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Abstract 
 
 

Cocaine addiction is a chronic disorder in which the person loses control over drug use. 

The past memories of the stimuli associated with the drug are a relevant clinical problem, 

since they trigger compulsive drug seeking and taking habits. Furthermore, these 

persistent drug-related memories seemingly coexist with cognitive decline that predicts 

worse therapeutic output. Here we use a new animal model of cocaine-altered cognition 

that allowed to observe these events in the same individual and study their relationship. 

Mice were chronically administered cocaine in a conditioned place preference (CPP) 

apparatus for 14 days, and control mice received saline. After 28 days of cocaine 

withdrawal, animals were tested for retrieval of remote drug-associated memory as well 

as for cognitive performance in a battery of tests, including novel object and place 

recognition and spatial memory. The cocaine-withdrawn mice showed persistent CPP 

memory while impaired in the cognitive tasks, displaying deficits in reference memory 

acquisition and working memory. However, the CPP expression was not associated to 

the defective cognitive performance, indicating that they were concomitant but 

independent occurrences. After completion of the experiment, adult hippocampal 

neurogenesis (AHN) was studied as a relevant neurobiological correlate due to its 

potential role in both learning and drug addiction. Results suggested a preserved basal 

AHN in the cocaine-withdrawn mice, but an aberrant learning-induced regulation of these 

neurons. This paradigm may be useful to investigate maladaptive cognition in drug 

addiction as well as related therapies. 

 
 

Keywords: Cocaine addiction, adult hippocampal neurogenesis, cognitive impairment, 

conditioned place preference, object and place recognition memory, morris water maze 
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Introduction 
 

Cocaine is currently one of the most widely extended illicit drugs, with an estimate of 18 

million of users worldwide1. One of the most significant socioeconomic and health 

burdens induced by cocaine, is the development of a ‘drug addiction’ disorder that is 

suffered by almost a 13 per cent of individuals using drugs1. Cocaine addiction entails a 

harmful and uncontrollable pattern of drug use, involving ingrained drug seeking and 

taking habits that are activated even despite the undesired life consequences and 

against the person’s will2. 

 
 

The stimuli associated with the drug, are well-known triggers of compulsive drug use 

habits2,3. By means of Pavlovian associative learning processes, the drug’s rewarding 

effects become paired with concomitant neutral stimuli (e.g. environmental cues in the 

place of consumption) that acquire a conditioned value; so they automatically evoke the 

drug-related experience eliciting drug craving and relapse in drug use2,3. In acute drug 

exposures, cocaine may even hijack neurobiological mechanisms –neurotransmitters, 

neurotrophins, hormones,…- in key learning-related brain regions, acting as a cognitive 

enhancer that potentiates memory formation4 including the episodic and associative 

drug-related memories5. Consequently, memories for drug-associated stimuli are 

harmful and long-lasting, and new cognitive therapies aimed to their manipulation 

(through extinction, forgetting or re-consolidation) are being used in the therapeutic of 

drug addiction with some preliminary evidence of success3. Interestingly, it has been 

drawn to attention that the strong memories for past cocaine-related stimuli and 

experiences coexist with drug-induced cognitive decline in chronic cocaine users that 

may perform under healthy controls in a wide variety of domains -including attention, 

visuospatial functions, executive processes, working memory and declarative memory- 

6,7. The cognitive status seems a consistent predictor of early treatment dropout and 
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relapse in cocaine use, thus having implications for the prognosis of the addiction 

disorder6,8. 

 
 

Maladaptive cocaine memories and cognitive decline may converge in common neural 

substrates as it is the case of the hippocampus4, a main learning-related brain region. 

For example, the hippocampal functional activity and connectivity is enhanced in cocaine 

users that experience cocaine-associated cues, probably to activate memories related 

to drug use9 and drug craving feelings10. In rodents, the drug-induced conditioned place 

preference (CPP) is one of the main paradigms used to study the acquisition, long-term 

maintenance and updating of contextual memories associated with drugs11. In the CPP, 

cocaine is administered to the animal in one specific maze compartment decorated with 

distinctive contextual cues. After several drug-context pairings, the animal is allowed free 

exploration of the apparatus and it shows a preference to stay in the drug-paired 

compartment over a neutral one12. The expression of such CPP behavior has been 

interpreted as a rewarding outcome of the substance and also as evidence of associative 

memory for the drug-related experience (i.e. the animal perceived cocaine as a 

rewarding stimulus and it also learned and remembered which maze contextual cues 

were associated with the cocaine reward)11. Either the lesion or the functional inhibition 

of the hippocampus –mainly in its dorsal subdivision- prevents the acquisition13 as well 

as the long-term retrieval of both recent (i.e. acquired 2 days prior14) and remote (i.e. 

acquired 28 days prior15) cocaine-CPP memory. Interestingly, the extent to which CPP 

relies on the hippocampus may depend on the degree of contextual elements required 

to remember the reward-paired location16, suggesting that it is not necessarily a ‘cocaine 

memory’ per se that depends upon the hippocampus but rather a memory of the context 

in which it was received. 

