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Abstract 

These experiments examined whether exposure to drugs of abuse altered the 

balance between hippocampal and striatal memory systems as measured long after 

drug treatments.  Male rats received injections of morphine (5 mg/kg), cocaine (20 

mg/kg), or saline for five consecutive days.  One month later, rats were then trained to 

find food on a hippocampus-sensitive place task or a striatum-sensitive response task.  

Relative to saline controls, morphine-treated rats exhibited impaired place learning but 

enhanced response learning; prior cocaine exposure did not significantly alter learning 

on either task.  Another set of rats was trained on a dual-solution T-maze that can be 

solved with either place or response strategies. While a majority (67%) of control rats 

used place solutions in this task, morphine treatment one month prior resulted in a shift 

to response solutions exclusively (100%).  Prior cocaine treatment did not significantly 

alter strategy selection.  Molecular markers related to learning and drug abuse were 

measured in the hippocampus and striatum one month after drug exposure in 

behaviorally untested rats.  Protein levels of glial-fibrillary acidic protein (GFAP), an 

intermediate filament specific to astrocytes, increased significantly in the hippocampus 

after morphine, but not after cocaine exposure.  Exposure to morphine or cocaine did 

not significantly change levels of brain-derived neurotrophic factor (BDNF) or a 

downstream target of BDNF signaling, glycogen synthase kinase 3β (GSK3β), in the 

hippocampus or striatum.  Thus, exposure to morphine results in a long-lasting shift 

from hippocampal toward striatal dominance during learning.  The effects of prior 

morphine injections on GFAP suggest that long-lasting alterations in hippocampal 
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astrocytes may be associated with these behavioral strategy shifts.  

Keywords: Decision-making; Learning; GFAP; Astrocytes; BDNF; GSK3β   
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1. Introduction 

This report applies a multiple memory systems perspective to evaluate persistent 

behavioral and brain changes after exposure to cocaine or morphine.  Many regions of 

the brain differentially contribute to learning and memory in tasks with distinct attributes 

(McDonald and White, 1994; Hunsaker and Kesner, 2018). Of note here, the 

hippocampus contributes importantly to spatial or contextual learning and memory, and 

goal-directed decision-making while the dorsolateral striatum is important for learning 

based on stimulus-response associations and the formation and expression of well-

learned behaviors or habits (Gold et al., 2013; Goodman and Packard, 2016; Korol and 

Pisani, 2015; Poldrack and Packard, 2003; White et al., 2013). 

One characteristic of multiple memory systems is that they sometimes compete 

for control over the expression of learning.  For example, impairments of hippocampal 

functions can enhance striatum-sensitive learning while impairments of striatal functions 

can enhance hippocampus-sensitive learning (e.g., Chang and Gold, 2003; Gardner et 

al., 2020a; Lee et al., 2008; McElroy and Korol, 2005; Mitchell & Hall, 2008).  Moreover, 

drugs of abuse may influence the balance of functions across multiple memory systems 

with effects that could lead to increased drug seeking (Goodman and Packard, 2016; 

Lovinger and Gremel, 2020; White, 1996).  Notably, acute exposure to alcohol facilitates 

the use of dorsolateral striatum cue or response strategies over spatial or place 

strategies (Matthews et al., 1999; Sun et al., 2018). If drugs of abuse create an 

imbalance across systems to favor reliance on a dorsolateral striatal system, drug 

exposure may likewise enhance the use of habits to guide behavior.  A chronic change 

in competitive interactions across memory systems could contribute to persistent use of 
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striatal-based habit strategies, with the transition from occasional to habitual drug-

seeking behaviors a consequence of this functional imbalance across systems. 

Most studies of drug-induced changes in learning and memory have been 

conducted in rats or mice while under the influence of the drug or soon after withdrawal.  

However, relapse following long-term abstinence is common in addiction, an 

observation consistent with the hypothesis that functional imbalances across learning 

and decision-making systems persist long after drug use.  Importantly, studies that 

examined learning and memory after prolonged periods of abstinence have primarily 

assayed a single memory system, most often the hippocampal system, and have not 

assessed possible drug-induced shifts across multiple systems.  For example, in 

rodents abstinent for 1-3 months, cocaine impaired learning and memory in the spatial 

version of the swim task (Mendez et al., 2008), object location recognition, and spatial 

working memory (Guevara-Miranda et al., 2017).  Morphine exposure impaired 

performance on a spatial alternation task after four weeks of abstinence (Shahroodi et 

al, 2020) and learning on a food-rewarded conditioned place preference task after five 

weeks of abstinence (Harris and Aston-Jones, 2003). Interference with hippocampal 

functions impairs learning on each of these paradigms supporting their designation of 

hippocampus-dependent tasks (Ferbinteanu and McDonald, 2001; Gerlai, 2001; 

Hitchcock and Lattal, 2018; Kesner, 2018; Korol et al., 2019).  

The primary focus of this report was to determine whether a 5-day treatment of 

cocaine or morphine differentially altered hippocampal and striatal memory system 

functions after one month of abstinence.  The drugs were selected on the basis of 

important societal abuse of each drug coupled with their disparate cellular mechanisms 
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of action.  Separate sets of rats were trained on single-solution place and response 

mazes for which hippocampal or striatal strategies, respectively, provide effective 

solutions.  A third set of rats was trained on a dual solution T-maze in which either place 

or response strategies afford effective solutions; probe tests administered after dual-

solution training identify the dominant strategy used on the task (Restle, 1957; Tolman 

et al., 1946).  These tasks have been used reliably to reveal changes across multiple 

memory system functions resulting from extensive training, advanced age, stress, and 

hormone status (e.g., Gardner et al., 2013, 2016, 2020a,b;  Gold et al., 2013; Gold, 

2016; Hawley et al., 2012; Korol and Pisani, 2015; Korol and Wang, 2018; Packard and 

Goodman, 2012, 2013; Packard et al., 2018; Packard and McGaugh, 1996; Schwabe, 

2013; Zurkovsky et al., 2007).   

