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Abstract

Many reports show that repeated cocaine administration increases dendritic spine density in 

medium spiny neurons of the nucleus accumbens, but there is less agreement regarding the 

persistence of these changes. In this review we examine these discrepancies by systematically 

categorizing papers that measured cocaine-induced changes in accumbal spine density. We 

compare published reports based on withdrawal time, short versus long duration of cocaine 

administration, environmental pairing with cocaine, and core/shell subregion specificity. Together, 

these studies suggest that cocaine exposure induces rapid and dose-dependent increases in spine 

density in accumbens neurons that may play a role in the maintenance of cocaine use and 

vulnerability to early relapse, but are not a factor in behavioral changes associated with longer 

abstinence.

Introduction

For over a decade, numerous studies have reported increases in dendritic spine density in 

certain brain areas following cocaine exposure, but the data across studies are not always 

consistent. Most studies examine morphological changes in the medium spiny neurons 

(MSNs) of the nucleus accumbens given its role as an important hub in neural networks 

regulating motivated behavior. The dendritic spines on these MSNs receive excitatory 

glutamatergic input from multiple cortical and subcortical regions, and this information is 

integrated with dopaminergic input that can be enhanced by drugs of abuse such as cocaine. 

Robinson and Kolb [1] initially reported increases in dendritic spine density on MSNs a few 

weeks after 20 days of intraperitoneal (ip) cocaine injections. This led investigators to posit 

that spines may mediate long-lasting behavioral changes such as locomotor sensitization or 

vulnerability to relapse in cocaine addiction. In contrast to this initial report, not all 

*Corresponding author: ethan.anderson.phd@gmail.com, david.self@UTSouthwestern.edu. 

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication., As a service to our 
customers we are providing this early version of the manuscript., The manuscript will undergo copyediting, typesetting, and review of 
the resulting proof, before it is published in its final citable form. Please note that during the production, process errors may be 
discovered which could affect the content, and all legal disclaimers, that apply to the journal pertain.

Submission Declaration
The authors declare that this work has not been published anywhere else, was approved by all authors, and will not be published in any 
other form.

Declaration of Interest
The authors declare no conflicts of interest.

HHS Public Access
Author manuscript
Curr Opin Behav Sci. Author manuscript; available in PMC 2018 February 01.

Published in final edited form as:
Curr Opin Behav Sci. 2017 February ; 13: 117–123. doi:10.1016/j.cobeha.2016.11.013.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



researchers observe persistent cocaine-induced spines after late withdrawal times [2–6]. 

More recent studies also suggest that cocaine-induced spines can form very early after 

withdrawal from repeated cocaine injections (30 min to 4 hours) [7,8], and even form after 6 

hours – but not 30 min – after a single acute cocaine injection [4,9]

Together, these data suggest that while dendritic spines may form rapidly after cocaine 

exposure, their duration is more variable, possibly reflecting numerous experimental 

variables including injection dose, rodent species and strain, sex, and age. Study variables 

also encompass the dendritic segment measured (proximal or distal), method of spine 

visualization (Golgi stain, GFP-immunohistochemistry, or diolistic labeling), ip 

experimenter-administered versus intravenous self-administration, or whether a cocaine 

challenge dose was administered prior to brain tissue collection. In this brief review, we 

systematically sorted published findings of cocaine-induced dendritic spines based on four 

experimental variables to determine whether they would relate to the persistence of dendritic 

spine changes after cessation of cocaine administration: 1) withdrawal time, 2) days of 

cocaine administration, 3) whether cocaine was given in the animals’ home cage or in a 

behavioral test such as locomotor sensitization or conditioned place preference where drugs 

become associated with specific environmental contexts, and 4) nucleus accumbens 

subregion (core or shell). The findings suggest a general time course of spine density 

changes through withdrawal that primarily reflects differences in cocaine treatment duration 

and subregional analysis, while other variables may have less impact on the duration of 

spine changes.