 
 

Moreover, cognitively-impaired chronic cocaine users may display deficits in 

hippocampal declarative memory such as in acquiring and recalling new information6,7,17. 
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Basic preclinical research has been traditionally more focused on the neurocognitive 

effects of cocaine on frontal functions18,19; but rodents withdrawn from chronic cocaine 

are also impaired when they are tested on memory paradigms typically linked to the 

hippocampus –most frequently object and place recognition memory20-25 but also spatial 

navigation26, contextual memory or spatial working memory21- . These cocaine-induced 

hippocampal memory deficts persist even after extended drug withdrawal periods –e.g. 

6221 or 90 days26- and are concomitant to both functional and anatomical hippocampal 

neuroadaptations4,21. However, most studies researching hippocampal-dependent 

memory impairments administered cocaine in the rodents’ home cage, and drug-related 

responses were not researched. 

 
 

In the present experiment, we extended the number of cocaine-CPP conditioning 

sessions -typically four according to standard methods12,27- to a chronic drug schedule 

of 14 consecutive cocaine conditioning days -a dosage that would be expected to elicit 

lasting neurocognitive impairment21-. This new protocol will allow to study whether 

persistent cocaine-associated memories assessed in the CPP paradigm could be 

remembered by rodents that are also impaired to acquire new hippocampal learnings 

(Fig.1a); and how these cognitive events relate one to the other. Considering the 

relevance of the hippocampus for the cocaine-induced maladaptive cognition, we will 

examine adult hippocampal neurogenesis (AHN) as a relevant neurobiological correlate 

in this model. The adult-born hippocampal neurons have been long involved in the 

hippocampal cognitive function. While the relationships between neurogenesis and 

cognition are complex, an increased AHN generally correlates with potentiated learning 

and memory, and a reduction of these neurons leads to cognitive impairment28. 

Specifically, hippocampal-dependent object and place recognition, spatial navigation 

and contextual memory tasks have been found impaired in rodents after AHN inhibition28. 

More recently, AHN has been attributed a potential role in cocaine addiction since AHN- 

reduced rodents engage in more cocaine self-administration29,30. Furthermore, AHN 
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seems involved in cocaine-associated contextual memories as evaluated in the CPP 

paradigm. Our research group has revealed that a pharmacological reduction of AHN - 

either before or after cocaine-CPP acquisition- leads to a more persistent CPP 

behavior31, but pharmacologically increasing AHN debilitates a previously acquired CPP 

response32. Nevertheless, there is controversy on whether cocaine itself would 

persistently reduce AHN, which could contribute to the cognitive symptoms during 

withdrawal4. Researching AHN in animal models of cocaine addiction is meaningful, 

since the recent confirmation of the existence of AHN in the human adult brain, even in 

the elderly, have highlighted the potential clinical relevance of AHN for disease 

vulnerability and treatment33. 

 
Materials and Methods 

 
Ethical guidelines 

 
 

Procedures followed the European (Directive 2010/63/UE) and Spanish regulations 

(Real Decreto 53/20130 and Ley 32/2007) for animal research. The experimental 

protocols were approved by the research ethics committee of the University of Málaga 

(code: CEUMA 81-2016-A) and Junta de Andalucía (code: 30/03/2017/055). 

 
 

Animals 
 
 

Twenty young-adult male C57BL/6J mice (Janvier Labs, Le Genest-Saint-Isle, France) 

were used in this study. After acclimation to the animal facility, they were individually 

housed in standard conditions (temperature: 22°C ± 2°C; 12-h light/dark cycle; lights on 

at 8:00 AM) with a cotton-like Nestlet® for nesting material (Ancare, New York, USA) 
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and ad libitum access to water and food. Mice started the experiments at 12 weeks of 

age. 

 
 

Behavioral testing 
 
 

CPP acquisition and long-term maintenance 
 
 

Half of the mice were conditioned to cocaine in the CPP paradigm (COC, n = 10), while 

the rest were randomly assigned to the ‘vehicle’ condition (VEH, n = 10). The cocaine- 

CPP procedure was carried out as in our previously published methods31,32 

(Supplementary Information). Exceptionally, the number of cocaine conditioning days 

was extended for this experiment, so the COC mice received a daily dose of 20 mg/kg 

of cocaine over 14 days (Days 4-18) confined in the cocaine-paired compartment (Fig. 

