA receptor in cre-expressing cells. A pseudotyped 

rabies virus (SADΔG-EGFP (EnvA)) is injected into the same site 14 days later and able to infect 

cre-expressing cells containing the TVA receptor to retrogradely label neurons that form 

synapses directly onto the TVA-expressing cre cells. B) Representation of a D1-Cre mouse brain 

indicating the site of viral injections (the NAc), and the retrograde EGFP labeling into neurons of 

the PrL, MO, BLA, and VH that directly project onto D1-MSNs of the NAc. C) Timeline for 5d C 

and control animals. D) Timeline for 14WD S and 14WD C animals. E) From left to right. Top: 

NAc injection site in an A2a-cre animal with zoomed in channel separation of tdTom and EGFP; 

D2-MSN projecting neurons from the PrL and MO, the BLA and CeA, and the VH. Bottom: NAc 

injection site in a D1-cre animal with zoomed in channel sepration of tdTom and EGFP; D1-MSN 

projecting neurons from the the PrL and MO, the BLA and CeA, and the VH. Scale bars of 

injection sites represent 1 mm, while those in projection regions represent 250 µm.  
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Figure 2. Selective increases in dendritic spine density of BLA neurons projecting to D1-MSNs, 

but not D2-MSNs, of the NAc after chronic cocaine exposure, withdrawal, and reinstatement. A) 

Sample images of dendrites from BLA neurons projecting to D1-MSNs (top) and D2-MSNs 

(bottom) in different stages of cocaine administration. Scale bars represent 1 µm. B) Cumulative 

distribution of dendritic spine density of BLA neurons projecting to D1-MSNs (5d S: n = 48; 5d C: 

n = 50, p = 0.0143; 14WD S: n = 45, p < 0.0001; 14WD C: n = 48, p = 0.0337 when compared to 

5d S); K-S test. C) Average spine density of dendritic spines analyzed in B with s.e.m (5d S: 

1.418 ± 0.06332; 5d C: 1.645 ± 0.06783, p = 0.0133; 14WD S: 2.081 ± 0.06726, p <0.0001; 

14WD C: 1.74 ± 0.05838, p = 0.0084 when compared to control, Mann-Whitney test. D) Stacked 

column chart depicting changes in average spine subtype ratios of BLA neurons projecting to D1-

MSNs (5d S: n = 40; 5d C: n = 38; 14WD S: n = 45; 14WD C: n = 40). E) Cumulative distribution 

of dendritic spine density of BLA neurons projecting to D2-MSNs (5d S: n = 47; 5d C: n = 47, n.s.; 

14WD S: n = 35, n.s., 14WD C: n = 44, n.s. when compared to 5d S). F) Average spine density of 

dendritic spines analyzed in E with s.e.m (5dS: 1.507 ± 0.06785; 5d C: 1.596 ± 0.07553, p = 

0.6789; 14WD S: 1.784 ± 0.08522, p = 0.0674; 14WD C: 1.726 ± 0.06921, p = 0.1524. G) 

Stacked column chart depicting changes in average spine subtype ratios of BLA projections to 

D2-MSNs (5d S: n = 31; 5d C: n = 38; 14WD S: n = 35; 14WD C: n = 44). Each n signifies a 

dendrite analyzed from 4-6 animals. *p<0.05, **p<0.005, ****p<0.0001 
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Figure 3. Cocaine reinstatement increases spine densities of apical and basal dendrites of VH 

neurons projecting to D1-MSNs of the NAc. A) Sample images of apical (top) and basal (bottom) 

dendrites from VH neurons projecting to D1-MSNs in different stages of cocaine administration. 