Divergent evidence of cocaine-induced spine density changes with longer 

withdrawal times

Studies using similar methodology and withdrawal times can find either increases [1], no 

change [6], or even decreases [5] in spine density in nucleus accumbens neurons. To help 

rectify these discrepancies, we plotted the percentage of published papers that report a 

significant change in cocaine-induced spine density for up to 90 days of withdrawal from 

cocaine treatments. We used the PubMed database with the search terms “accumbens,” 

“spines,” and “cocaine.” We included every paper (42 in all) that measured either total spine 

density or changes in subsets of spines (mushroom, thin, stubby, etc.) in cocaine-treated 

rodents. These papers were then categorized based on 2 criteria: 1) Do the authors report a 

significant increase in spines (yes or no) and 2) how long after the cocaine treatments was 

the analysis conducted (< 24 hours, 1–10 days, 11–20 days, 21–30 days, or 31–90 days)? As 

shown in Figure 1, papers reporting spine density changes at < 24 hours of cocaine treatment 

all report increases in spine density [5,7,8,10–15]. In fact, it appears that spine increases are 

evident within 30 min of the final cocaine treatment [8,15] and the minimum cocaine dose 

reported for these effects with repeated exposure is 10 mg/kg given 5 times over the course 

of 3 days with only a 4 hour withdrawal period [7]. This suggests that dendritic spine 

formation reflects an almost immediate response to cocaine exposure, and not a 

counteradaptive response to prolonged withdrawal from cocaine, as a single acute high dose 

(30 mg/kg) cocaine injection can produce similar increases in dendritic spine density [4].
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Most papers agree that spine increases can be found at early cocaine withdrawal times from 

1 to 10 days [5,6,16–27]. One noteworthy exception is from Smith et al. who observed no 

changes in wild-type control mice, but did find changes in Fragile × Mental Retardation 

Protein knockout mice [28]. As the time since withdrawal from cocaine treatments increases, 

reports on the presence or absence of cocaine-induced spines begin to diverge substantially. 

After 11–20 days withdrawal, most papers still report spine increases [23,29–33], but some 

do not [34–36]. However, after 21–30 days after the last cocaine treatment, 5 studies find no 

increase in spine density [2–6] while 4 studies find that spine increases remain intact 

[1,20,37,38]. Finally, only one study measured dendritic spines after 90 days withdrawal 

from cocaine treatments and found no change [39]. Importantly, this negative report 

incorporated a meaningful positive control where amphetamine-induced spine density 

increases were still evident after 3.5 months [39]. Together, this body of work suggests an 

approximate time course for cocaine-induced increases in dendritic spines that rapidly form 

upon initial cocaine exposure and then gradually decline to normal as early as 1–10 days 

after withdrawal and are no longer present 30–90 days later.

Some notes on methodology are warranted as papers that incorporated a cocaine challenge 

after a withdrawal period were excluded [40–43], and most papers reported spine density 

changes at only one time point. However, some papers assessed multiple time points 

including Dumitru et al. [5], who measured dendritic spine density at 3 time points and 

reported changes after 4 hours, 24 hours, and 28 days of cocaine withdrawal. Reports of 

cocaine-induced spine alterations in transgenic animals were excluded, along with studies 

reporting spines changes after in utero cocaine exposure (although some show increases in 

accumbal spine density in later developmental stages [44,45]). This methodology helped 

ensure a fair and unbiased comparison across published studies.

Longer cocaine dosing regimens may contribute to more persistent spine 

increases

Withdrawal time clearly is a major factor in determining the presence of cocaine-induced 

spines, but comparisons across multiple studies also suggest that the cocaine-dosing regimen 

employed can affect the duration of spine increases. Rarely do any two studies use the same 

treatment durations, and most studies use different daily doses or routes of administration 

(e.g., ip or iv). Thus, we divided published studies into 2 groups based on either short or 

long duration of daily treatments. Shorter dosing regimens included 3–11 days of cocaine 

administration, whereas longer dose regimens incorporated studies that employed 12–37 

days of daily cocaine treatments. As shown in Figure 2, all papers with shorter cocaine 

treatment regimens report significant increases in spines after < 24 hours withdrawal 

[5,7,8,10–15]. From 1–10 days after withdrawal from cocaine, most of these short treatment 

studies report that cocaine-induced dendritic spines are still evident in nucleus accumbens 