1b; Supplementary Information). The COC mice also received a daily saline injection 

and were confined in the saline-paired compartment for a similar amount of time. The 

cocaine- and saline-paired sessions were separated by at least 4 h and their daily order 

(‘morning’ or ‘afternoon’) was alternated on consecutive days. The VEH mice were 

equally exposed to the CPP apparatus but they received saline administrations instead 

of cocaine (Supplementary Information). The initial acquisition of the CPP response 

was tested 72 h after the last cocaine conditioning session (Test 1 on Day 21); while its 

long-term maintenance was tested after a retention period of 28 days (Test 2 on Day 46) 

(Fig.1b,c). To measure preference for the cocaine-paired compartment, a ‘CPP Score’ 

was calculated: [(seconds spent in the cocaine-paired compartment - seconds spent in 

the saline-paired compartment)/seconds spent in both compartments] × 100. According 

to this equation, a preference for the cocaine-paired compartment was indicated by a 

positive CPP Score significantly greater than zero4. The ‘▽CPP Score’ was calculated 

as the ‘CPP Score on Test 1 – CPP Score on Test 2’ to measure the magnitude of time- 

induced decay of the CPP behavior. Importantly, the long-term CPP retention test (Test 
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2) was carried out before cognitive assessment, in order to avoid any potential influence 

of the extended behavioral training on the expression of the CPP response. 

 
 

Behavioral and cognitive assessment 
 
 

After being evaluated in the second CPP test session, mice were assessed in a battery 

of behavioral tests for exploratory activity, emotional behavior, and cognitive 

performance (Days 47-67; Fig.1b). Performing this behavioral testing protocol increases 

AHN in mice, compared with undisturbed control animals (Supplementary Figure 1). 

 
 

The behavioral paradigms included were the elevated plus maze and the open field to 

assess anxiety like-behavior and locomotor activity (Days 47 and 48), the novel object 

(Day 49) and the novel place recognition memory (Day 50), the forced swimming test for 

despair-like behavior (Day 52) and the water maze (Days 53-65) (Fig.1b; Fig. 2). 

Specifically, the water maze included different tasks: habituation to the maze (2 days), 

visible platform training (2 days), spatial reference memory training with a hidden 

platform (4 days), probe trials for long-term memory retention at 24 h and 72 h intervals, 

platform inversion for cognitive flexibility (1 day) and delayed matching-to-place spatial 

working memory training (4 days) (Fig.1b; Fig. 3). Additionally, nest building was scored 

on Days 20 and 41 (Fig.1b; Fig. 2a). All behavioral protocols were performed as detailed 

in the Supplementary Information and in previous publications21. 

 
 

Bromodeoxyuridine administration 
 
 

Bromodeoxyuridine (BrdU, Sigma-Aldrich, Madrid, Spain) was administered after 

cocaine-CPP conditioning on Days 25-27 (Fig.1b) to label the cells that were newly- 

generated after one week of cocaine withdrawal. Mice received two daily 75 mg/kg 

intraperitoneal BrdU administrations, separated by 4 h32. 
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Assessment of adult hippocampal neurogenesis 
 
 

Our histological procedures are extensively described elsewhere31,32 and in the 

Supplementary Information. On day 68 (Fig.1b), mice were sacrificed and AHN was 

quantified in the dorsal hippocampus. The endogenous marker proliferating cell nuclear 

antigen (PCNA) was used for detection of cells undergoing proliferation; while 

doublecortin (DCX) labeled young neurons aged up to ~3 weeks old34. For the DCX+ 

neurons, we distinguished two categories according to their morphological features: 

Type 1: with absent or short dendritic processes (i.e. immature-like morphology); and 

Type 2: with at least one prominent apical dendrite penetrating the granule cell layer35 

(Fig.5f). BrdU was used to detect the labeled cells aged 41-43 days old that survived 

until the ending of the experiment (Fig.5a). To confirm their neuronal phenotype, co- 

localization of BrdU with the mature neuron marker neuronal nuclei (NeuN; that is 

expressed by neurons from their ~third week of age onwards34) was analyzed by 

immunofluorescence and confocal microscopy (Supplementary Information). Cell 

counting was carried out independently in the suprapyramidal and in the infrapyramidal 

blades of the DG (SupraDG and InfraDG), considering both the functional and structural 

asymmetry of AHN in these regions36. 

 
 

Statistical analysis 
 
 

Groups were compared by Student’s t tests or by analysis of variance (ANOVA with 

repeated measures) followed by post-hoc Fisher's LSD analysis, when appropriate. One- 

sample t tests were used to compare means to a single measure. Correlations were 

Pearson’s. Significance was considered at p ≤ 0.05. Only significant comparisons are 

reported. 
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In addition, we conducted a Principal Component factorial Analysis (PCA) on the 

cognitive-related measures analyzed in the various tasks, in order to reduce this data to 

a set of behavioral dimensions (i.e. factors) that underlie cognitive performance 

(Supplementary Information). Data from the whole sample of mice (both VEH and 

COC, n = 20) was included in the PCA in order to meet sample adequacy criteria (Kaiser- 

Meyer-Olkin index = 0.528; Bartlett’s test for sphericity: X2 = 72.393, df = 36, p < 0.000) 

and to calculate a ‘factor score’ for each animal, that would serve to rank its cognitive 

abilities in each of the extracted factors. After calculation of the factor scores, they were 

separated by treatment group in order to perform mean comparisons and relevant 

correlations. 