Scale bars represent 1 µm. B) Cumulative distribution of apical dendritic spine density of VH 

neurons projecting to D1-MSNs (5d S: n = 37; 5d C: n = 26, p = 0.9828; 14WD S: n = 23, p = 

0.4672; 14WD C: n = 28, p = 0.0045 when compared to 5d S); K-S test. C) Average spine density 

of dendritic spines analyzed in B with s.e.m (5d S: 1.76 ± 0.06383; 5d C: 1.726 ± 0.09773, p = 

0.7238; 14WD S: 1.903 ± 0.1355, p = 0.3487; 14WD C: 1.966 ± 0.09579, p = 0.0010 when 

compared to 5d S, Mann-Whitney test. D) Stacked column chart depicting changes in average 

apical spine subtype ratios of VH neurons projecting to D1-MSNs (5d S: n = 37; 5d C: n = 26; 

14WD S: n = 25; 14WD C: n = 23). E) Cumulative distribution of basal dendritic spine density on 

VH projections to D1-MSNs (5d S: n = 46; 5d C: n = 30, p = 0.9232; 14WD S: n = 19, p = 0.1316, 

14WD C: n = 32, p = 0.0009. when compared to 5d S); K-S test. F) Average spine density of 

dendritic spines analyzed in E with s.e.m (5d S: 1.595 ± 0.04862; 5d C: 1.623 ± 0.07353, p = 

0.9874; 14WD S: 1.778 ± 0.1013, p = 0.0875; 14WD C: 1.883 ± 0.07525, p = 0.0013. G) Stacked 

column chart depicting changes in average basal spine subtype ratios of VH neurons projecting 

to D1-MSNs (5d S: n = 46; 5d C: n = 30; 14WD S: n = 20; 14WD C: n = 23). Each n signifies a 

dendrite analyzed from 4-6 animals.  *p<0.05, **p<0.005, ****p<0.0001.  
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Figure 4. Cocaine exposure does not change spine densities of apical and basal dendrites of VH 

neurons projecting to D2-MSNs of the NAc in any of the experimental groups. A) Sample images 

of apical (top) and basal (bottom) dendrites from VH neurons projecting to D2-MSNs in different 

stages of cocaine administration. Scale bars represent 1 µm. B) Cumulative distribution of apical 

dendritic spine density of VH neurons projecting to D2-MSNs (5d S: n = 27; 5d C: n = 33, p = 

0.0894; 14WD S: n = 26, p = 0.06417; 14WD C: n = 23, p = 0.6956 when compared to 5d S); K-S 

test. C) Average spine density of dendritic spines analyzed in B with s.e.m (5d S: 2.103 ± 

0.08504; 5d C: 1.904 ± 0.08628, p = 0.0876; 14WD S: 1.978 ± 0.09646, p = 0.3441; 14WD C: 

2.134 ± 0.08868, p = 0.7576 when compared to 5d S, Mann-Whitney test. D) Stacked column 

chart depicting changes in average apical spine subtype ratios of VH neurons projecting to D2-

MSNs (5d S: n = 27; 5d C: n = 34; 14WD S: n = 26; 14WD C: n = 23). E) Cumulative distribution 

of basal dendritic spine density of VH neurons projecting to D2-MSNs (5d S: n = 29; 5d C: n = 35, 

p = 0.0502; 14WD S: n = 25, p = 0.9698, 14WD C: n = 30, p = 0.3127. when compared to 5d S); 

K-S test. F) Average spine density of dendritic spines analyzed in E with s.e.m (5d S: 1.828 ± 

0.07906; 5d C: 1.652 ± 0.0926, p = 0.0705; 14WD S: 1.878 ± 0.0652, p = 0.8634; 14WD C: 1.753 

± 0.06467, p = 0.3538. G) Stacked column chart depicting changes in average basal spine 

subtype ratios of VH neurons projecting to D2-MSNs (5d S: n = 29; 5d C: n = 35; 14WD S: n = 

25; 14WD C: n = 30). Each n signifies a dendrite analyzed from 4-6 animals. *p<0.05, **p<0.005, 

****p<0.0001 
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Figure 5. Spine densities of PrL neurons projecting to D1-MSNs decrease with cocaine 

exposure, withdrawal, and reinstatement. A) Sample images of apical (top) and basal (bottom) 

dendrites from PrL neurons projecting to D1-MSNs in different stages of cocaine administration. 