MSNs [5,16–18], but Smith et al. found no changes [28]. Increased spines are observed from 

11–20 days of withdrawal in at least three reports using short duration cocaine treatments 

[29–31], but three other studies found no increases in spine density in this time frame [34–

36]. Importantly, no study employing the shorter cocaine treatment duration found 

significant changes in dendritic spine density after 21–30 days after withdrawal [2–4]. In 
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contrast, longer cocaine treatment regimens are more likely to find increased spines at every 

time point examined, including all reports examining 1–10 days [6,20–27] and 11–20 days 

after cocaine withdrawal [23,32,33]. Even 21–30 days following longer cocaine treatment 

regimens, 4 studies report significant increases in cocaine-induced spines [1,20,37,38] but 2 

do not [5,6]. At this same withdrawal time, none of the shorter treatment duration groups 

find significant changes in dendritic spines. Thus, it is clear that longer cocaine treatment 

regimens lead to more stability in dendritic spines, despite the fact that both short and long 

cocaine treatments induce robust spine formation at early time points. Finally, the only spine 

analysis conducted after 90 days employed a long duration cocaine treatment regimen and 

found no changes as discussed above [39], suggesting that even longer cocaine treatments 

may not extend the duration of spine changes past 1 month. It is possible that the 

morphological characteristics of more persistent dendritic spines differ from those that 

decline early, although this has not been systematically investigated. From this comparison it 

should be clear that much discrepancy between studies in the literature can be attributed to 

differences in the duration of cocaine treatment regimens. Shorter cocaine treatment 

regimens induce spine changes that taper off quickly and are lost after 1 month, while longer 

dosing regimens decline more slowly and are often present 1 (but not 3) months after 

cocaine withdrawal.

The environmental context of cocaine administration does not account for 

discrepancies in the duration of dendritic spines in the nucleus accumbens

Many neurobiological effects of cocaine administration can be enhanced when cocaine is 

delivered in a novel or separate cocaine-paired environment that is distinct from the animals’ 

home cage environment. Indeed, one study found that cocaine-induced spine formation in 

the nucleus accumbens core subregion will occur with lower doses when cocaine is 

administered in a distinctive cocaine-paired environment (locomotor test chamber), while 

changes in the shell subregion occur regardless of the environmental context [29]. Therefore, 

we compared the duration of dendritic spines in nucleus accumbens MSNs across studies 

that administered cocaine in the home cage [4,5,7,8,10–14,18–26,28,29] versus those that 

administered cocaine in a distinctive cocaine-paired environment [1–3,6,15–17,27,29–

31,33,39]. The paired group consisted of studies that used locomotor testing apparati, one 

study that utilized a partially-paired conditioned place preference test chamber[16], and a 

single study that paired injections with novel, clean scented cages [15]. As shown in Figure 

3, there is no clear effect of cocaine-paired versus home cage environments on the percent of 

studies that find dendritic spine changes over time after withdrawal from the cocaine 

treatments. This same lack of effect occurs when separating these data by dose between the 

different environmental contexts (data not shown). Thus, while novel and distinctive 

cocaine-paired environments may augment the induction of spines with low cocaine doses 

[29], it does not appear to influence the persistence of spines once they have formed.

In studies where locomotor sensitization was measured, there is some correlation with the 

duration of cocaine sensitization and the duration of dendritic spine increases in the nucleus 

accumbens. Thus, locomotor sensitization appears within a few cocaine injections along 

with the appearance of spines [15], and both spines and sensitization are no longer present at 
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late time points after cocaine treatments [39]. However, other reports have shown 

dissociations between spine density increases in the nucleus accumbens and sensitization 

with both cocaine [28,30] and amphetamine [46]. Together these reports suggest that these 

behavioral and morphological changes are dissociable.