 
 

Results 
 
 

Chronic cocaine administration induced persistent conditioned memory 
 
 

Chronic exposure to cocaine in the CPP apparatus induced a significant preference for 

the cocaine-paired compartment [repeated measures ANOVA on the pre-test session 

and the two test sessions (treatment x session): ‘treatment’: F1,18 = 13.405, p = 0.002; 

‘session’: F2,36 = 12.454, p < 0.000; ‘treatment x session’: F2,36 = 4.795, p = 0.014]. Post- 

hoc analyses revealed that the COC and the VEH mice were identical during the pre-test 

session, but they clearly differed in both the recent (Test 1; 72 h retention) and the remote 

(Test 2; 28 days retention) test sessions where the COC mice showed significant 

conditioned memory (Fig. 1c). Interestingly, the CPP behavior in the COC mice resulted 

persistent in this experiment, not showing any evident time-induced decay. In this way, 

the CPP Score in both test sessions (i.e. Test 1 and Test 2; Fig. 1c) resulted similar by 

post-hoc analyses, and the ▽CPP Score (mean = 5.36; SEM = 3.27); was not statistically 

different from zero. Both treatment groups showed a similar locomotion during the pre- 
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test and the drug-free test sessions, so no alterations in exploratory activity could affect 

the expression of the conditioned response (Fig. 1d). 

 
 

Mice conditioned to cocaine were impaired in the acquisition of new learnings 

during long-term cocaine withdrawal 

 
 

Motivational, exploratory and emotional behavior 
 
 

The quality of the nest build was assessed by a ‘Nest Score’ (as described in the 

Supplementary Information) either at 2 or 23 days of cocaine withdrawal. The COC 

mice showed deficits when tested 1 h after providing the nesting material, but not after 4 

h [repeated measures ANOVA (treatment x hour x day): ‘treatment’: F1,36 = 7.840, p = 

0.008; ‘hour’: F2,72 = 161.260, p < 0.000; ‘day’: F1,36 = 5.268, p = 0.028; ‘treatment x hour’: 

F2,72 = 4.986, p = 0.009; post-hoc comparison is shown in Fig. 2a]. This suggests that 

the COC mice were initially less inclined (i.e. ‘slower’) to perform an intrinsically 

motivated behavior such as nest building but they were able build a near-perfect nest 

when they were given enough time (4 h). Therefore, they showed only a mild impairment 

in this task. 

 
 

Nonetheless, the COC mice behaved similar to controls regarding the exploratory and 

anxiety-like behaviors assessed in the elevated plus maze and in the open field tests 

(Fig. 2b, d). Cocaine withdrawal neither affected despair-like responses in the forced 

swimming test (Fig. 2c). 

 
 

Cognitive assessment 
 
 

Novel object and place recognition 
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Regarding the learning-related measures, the cocaine-withdrawn mice showed reduced 

discrimination of a novel object (t18 = -2.184; p = 0.042) and a novel place (t18 = -2.117; 

p = 0.048) from a familiar one at a 24 h retention interval (Fig. 2e). Importantly, their total 

time of object exploration both in the sample and in the test sessions was unaltered 

compared to the VEH mice [repeated measures ANOVA (treatment x session): ‘session’: 

F2,36 = 7.620, p = 0.002; Fig. 2e], so the memory outcome could not be attributed to 

changes in the motivation to explore. 

 
 

Spatial memory in the water maze 
 
 

The COC and the VEH mice resulted similar in the two habituation sessions in the pool 

regarding the total distance swan and the exploration of the peripheral region, as well as 

in the time spent in any of the four imaginary quadrants (Fig. 3a). 

 
 

Subsequently, the COC mice were slower in learning a visible platform task [repeated 

measures ANOVA (treatment x session): ‘treatment’: F1,18 = 5.392, p = 0.032; session: 

F7,126 = 26.121, p < 0.000; Fig. 3b]; and they were also delayed in acquiring a spatial 

reference memory task with a hidden platform [‘treatment’: F1,18 = 5.144, p = 0.036; 

‘session’: F23,414 = 5.900, p < 0.000; Fig. 3c]. Nevertheless, if the fourth training day was 

analyzed separately (Fig. 3c), there was no longer a difference between the treatments, 

suggesting that the COC mice had successfully learned the hidden platform location by 

the end of the training albeit they slower acquisition. 

 
 

After spatial memory training, the COC mice showed no alterations in the long-term 

retention of the spatial memory. In this way, in the first probe trial (24 h retention), both 

the COC and the VEH mice preferred the target pool quadrant over the opposite one 

[repeated measures ANOVA (treatment x quadrant): ‘quadrant’: F1,18 = 15.866, p < 0.000; 

post-hoc analysis is shown in Fig. 3d] and they did not differ in parameters of platform 
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crossings or latency (Fig. 3d). The target quadrant was no longer preferred by any group 

of mice in the second probe trial at 72 h retention (‘quadrant’ effect: F1,18 = 0.032, p = 

0.859, non significant); suggesting either inability to recall the platform location at this 

longer retention interval or a rapid extinction of this memory due to the previous probe 

trial performed with no platform. 