Scale bars represent 1 µm. B) Cumulative distribution of apical spine density of PrL neurons 

projecting to D1-MSNs (5d S: n = 44; 5d C: n = 47, p = 0.1575; 14WD S: n = 36, p = 0.0387; 

14WD C: n = 38, p = 0.0235 when compared to 5d S); K-S test. C) Average spine density of 

dendritic spines analyzed in B with s.e.m (5d S: 1.56 ± 0.04531; 5d C: 1.422 ± 0.06241, p = 

0.0885; 14WD S: 1.374 ± 0.06288, p = 0.0216; 14WD C: 1.309 ± 0.06762, p = 0.0038 when 

compared to 5d S, Mann-Whitney test. D) Stacked column chart depicting changes in average 

apical spine subtype ratios of PrL neurons projecting to D1-MSNs (5d S: n = 35; 5d C: n = 37; 

14WD S: n = 36; 14WD C: n = 38). E) Cumulative distribution of basal spine density on PrL 

neurons projecting to D1-MSNs (5d S: n = 45; 5d C: n = 45, p = 0.0007.; 14WD S: n = 42, p = 

0.0491, 14WD C: n = 40, p = 0.0008. when compared to 5d S); K-S test. F) Average spine 

density of dendritic spines analyzed in E with s.e.m (5d S: 1.443 ± 0.04362; 5d C: 1.193 ± 

0.04149, p < 0.0001; 14WD S: 1.291 ± 0.04136, p = 0.0066; 14WD C: 1.186 ± 0.05534, p = 

0.0002. G) Stacked column chart depicting changes in average basal spine subtype ratios of PrL 

neurons projecting to D1-MSNs (5d S: n = 37; 5d C: n = 34; 14WD S: n = 35; 14WD C: n = 40). 

Each n signifies a dendrite analyzed from 4-6 animals. *p<0.05, **p<0.005, ****p<0.0001  
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Figure 6. PrL neurons projecting to D2-MSNs show no change in spine densities irrespective of 

experimental group; however, thin and stubby spine ratios differ. A) Sample images of apical 

(top) and basal (bottom) dendrites from PrL neurons projecting to D2-MSNs in different stages of 

cocaine administration. Scale bars represent 1 µm. B) Cumulative distribution of apical spine 

density on PrL neurons projecting to D2-MSNs (5d S: n = 40; 5d C: n = 37, p = 0.5884; 14WD S: 

n = 24, p = 0.4334; 14WD C: n = 40, p = 0.2634 when compared to 5d S); K-S test. C) Average 

spine density of dendritic spines analyzed in B with s.e.m (5d S: 1.459 ± 0.03978; 5d C: 1.444 ± 

0.06153, p = 0.7265; 14WD S: 1.466 ± 0.07216, p = 0.5308; 14WD C: 1.358 ± 0.03984, p = 

0.1052 when compared to 5d S, Mann-Whitney test. D) Stacked column chart depicting changes 

in average apical spine subtype ratios of PrL neurons projecting to D2-MSNs (5d S: n = 31; 5d C: 

n = 37; 14WD S: n = 18; 14WD C: n = 33). E) Cumulative distribution of basal spine density on 

PrL neurons projecting to D2-MSNs (5d S: n = 30; 5d C: n = 37, p = 0.0567; 14WD S: n = 26, p = 

0.0676, 14WD C: n = 44, p = 0.4074. when compared to 5d S); K-S test. F) Average spine 

density of dendritic spines analyzed in E with s.e.m (5d S: 1.352 ± 0.04729; 5d C: 1.466 ± 

0.07062, p = 0.1932; 14WD S: 1.511 ± 0.0688, p = 0.0745; 14WD C: 1.438 ± 0.05086, p = 

0.2382. G) Stacked column chart depicting changes in average basal spine subtype ratios of PrL 

neurons projecting to D2-MSNs (5d S: n = 30; 5d C: n = 37; 14WD S: n = 26; 14WD C: n = 36). 