Dendritic spines in cocaine self-administering animals

While most studies have utilized experimenter-administered ip cocaine injections, some have 

assessed dendritic spine density changes as a consequence of intravenous cocaine self-

administration and withdrawal. There are similar discrepancies in the persistence of spines 

across these studies. Thus, 3 papers found no increase in dendritic spine density after 11–20 

days of withdrawal from chronic cocaine self-administration [34–36], while 3 other papers 

report significant increases after either 11–20 or 21–30 days of withdrawal [32,37,38]. In 

papers that report no changes in spine density, animals self-administered cocaine for a 

minimum criterion of at least 10 days [34–36]. In contrast, spine increases are reported in 

studies with a higher criterion and generally more days of self-administration: 12–24 days 

[32], 21–26 days [38], or 28–37 days [37]. As found with the duration of all cocaine 

regimens discussed above (Figure 2), a longer duration of cocaine self-administration seems 

to result in more evidence of spine increases, including longer (6 hours) daily access over a 

similar number of days as shorter (1 hour) daily access [38]. In this regard, more prominent 

dendritic spine formation is associated with hallmark addicted behavioral profiles in long 

access animals such as increased cocaine consumption and cocaine-seeking behavior. 

Conversely, dendritic spine increases ultimately diminish in cocaine withdrawal, whereas 

cocaine-seeking behavior reportedly increases over similar time frames after cocaine 

withdrawal [47], suggesting they do not contribute to the incubation of cocaine-seeking 

behavior. Another possible reason for discrepant findings across studies could be the 

inclusion of extinction training prior to spine measurements. Thus, 3 studies reporting no 

change in spine density included 14 days of extinction training after cessation of cocaine 

self-administration [34–36], while 3 studies that reported spine increases had either no 

extinction [37,38] or only 10 days of extinction training [32]. Given that extinction training 

can alter the neurobiological consequences of chronic cocaine self-administration [48,49], it 

would be interesting to determine the effects of extinction on spine density in future studies. 

Based on differences in self-administration studies discussed here, it appears that spine 

formation and/or duration could be influenced by duration of self-administration (Figure 2), 

the presence of extinction, and/or some interaction between these two variables.

Nucleus accumbens subregions account for some differences in the 

durations of spines

While not all studies examined nucleus accumbens subregions, we compared the duration of 

dendritic spines in core and shell based on studies that measured spines in one or both 

subregions separately. For this analysis, studies that examined the accumbens as a whole 

were excluded and other papers such as Dumitru et al. [5] are highly represented as they 

reported changes in both the core and shell at 3 different time points. We also counted a 

study that found significant changes in the core but only a trend (p = 0.055) in the shell as 
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positive reports for both subregions [33]. As shown in Figure 4, a higher percentage of 

published papers report increases in cocaine-induced dendritic spines in the shell subregion 

after cocaine withdrawal across all time points when compared to the core subregion. This 

difference is apparent even at very early withdrawal times, including < 24 hours after the last 

cocaine exposure. Interestingly, this comparison supports the idea that dendritic spines in the 

nucleus accumbens shell are more easily induced than core spines by lower doses of cocaine 

[29]. It also shows that cocaine-induced changes in spine density are more likely to be 

observed, and longer lasting, in the shell than in the core subregion.

Conclusions

There are several caveats and potential biases with our comparisons that should be 

considered. Inherent in these comparisons is the idea that spines in the process of reverting 

to their basal spine densities are more difficult to detect despite their potentially persistent 

nature, and various methodologies can differ in their ability to measure such changes in size 

or density. For example, spine density changes absent after one month in one study may be 

detectable in another study using a different anatomical labeling method (e.g., Golgi, GFP, 

diolistic labeling) [5,26,50]. Our comparison involves the presence or absence of reported 

changes and not the degree to which changes in dendritic spine density occur. This approach 

is heavily weighted to laboratories that publish multiple studies on spine density over those 

with fewer reports, and positive results are more likely to be published. These caveats would 

skew results in favor of more persistent changes illustrated in the comparisons we have 

shown here.

Furthermore, specific nucleus accumbens cell types could factor into these differences, as 

several papers report that only D1 receptor-containing neurons have increases in spine 

density with lower doses and duration of cocaine exposure [17,19]. High doses of cocaine 

result in increased spines in both D1- and D2-receptor containing cells during early 

withdrawal [23,26], but remain only in D1 neurons after 30 days of withdrawal [20]. 