 
 

On the platform inversion day, mice learned the new platform location as evidenced by 

their escape latency across the six daily sessions and by a short-term retention probe 

trial, in which the new target quadrant was equally preferred by both experimental 

treatments (‘quadrant’: F1,18 = 14.824, p = 0.001; Fig. 3e,f). While the probe trial showed 

a tendency of the COC mice to be impaired in the latency to find the inverted platform 

position and in the number of platform crossings, this did not result significant (Fig. 3f). 

 
 

Nevertheless, the cocaine-withdrawn mice were severely impaired in a delayed 

matching-to-sample working memory task performed over four consecutive days 

[repeated measures ANOVA on the test sessions (treatment x day): ‘treatment’: F1,18 = 

19.583, p < 0.000; ‘day’: F3,54 = 12.511, p < 0.000; Fig. 3g]. 

 

Importantly, both treatment groups showed a similar swimming velocity (i.e. cm swam 

per second) during the whole water maze training (Supplementary Figure 2).This 

indicates that the exploratory activity or the motor function did not affect the latency 

measures. In addition, the fact that the COC mice searched the platform similarly than 

controls in the probe trials, confirms their motivation to perform the task and to escape 

from the water. 

 
 

Factors underlying cognitive behavior and their relationship with CPP maintenance 
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The PCA reduced the variables to four independent factors that underlay cognitive 

functioning (Fig. 4a). The main factor in terms of variance explained (Factor 1) mostly 

included measures related to the performance in the visible and hidden platform tasks, 

behavioral flexibility (inversion day) and spatial working memory. Therefore, this factor 

was considered to represent short-term memory acquisition and its online manipulation 

or updating (Fig. 4a). Measures of recognition memory for a novel object and place 

mainly loaded in Factor 2. These functions are different from the spatial abilities tested 

the water maze and they may entail episodic-like memory components such as ‘what’ 

and ‘where’. We must note that, because these object memories were only tested at a 

24 h retention interval, it is not possible to distinguish an acquisition deficit from one in 

consolidation or retrieval. Other studies, have reported impaired object recognition 

memory acquisition by cocaine tested at short retention intervals of few minutes22,23. 

Finally, long-term spatial memory retention at 72 h or 24 h loaded in Factor 3 and Factor 

4 respectively (Fig. 4a). 

 
 

A ‘factor score’ was calculated per animal as a measure of its performance in each of 

the four cognitive factors. The COC mice showed impairment in the memory functions 

represented by Factor 1 and Factor 2 (Student’s t test: t18 = -3.508, p = 0.003; t18 = 2.117, 

p = 0.048; Fig. 4b) compared with the VEH animals. However there was no impairment 

in the factors representing long-term spatial memory retention; which shows a normal 

consolidation and retrieval of spatial memory in the cocaine-withdrawn mice in despite 

of delayed acquisition. Correlational analysis in the cocaine-treated mice revealed that 

their cognitive factor scores were mostly unrelated to the long-term CPP expression (Fig. 

4c). 

 
 

Cocaine-withdrawn mice showed abnormal AHN regulation associated to learning 
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Three days after completion of the behavioral assessment, AHN-related markers were 

analyzed in the DG (Fig. 1b; Fig. 5a). Interestingly, the cocaine treatment did not affect 

the number of BrdU+ cells -that were generated at one week of cocaine withdrawal and 

survived until the end of the experiment- (Fig. 5a,b) nor their differentiation into mature 

neurons (Fig. 5b,c,d). Furthermore, the COC and the VEH mice displayed a similar 

proliferative activity in the DG at the conclusion of the experiment, evaluated by the 

PCNA+ cells (Fig. 5e). 

 
Nevertheless, the COC mice showed an abnormally increased number of DCX+ neurons 

in the SupraDG [repeated measures ANOVA (treatment x DG blade): ‘DG blade’: F1,18 = 

4.681, p = 0.044; ‘treatment x DG blade’: F1,18 = 7.361, p = 0.013; post-hoc comparison 

is shown in Fig. 5f] though no difference in the morphological features of these neurons 

was found. Considering the temporal pattern of DCX expression34, these young neurons 

were presumably born at a time period overlapping with the cognitive training (Fig. 5a); 

suggesting that learning induced a transitory increase in the proliferation and/or survival 

of this specific neuron population in the cocaine-withdrawn mice compared with the 

control animals. In fact, the density of DCX+ cells in the COC mice was directly correlated 

with their cognitive performance, specifically with the functions represented by Factor 1 

(Fig. 5g). None of the AHN-related markers showed a significant correlation with the 

measures of cocaine-CPP acquisition or long-term maintenance. 

 
 

Discussion 
 

In the present manuscript, administration of chronic cocaine paired with specific 

contextual cues (i.e. in the CPP paradigm) revealed that extended cocaine exposure 

elicited robust CPP behavior, indicating both persistent cocaine reward and drug- 

associated contextual memory. This remote drug memory coexists with anterograde 
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reference and working memory deficits in this animal model albeit measures of cognitive 

performance were mainly unrelated to the CPP response, supporting these phenomena 

as coincident but independent events. 