Each n signifies a dendrite analyzed from 4-6 animals. Mann-Whitney test. *p<0.05, **p<0.005, 

****p<0.0001 
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Figure 7. Basal, but not apical, dendrites of MO neurons projecting to D1-MSNs exhibit 

decreased spine density after cocaine withdrawal. A) Sample images of apical (top) and basal 

(bottom) dendrites from MO neurons projecting to D1-MSNs in different stages of cocaine 

administration. Scale bars represent 1 µm. B) Cumulative distribution of apical spine density of 

MO neurons projecting to D1-MSNs (5d S: n = 38; 5d C: n = 25, p = 0.2863; 14WD S: n = 36, p = 

0.2843; 14WD C: n = 35, p = 0.2359 when compared to 5d S); K-S test. C) Average spine density 

of dendritic spines analyzed in B with s.e.m (5d S: 1.447 ± 0.04884; 5d C: 1.354 ± 0.09905, p = 

0.2427; 14WD S: 1.366 ± 0.06395, p = 0.2837; 14WD C: 1.565 ± 0.08921, p = 0.3587 when 

compared to 5d S, Mann-Whitney test. D) Stacked column chart depicting changes in average 

apical spine subtype ratios of MO neurons projecting to D1-MSNs (5d S: n = 33; 5d C: n = 23; 

14WD S: n = 36; 14WD C: n = 35). E) Cumulative distribution of basal spine density of MO 

neurons projecting to D1-MSNs (5d S: n = 38; 5d C: n = 36, p = 0.0484; 14WD S: n = 35, p = 

0.0203, 14WD C: n = 27, p = 0.1001 when compared to 5d S); K-S test. F) Average spine density 

of dendritic spines analyzed in E with s.e.m (5d S: 1.524 ± 0.06108; 5d C: 1.383 ± 0.0659, p = 

0.0846; 14WD S: 1.312 ± 0.05757, p = 0.0064; 14WD C: 1.603 ± 0.06673, p = 0.4080. G) 

Stacked column chart depicting changes in average basal spine subtype ratios of PrL neurons 

projecting to D1-MSNs (5d S: n = 33; 5d C: n = 31; 14WD S: n = 35; 14WD C: n = 27). Each n 

signifies a dendrite analyzed from 4-6 animals. *p<0.05, **p<0.005, ****p<0.0001 
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Figure 8. MO neurons projecting to D2-MSNs decrease in spine density with 5 days of cocaine 

exposure, but this change is extinguished after withdrawal and reinstatement. A) Sample images 

of apical (top) and basal (bottom) dendrites from MO neurons projecting to D1-MSNs in different 

stages of cocaine administration. Scale bars represent 1 µm. B) Cumulative distribution of apical 

spine densities of MO neurons projecting to D2-MSNs (5d S: n = 33; 5d C: n = 42, p = 0.0009; 

14WD S: n = 23, p = 0.0938; 14WD C: n = 34, p = 0.5285 when compared to 5d S); K-S test. C) 

Average spine density of dendritic spines analyzed in B with s.e.m (5d S: 1.752 ± 0.08778; 5d C: 

1.46 ± 0.06258, p = 0.0039; 14WD S: 1.512 ± 0.08113, p = 0.0642; 14WD C: 1.626 ± 0.07532, p 

= 0.3590 when compared to 5d S, Mann-Whitney test. D) Stacked column chart depicting 

changes in average apical spine subtype ratios of MO neurons projecting to D1-MSNs (5d S: n = 

30; 5d C: n = 36; 14WD S: n = 23; 14WD C: n = 33). Mann-Whitney test. E) Cumulative 

distribution of basal spine density of MO projections (5d S: n = 36; 5d C: n = 48, p < 0.0001.; 

14WD S: n = 24, p = 0.4756, 14WD C: n = 34, p = 0.0427. when compared to 5d S). F) Average 

spine density of dendritic spines analyzed in E with s.e.m (5d S: 1.62 ± 0.0705; 5d C: 1.304 ± 

0.0453, p < 0.0001; 14WD S: 1.528 ± 0.07289, p = 0.4224; 14WD C: 1.495 ± 0.08104, p = 

0.0789. G) Stacked column chart depicting changes in average basal spine subtype ratios of MO 

neurons projecting to D2-MSNs (5d S: n = 30; 5d C: n = 36; 14WD S: n = 24; 14WD C: n = 34). 