However, another study found no spine changes in D1 receptor-containing neurons after 30 

days withdrawal [6], suggesting that caveats of dose, duration, and subregion discussed 

above may extend to these cell-specific measurements. Many other factors undoubtedly play 

a role since withdrawal time, dosing, and subregion do not account for all the discrepancies 

in published literature.

Given the positive association between the number of days of cocaine administration and 

longevity of spines, one possibility is that the duration of spine alterations is related to the 

strength and duration of neuronal stimulus. Cocaine increases neuronal activation of MSNs 

and this may lead to a relatively normal cellular response of increased spine density. 

However, the longer the stimulus is repeated (number of cocaine days), the longer the effect 

persists, perhaps reflecting the accumulation of other neuroadaptations over time (e.g. [51]). 

If this is the case, other situations that increase accumbens activity may lead to similar 

increases in spines. For example, stress can increase dendritic spines in the accumbens when 

animals are subjected to more aggressive stress regimens such as chronic social defeat stress 

[52], while weaker stress exposure protocols such as chronic restraint have no effect on 

dendritic spines in the accumbens [9]. Even milder chronic social defeat stress for 3 sessions 
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of 5 min induce more transient thin spines, while 10 sessions of 10 min cause increases in 

stubby spine density [52]. Together, these studies suggest that dendritic spine formation is a 

natural neuronal response of MSNs to activation but longer repetitive periods of enhanced 

neuronal activity, whether by stress or drugs of abuse, produce more persistent changes.

In summary, our comparison of the duration of cocaine-induced dendritic spines in the 

nucleus accumbens from published work leads to the following conclusions. First, cocaine-

induced increases in spine density can be observed within 1–3 days of the first exposure to 

cocaine, but they begin to dissipate over the course of 1 month and are no longer present 

after 3 months. A higher number of days of cocaine administration preserve such spine 

changes for a longer duration after cocaine withdrawal. In addition, there is no relationship 

between the persistence of spine density changes in the nucleus accumbens and the 

environmental context, drug-paired or home cage, of cocaine administration. Finally, these 

spine changes are clearly more evident in the nucleus accumbens shell than in the core 

subregion after both early and late withdrawal times. These comparisons illustrate several 

factors that influence the induction and persistence of dendritic spines and can serve as a 

useful resource for future investigation of morphological changes that occur in nucleus 

accumbens MSNs as a result of cocaine use and addiction.
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Highlights

1. Accumbal dendritic spine changes are observed within 1–3 days of the 1st 

cocaine use.

2. 3–11d of cocaine leads to short-lived spine increases that are lost after 1 

month.

3. 12–37d of cocaine leads to spines that may remain after 1 month of 

withdrawal.

4. Spine changes are more prevalent and longer lasting in the shell than the core.

5. No increases in dendritic spines persist for 90 days after cocaine.
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Figure 1. Time course of cocaine-induced increases in spine density in nucleus accumbens
The percentage of studies reporting cocaine-induced spine changes over withdrawal 

gradually decreases from 100% at early time points (<1 day) to ~ 50% after 1 month. No 

studies report changes after 3 months of withdrawal. A table reporting the number of 

positive versus negative reports is given below.
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Figure 2. Short- and long-term cocaine administration periods differentially affect the 
persistence of cocaine-induced spine density increases in nucleus accumbens
Reports of cocaine-induced spine density changes were grouped into short-term (3–11 days, 

green) and long-term (12–37 days, blue) days of cocaine treatment. A dashed blue line 

indicates no long-term dosing study examined time points at <24 hours of cocaine 

withdrawal. A table reporting the number of positive versus negative reports is given below.
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Figure 3. Evidence that cocaine-induced changes in spine density in nucleus accumbens is 
independent of environmental context
Reports of cocaine-induced spine density changes were grouped based on home cage 

cocaine treatments or treatments in a distinct cocaine-paired environment. There is no 

relationship between the cocaine treatment environment and the longevity of spine density 

increases in published reports. A table reporting the number of positive versus negative 

reports is given below.
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Figure 4. Cocaine-induced spine density changes are found more often in the accumbens shell
Changes in the shell (blue line) were reported more often than changes in the core (black 

line) at all time points, including <24hrs. A table reporting the number of positive versus 

negative reports is given below.
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