 
 

To the best of our knowledge, this topic has been scarcely addressed in previous 

literature. A recent work, reported apparently opposite results since an exacerbated 

cocaine-CPP response was associated with subsequent spatial working memory 

performance in a radial arm maze, predicting less improvement in the task37. But a main 

difference with the present study is that they focused on the initial cocaine-CPP 

acquisition rather than on its long-term maintenance, which was not evaluated37. In line 

with our results, animals trained to self-administer cocaine showed memory for remote 

cocaine-associated contextual cues learned 21-45 days prior; but their working memory 

or reversal learning performance could not predict the strength of the cue-induced 

relapse in self-administration38,39. It should be noted that the magnitude of the drug 

‘seeking’ or taking responses in the cocaine-CPP or in the self-administration paradigms 

may be strongly influenced by non-cognitive factors such as stress or drug craving40, 

which could contribute to explain this dissociation. Nevertheless, despite the present 

results, it is still possible that testing animals bearing an intrinsic or experimentally- 

induced vulnerability for the drug (e.g. submitted to a stressful event) may yield particular 

conditions where both the cognitive performance and the drug seeking/taking responses 

are modulated at once, and thus result interrelated. Such outcome would agree with 

clinical evidence suggesting that poorer cognitive performance is a predictor of early 

relapse in cocaine use8. 

 
 

Another relevant aspect is that cognitive impairment in our cocaine-withdrawn mice 

occurred in absence of affective alterations, though withdrawal from repeated cocaine is 

often accompanied by a high anxiety state (studies are reviewed in21,41). A possible 

explanation is that a heightened anxiety-like behavior characterizes earlier phases of 
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cocaine withdrawal but anxiety may become normalized over time, faster than the 

cognitive status. In this regard, elevated anxiety is often evident in rodents at short 

cocaine-free periods (24-48 h) but not at longer times after withdrawal, unless anxiety is 

‘activated’ by an aversive or stressful stimulus41. Another key variable is the age of the 

animals at the time of cocaine administration, since chronic cocaine administered in 

adolescent rodents yields more evident42 and persistent43 anxiety-like responses. 

 
In any case, this manuscript shows that chronic cocaine withdrawal impairs the 

acquisition of new learnings but not the retrieval of remote drug memories. In other 

words, these two cognitive events should be supported by different neurobiological 

mechanisms. It is important to emphasize at this point that cocaine administration and 

withdrawal exert widespread brain neuroplasticity that affects multiple learning systems 

-that include the hippocampus but also the frontal cortex, the amygdala or the striatum- 

involved in the acquisition and expression of drug-related responses as well as in 

cognitive performance2,4,44. While the contribution of the extra-hippocampal regions is 

not considered in this manuscript and it should not be dismissed, the pattern of impaired 

cognitive performance in the cocaine-withdrawn mice is consistent with a hippocampal 

malfunction. For example, the hippocampus is required for object and place recognition 

memory, spatial reference memory or spatial working memory in the water maze45-48 as 

well as for nest building49. Even the slightly slower acquisition of the visible platform task 

in the cocaine-withdrawn mice could be influenced by certain procedural rules (i.e. ‘how’ 

–not ‘where’- to escape from the water) that may involve a hippocampal participation in 

their learning50. 

 
 

Nevertheless, the expression of remote cocaine-CPP memory that may also depend on 

the hippocampus15, was preserved in the cognitively-impaired animals. This outcome is 

not contradictory considering that the neurobiological pathways for reference memory 

encoding and retrieval are dissociated even at the hippocampal level51. This is especially 
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true for the retrieval of remote old memories that become less supported by the 

hippocampus as they are progressively stored from the hippocampus to the neocortex52. 

Hippocampal insults are typically characterized by strong (anterograde) amnesia for 

newly acquired information, but the hippocampal involvement in retrieving remote 

memories (retrograde amnesia) is less evident and it may depend on the extent of 

hippocampal damage, the memories’ age or its content52,53. Accordingly, hippocampal 

manipulations (e.g. modulation of AHN) may selectively affect recent, but not remote, 

fear54 and drug55 associative memories in animal models. Considering all this, 

hippocampal dysfunctions preventing reference memory acquisition are compatible with 

a spared ability to remember older drug-related memories that are persistent in persons 

abusing cocaine3. For its part, hippocampal working memory also engages mechanisms 

independent of those for reference memory, requiring a close interplay between the 

hippocampus and the prefrontal cortex56. 