Each n signifies a dendrite analyzed from 4-6 animals. Mann-Whitney test. *p<0.05, **p<0.005, 

****p<0.0001 
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Tables 

Table 1. Summary table depicting dendritic spine density of neurons projecting to D1- or D2-

MSNs of the NAc in the BLA, VH, PrL, and MO that reached statistically significant differences 

compared to control. 

      5D C 14WD S 14WD C 

BLA 
D1 ↑ ↑ ↑ 

D2       

VH 

D1 
Apical     ↑ 

Basal     ↑ 

D2 
Apical       

Basal       

PrL 

D1 
Apical   ↓ ↓ 

Basal ↓ ↓ ↓ 

D2 
Apical       

Basal       

MO 

D1 
Apical       

Basal   ↓   

D2 
Apical ↓     

Basal ↓     
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Table 2. Summary table depicting dendritic spine subtype ratios of neurons projecting to D1- or 

D2-MSNs of the NAc in the BLA, VH, PrL, and MO that reached statistically significant differences 

compared to control. 

  

Thin Mushroom Stubby 

5D 
C 

14WD 
S 

14WD 
C 5D C 

14WD 
S 

14WD 
C 5D C 

14WD 
S 

14WD 
C 

BLA 
D1   ↓ ↓   ↑ ↑       

D2   ↑   ↓ ↓ ↓ ↑   ↑ 

VH 

D1 
Apical                   

Basal               ↓ ↓ 

D2 
Apical                   

Basal ↓                 

PrL 

D1 
Apical             ↑     

Basal                   

D2 
Apical ↓           ↑     

Basal ↓           ↑ ↑ ↑ 

MO 

D1 
Apical   ↓     ↑         

Basal         ↑         

D2 
Apical ↓           ↑ ↑ ↑ 

Basal ↓           ↑ ↑ ↑ 
 

 



 
 

31 

Graphs 

Graph 1. Cocaine-induced behavioral sensitization. Locomotion was measured for 15 minutes 

after each saline or cocaine injection and separated in graphs by genotype (D1- or A2a-cre) and 

cocaine exposure groups. A) Locomotor data for D1-cre animals exposed to 5 days of saline (n = 

5) and 5 days of cocaine (n = 6). B) Locomotor data for D1-cre animals exposed to 5 days of 

cocaine after a 14 day withdrawal, followed by a saline reinstatement (n = 7) or a cocaine 

reinstatement (n = 10). C) Locomotor data for A2a-cre animals exposed to 5 days of saline (n = 6) 

and 5 days of cocaine (n =5). D) Locomotor data for A2a-cre animals exposed to 5 days of 

cocaine after a 14 day withdrawal, followed by a saline reinstatement (n = 3) or a cocaine 

reinstatement (n = 4). 
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Discussion 

The ability of cocaine to change spine densities and modify synaptic 

plasticity is not specific to the NAc. It appears that cocaine is also able to induce 

effects in other brain areas, however in an extremely selective manner; the kind 

of cocaine-induced structural changes is dependent on the brain area the 

neurons are in, whether it projects to D1 or D2-MSNs of the NAc, and what stage 

of cocaine exposure the animal is in.  