 
 

Finally, AHN was studied in this animal model, considering the importance of this process 

for hippocampal-dependent memory and its potential regulation by cocaine. Specifically, 

we researched different neuron populations generated at distinct time points during 

cocaine withdrawal. The number of new neurons (BrdU/NeuN+) born after cocaine 

administration that survived and reached maturation was normal compared to vehicle- 

treated mice, supporting that extended cocaine withdrawal is not associated to persistent 

alterations of basal AHN4. However, here we also report that the cocaine-treated mice 

showed an abnormal increase of the young DCX+ neurons generated up to 3-4 weeks 

before perfusion, an immature neuron population that is highly susceptible to stimulation 

by environmental inputs57. It is important to note that mice in this study did not remain 

undisturbed during that time period but they were submitted to an extended behavioral 

test battery that could stimulate immature hippocampal neurons and proliferative cells 

(Supplementary Figure 1). Therefore, a strong possibility is that the cocaine-treated 

mice abnormally upregulated their immature DCX+ neurons in response to the learning 
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experience. In agreement, a previous experiment found that mice withdrawn from chronic 

cocaine that were left undisturbed displayed normal levels of basal AHN, but behavioral 

training regulated AHN differently in the cocaine-withdrawn mice. In this case, their AHN 

and other hippocampal plasticity markers were reduced compared to trained vehicle- 

treated animals21. It is possible for cocaine-withdrawn mice to show either a reduced or 

an increased learning-induced AHN depending on the task demands, by assuming a ‘low 

efficiency’ and ‘low capacity’ hippocampal network58. Under such pathological condition, 

when learning is moderately successful but excessively effortful, additional AHN may be 

recruited as a compensatory mechanism; but experimental settings that provide higher 

task requirements may in turn result in absent or insufficient learning and a diminished 

recruitment of neurobiological resources58. 

 
 

Considering this, a related question is the potential functional role of the increased AHN 

found in this study in the cocaine-withdrawn mice. While increased AHN is often 

associated to improved learning28, this relationship is not always straightforward, since 

there are also pathological conditions where an aberrantly increased AHN is the cause 

of cognitive impairment59. This latter possibility seems not to hold true for this study since 

there was a direct relationship of the DCX+ cells in the cocaine-treated mice with their 

ability for memory acquisition and updating. In other words, AHN was more increased in 

those cocaine-withdrawn mice that showed better cognitive performance. Nevertheless, 

this correlational evidence it is still insufficient to elucidate the extent of the causal 

contribution –if any- of the new neurons recruited by learning. Increased AHN could 

modulate certain aspects of the cognitive tasks; or it may just be an epiphenomenon of 

improved learning with not functional implications. While increasing AHN has been 

shown beneficial to promote forgetting of a previously acquired cocaine-CPP memory32 

it is yet to be investigated whether increasing AHN would improve learning and cognition 

during withdrawal, which should be tested experimentally by means of AHN-enhancing 

interventions29. Considering the present results, strategies directed to modulate retrieval 



20 

 

 

Revie
w 

Only 

of remote cocaine-associated memories may not necessarily alleviate cocaine-induced 

cognitive impairment since these events seem independent and thus regulated by 

different neurobiological mechanisms. The animal model reported here will be useful to 

test the effect of pharmacological or environmental interventions on these two aspects 

of cocaine-altered cognition simultaneously. 
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Figure Legends 

 
 

Fig. 1: Chronic cocaine induced persistent cocaine-associated memory. 
 

(a) Rationale of the model or cocaine-altered cognition used in this study, with a focus 

on the hippocampus. The hippocampus is a key brain region for the acquisition and 

consolidation of declarative memory, including associative and episodic memory. At the 

first exposures to the drug, acute cocaine acting on a ‘healthy’ hippocampus activates 

neurobiological mechanisms that may contribute to the formation of strong and lasting 

memories for cocaine-related experiences4. However, after repeated cocaine exposures, 

the hippocampus becomes corrupted by drug-induced neuroplastic changes, impeding 

the acquisition of new hippocampal learnings4. Therefore, persistent memories for past 

drug experiences may coexist with cognitive decline during withdrawal from chronic 

cocaine. (b) Schedule of the experiment. Mice were conditioned to cocaine in a chronic 

CPP task (COC mice, 14 days) or received saline solution (VEH mice). Subsequently, 

they were tested for both long-term maintenance of the remote cocaine-CPP memory 

and for emotional and cognitive behavior in a battery of tests. (c) Cocaine-induced CPP 

task. The COC mice acquired a lasting memory for the contextual stimuli associated with 

cocaine that persisted after 28 days of drug withdrawal. Accordingly, the CPP Score of 

the COC mice was significantly greater than zero during both test sessions (one-sample 

Student’s t test on Test 1: t9 = 5.340, p < 0.000; on Test 2: t9 = 4.911, p = 0.001). (d) Both 

groups of mice showed a similar locomotor activity during the drug-free Test sessions in 

the CPP apparatus. 

Results are expressed as mean ± SEM. 
 

Post-hoc difference vs the other treatment group: *p < 0.05 and **p < 0.001 
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Significant difference vs zero: $$p < 0.001 
 
 
 

Fig. 2: Cocaine-withdrawn mice showed cognitive deficits in absence of emotional 

and exploratory alterations. (a) The cocaine-withdrawn mice were slightly impaired in 

an intrinsically motivated behavior such as nest building, especially at 1 h after the 

addition of the nesting material. However, cocaine withdrawal did not affect behavior in 

(b) the elevated plus maze, (c) the forced swimming and (d) the open field tests for 

emotional and exploratory responses. (e) Schedule of the object and place memory task. 