BLA neurons projecting to D1-MSNs exhibit an increasing spine density 

after 5 days of cocaine administration, with a further increase even after 14 days 

of withdrawal and a saline challenge. This indicates cocaine exposure may be 

increasing the amount of excitatory synapses onto BLA neurons – an area 

associated with emotion-driven behaviors – leading to increased likelihood of 

pursuing appetitive behaviors after initial use. The increasing amount of 

excitatory inputs to D1-MSN projecting BLA neurons after 14 days of withdrawal 

suggests it is even likelier to engage in appetitive pursuits. Studies showed that 

activation of NAc projecting BLA neurons facilitates cocaine seeking (Hayes 

2003). It is possible that newly generated spines on D1-MSN projecting BLA 

neurons contribute to cocaine seeking, and the high degree of relapse in human 

addicts (McLellan 2000). Once given a cocaine challenge after a 14 day 

withdrawal, these BLA neurons undergo structural plasticity that leaves it at 

similarly heightened levels after the initial 5 days of cocaine injections. It may be 

that cocaine exposure induces a new baseline level of dendritic spine density in 
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the D1-MSN projecting BLA neurons, irrespective of whether it is initial cocaine 

administration or as reinstatement. 

Interestingly, a decreasing proportion of thin spines are replaced by 

mushroom spines after 14 days of withdrawal, with either a saline or cocaine 

challenge. During the withdrawal period, D1-MSN projecting BLA neurons may 

either reuptake thin spines and create new mushroom spines, or allow thin 

spines to mature into mushroom spines. This can be consistent with an increase 

in excitatory inputs to these BLA neurons, as mushroom spines are considered to 

have greater synaptic strength than thin spines, leading to an overall increase in 

excitability of the neurons (Hering 2001). 

Despite robust changes in spine density and subtype ratios in BLA 

neurons that project to D1-MSNs, none of the cocaine-exposed animals show 

any changes in dendritic spine density of BLA neurons projecting to D2-MSNs. 

This supports the hypothesis that there may be a dysregulation in the activity of 

D1- and D2-MSNs in drug addiction, as D1-MSNs are likely to be activated more 

if neurons sending excitatory inputs to them are also receiving more excitatory 

synaptic inputs. However, a similar spine density does not mean the same 

synaptic projections to these D2-MSN projecting BLA neurons are necessarily 

retained. There is a decrease in mushroom subtypes, replaced by thin spines 

after 14 days of withdrawal, or by stubby spines after 5 days of cocaine and a 14 

day withdrawal with cocaine challenge. This indicates a preference for increasing 

stubby spines in animals exposed to cocaine within the past day, but not those 
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exposed two weeks prior. These findings show a new level of cocaine-induced 

changes, as a previous report indicated cocaine-induced structural plasticity 

changes only in thin spines in the NAc (Dumitriu 2012). 

VH neurons projecting to D1-MSNs has a much less prominent change in 

both apical and basal dendrites, as there is a trend towards increased spine 

density after a 14 day withdrawal and saline challenge, and reaches a significant 

increase after a cocaine reinstatement shot. This may reflect structural plasticity 

changes solely from re-exposure to cocaine.  

As with the BLA neurons, VH neurons projecting to D2-MSNs exhibit no 

significant difference in dendritic spine density in any cocaine-exposed groups 

compared to control. This phenomenon may further contribute to dysregulation of 

D1- and D2-MSN activity, as D1-MSNs are comparatively more likely to be 

activated than D2-MSNs compared to animals not exposed to cocaine 

reinstatement. 

The PrL, associated with higher cognition and self-control, is a probable 

candidate for a weakening effect by cocaine – given that those who are addicted 

struggle to maintain self-control. Indeed, our data support this possibility. In 

contrast to the BLA and VH neurons, PrL neurons projecting to D1-MSNs exhibit 

a decreasing dendritic spine density with cocaine exposure that is unrecovered 

even after a 2 week withdrawal in both apical and basal dendrites, although 5d 

cocaine administration didn’t induce significant change in the dendritic spines of 

the apical dendrites. Interestingly, the only spine subtype ratio changes we 
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observe is after 5 days of cocaine, as there is an increase in stubby spines in the 

apical dendrites. Aside from that, cocaine exposure appears to nonspecifically 

induce pruning of all spine subtypes in both apical and basal dendrites. 

Following the trend thus far, PrL neurons projecting to D2-MSNs do not 

experience significant changes in dendritic spine density. However, there is some 

spine rearrangement occurring: the apical dendrites of PrL neurons projecting to 

D2-MSNs exhibits an increase in stubby spines, replacing the decreasing ratio of 

thin spines only after initial 5 day cocaine exposure. The basal dendrites exhibit 

an increase in stubby spines across all cocaine-exposed groups. Given the 

increase in stubby spines in many brain areas after cocaine exposure, there may 

be a greater significance to the function of stubby spines in addiction pathology 

than previously noted. 

Because of functional differences, we believed that the PrL and MO of the 

prefrontal cortex may be affected differentially by cocaine exposure. This turned 

out to be the case, as the MO obtains very few dendritic spine density changes 

after cocaine exposure, as only basal dendrites in a two week withdrawal 

experience a decrease in spine density. The proportion of MO activity and 

cocaine craving has been found in human addicts (Volkow and Folwer 2000); 

interestingly, our data contrasts this as rodents undergoing 14 days of cocaine 

withdrawal experience a decreased spine density in both dendritic subtypes of 

neurons projecting to NAc D1-MSNs, suggesting lower activation of MO neurons 

projecting to D1-MSNs. The MO is also the only brain area studied that exhibits 
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decreases in neurons projecting to D2-MSNs; this decrease occurs only after 

initial 5 days of repetitive cocaine use. 

In almost all cases, cocaine exposure modifies spine densities on neurons 

projecting to NAc D1-MSNs, but not D2-MSNs. First, this is consistent with 

findings that cocaine induced changes in NAc D1-MSNs that are not seen in D2-

MSNs (MacAskill 2014). Second, cocaine appears to predominantly alter both 

D1-MSNs and projections to it, likely contributing to dysregulated activity of the 

NAc MSN subtypes leading to addiction. Though previous reports implicate thin 

spines primarily in cocaine induced spine density changes of the NAc, we show 

that the main excitatory projections to the NAc may undergo changes in the ratio 

of all three spiny subtypes (Dumitriu 2012). This suggests a greater possible 

importance in mushroom and stubby spines in the progression to addiction than 

previously believed. 

The progression to drug addiction initiates as recreational use that evolves 

into compulsive use (Everitt 2005); the VH is likely a structure mediating some of 

the changes in this progression, as it encodes contextual cues related to cocaine 

intake and leads to cue-induced cocaine relapse (Lasseter 2010). Forced 

abstinence from cocaine progressively increases cue-induced craving in rodents, 

leading cravings to be higher after 6 months than in the first days of withdrawal 

(Wolf 2016). This delay in dendritic spine density changes in the VH, occurring 

only after a two week withdrawal, may underlie some of the behavioral 

phenotypes leading to the switch from drug use to addiction. 
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 Addiction is an emotion-driven behavior with little regard for consequences 

or behavior considered unacceptable. Therefore, one may predict this 

dysregulation is due to a decrease in executive control of the cortex that is now 

unable to facilitate self-control in an individual. Instead, this control is shifted from 

the PFC to amygdalar regions which are involved in emotional behaviors. Our 

data showing cocaine-induced increases in spine density of BLA neurons 

projecting to NAc D1-MSNs provide support for the theory of a decrease in PFC 

control over behavior that is passed onto the BLA, leading to an increase in 

emotion-guided actions toward appetitive behaviors by those afflicted with a drug 

addiction. 

 Our results indicate the ability of cocaine to induce structural plasticity in a 

complex manner, dependent on the region of the excitatory afferents, the cell 

types in the NAc these neurons project to, and the stage of cocaine exposure the 

animal is in. Furthermore, alterations in stubby and mushroom spines implicate 

these subtypes, in addition to thin spines, as relevant players in the progression 

to drug addiction. These findings set up a foundation upon which further research 

may build on to increase our knowledge of the mechanisms and dysregulation 

leading from recreational drug use to the progression to drug addiction, such that 

effective drug addiction treatments can finally be developed.
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