The cocaine-withdrawn mice showed deficits in both memory domains. 

Results are expressed as mean ± SEM. 
 

Difference vs the other treatment group by post-hoc analysis (a) or Student’s t test (e): 
 

*p < 0.05 
 
 
 

Fig. 3: Reference and working memory assessment in the water maze. (a) 

Habituation sessions. The time swimming into each pool quadrant shows the two 

sessions averaged. The figure includes a representation of the circular pool, the 

peripheral region (blue), the four imaginary quadrants and the starting positions. Both 

groups were similar in the pool exploration parameters. (b) Visible platform training and 

(c) spatial memory training with hidden platform revealed a delayed acquisition in the 

COC mice. The figure (c) shows a representative swimming path of each treatment 

group on the third training day. (d) Both groups were similar on the probe trials for long- 

term memory retention performed at 24 h and 72 h. (e) Training day with inverted 

platform location and (f) probe trial for short-term memory retention at 30 min. (g) 

Delayed matching-to-sample working memory training showed a severe impairment in 

the COC mice. Each training day included four sample and test pairings, averaged per 

day in the graph. 

Results are expressed as mean ± SEM. 
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Significant effect for ‘treatment’ in the repeated measures ANOVA: *p < 0.05; **p < 0.001 

Post-hoc difference vs the opposite quadrant: &p < 0.05 

Figure legend: E: East; ITI: inter-trial interval; N: North; O: Opposite quadrant; S: South; 

T: Target quadrant; W: West. 

 
 

Fig. 4: Relationship between cognitive performance during cocaine withdrawal 

and the persistence of the cocaine-associated memory. (a) The PCA analysis on the 

whole sample of animals reduced the cognitive-related measures to a set of four different 

constructs or factors. The variables included in each factor are highlighted in bold. 

Factors were named after their most representative variables (i.e. those that, in absolute 

value, loaded higher the factor but lower in the others). Factors cumulatively explained 

a 82.668 % of the total performance of the animals. (b) Comparison of factor scores 

between the two treatments revealed that the COC mice were impaired in Factor 1 and 

Factor 2. #Attending to the sign of the variables that loaded in each factor, the factor 

scores of Factor 2 and Factor 3 were multiplied by ‘-1’ so a positive factor score 

corresponded to a higher performance, for easier interpretation. (c) Cognitive factor 

scores and measures of long-term CPP maintenance were mainly unrelated according 

to linear correlations. The only significant correlation ( ▽ CPP Score and Factor 4) 

suggested that mice with better long-term memory abilities showed a greater decay of 

their CPP Score in the Test 2 –maybe they could remember more easily that the drug 

was no longer administered in the CPP apparatus, as they had experienced this outcome 

in the Test 1-. However, we believe this correlation should be interpreted with caution as 

it seemed highly driven by the score of one particular animal. 

Results in (b) are expressed as mean ± SEM. 
 

Difference vs the other treatment group by Student’s t test: *p < 0.05 

Figure legend: RM: Reference Memory. 
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Fig. 5: Altered learning-induced regulation of adult hippocampal neurogenesis in 

the cocaine-withdrawn mice. (a) Schedule of the experiment (as shown in Fig. 1b) 

displaying the timing of expression of each AHN marker analyzed. (b) The cocaine- 

withdrawn mice did not show alterations in the number of BrdU+ cells nor in their 

differentiation into mature neurons (i.e. co-expression of BrdU and the mature neuron 

marker NeuN). Figures (c, d) show representative confocal images. Arrows in (c) point 

to positive nuclei for the markers BrdU, NeuN or both (highlighted in orange). White 

arrows in (d) point to nuclei positive for BrdU, some of them also co-label with NeuN. (e) 

Both treatment groups showed similar DG cell proliferative activity at the completion of 

the experiment, as studied by the PCNA+ cells. (f) The percentage of young neurons 

(DCX+) showing either an immature-like (T1) or a mature-like morphology (T2) was 

similar in both treatments, but the cocaine-withdrawn mice displayed an increased 

number of these neurons in the SupraDG. (g) The young neurons in the cocaine- 

withdrawn mice, especially in the SupraDG, were directly correlated with their cognitive 

performance (factor scores in Factor 1; Fig. 4). There was a non-significant tendency for 

correlation of cognitive performance with the young neurons in the InfraDG (r = 0.619, p 

= 0.056). On the contrary, the AHN-related measures were uncorrelated with the 

measures of cocaine-CPP maintenance (not shown). 

Black arrows in (e, f) point to positive cells. In (b, f), the circular graphs shows percentage 

data for the total DG; analyses per each DG blade separately did not reveal differences 

either. Scale in (e) is valid for (f). 

Results are expressed as mean ± SEM. 
 

Post-hoc difference vs the other treatment group: *p < 0.05 
 

Figure legend: DG: Dentate gyrus; InfraDG: infrapyramidal blade of the DG; SupraDG: 

Suprapyramidal blade of the DG; T1: Type-1; T2: Type 2. 
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