Additional experiments measured tissue levels of glial fibrillary acidic protein 

(GFAP), brain-derived neurotrophic factor (BDNF), and glycogen synthase kinase-3 

beta (GSK3β) across brain regions one month after cocaine or morphine exposure.  

GFAP was selected as a marker of astrocytic responses to treatments and was tested 

here based on evidence that astrocytes are important in the regulation of learning and 

memory (Alberini et al., 2018; Gao et al., 2016; Gold, 2014; Hertz and Chen, 2018; 

Magistretti, 2006; Newman et al., 2011; Pellerin and Magistretti, 2012; Santello et al., 

2019; Steinman et al., 2016; Suzuki et al., 2011), including findings that astrocytic 

actions dissociate by memory system (Gold, 2016; Korol et al., 2019; Newman et al., 

2017; Scavuzzo et al., 2021).  Astrocyte functions are also important in the contexts of 

drug abuse and relapse (e.g., Boury-Jamot et al., 2016; Haydon et al., 2009; Lindberg 

et al., 2019; Ozawa et al., 2001; Song and Zhao, 2001; Zhang et al., 2016).  BDNF, 
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through activation of its receptor target tropomyosin receptor kinase B (TrkB), supports 

learning, memory, and synaptic plasticity in hippocampal and striatal systems (e.g., 

Andero et al., 2014; Bekinschtein et al., 2014; Cunha et al., 2010; Korol et al., 2013; Lu 

et al., 2008; Miranda et al., 2019). Pharmacological manipulations of BDNF and the 

TrkB receptor modulate drug-seeking behaviors and BDNF levels in different brain 

regions change after drug experience (e.g., Geoffroy and Noble, 2017; Harvey et al., 

2019; Li & Wolf, 2015; Shahroodi et al., 2020), pointing to the role of BDNF signaling in 

learning and drug exposure.  Downstream of TrkB activation, a PI3K-Akt pathway 

modulates GSK3β phosphorylation at serine 9; GSK3β is a molecular target with a role 

both in learning and memory and drug abuse (e.g., Dewachter et al 2009; Eagle and 

Robison, 2018; Miller et al., 2014).  Thus, the molecular markers selected are each 

associated both with learning and memory and with drugs of abuse and may therefore 

reflect drug-induced changes in learning abilities across memory systems. 

2. Methods 

2.1 Animals.  

 Male Sprague Dawley rats (N = 117) were obtained from Envigo (Indianapolis, 

IN).  The rats were three months old at the time of arrival at Syracuse University and 

were singly housed in a 12:12 hr light/dark cycle (7:00 a.m. lights on, 7:00 p.m. lights 

off) with free access to food and water until initiation of food restriction ~10 days before 

maze testing. All methods were carried out in accordance with the National Institutes of 

Health Guide for the Care and Use of Laboratory Animals and were approved by the 

Syracuse University Institutional Animal Care and Use Committee.   

2.2 Drug injections and food restriction.  
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 The overall experimental design is presented in Fig. 1. On each of five 

consecutive days, rats received an injection (i.p., 1 ml / kg) of either 0.9% saline, 

cocaine (20 mg / kg; Sigma-Aldrich, St. Louis, MO), or morphine (5 mg / kg; Sigma). 

Drug doses were chosen to match those shown to support conditioned place preference 

(Denny and Unterwald, 2019; White et al., 2005).  Cocaine and morphine exposure 

induced modest weight loss during the five-day injection period while the saline rats 

increased their weight at that time (weight changes: saline, +4.3 ± 0.8 gm; cocaine: -3.3 

± 1.5 gm; morphine: -1.9 ± 1.1 gm).  Body weights returned to control weights thereafter 

and were equivalent across groups at the start of food restriction (F2,109  = 0.9; p > 0.40; 

data not shown).  Twenty days after the final (fifth) injection, rats were placed on food 

restriction for ~10 days to reduce body weights to 80-85% of their free-feeding weights.  

During food restriction, rats were also handled each day for several minutes and given 

several small pieces of Frosted Cheerios® cereal, the reward used during training.  The 

effects of drug exposure on levels of select protein targets were assessed in separate 

groups of untrained food-restricted rats.    

INSERT FIGURE 1 ABOUT HERE 

2.3 Training.   

 Approximately one month after drug treatments (mean ± SD = 33 ± 2 days), rats 

were trained in a single session on either a place, response, or dual-solution task (Fig. 2 

A-C) with training beginning between 4-8 hrs into the light cycle; each rat was trained on 

only one of the three tasks. Before training, each rat was placed in a clean cage and 

brought into the training room to acclimate for 15 minutes.  Rats were trained to find 

food (~1/2 Frosted Cheerios® piece) on a plus-shaped maze configured into a T-maze 
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by blocking one arm. The maze arms measured 45 x 14 x 7.5 cm (length x width x wall 

height) with a 14 x 14 cm center area. The goal cups at the ends of each possible goal 

arm contained inaccessible pieces of reward to minimize the use of navigation based on 

olfaction. 

INSERT FIGURE 2 ABOUT HERE 

Training on the place task (100 trials, 30 s inter-trial interval) was conducted in a 

room with a rich array of extra-maze cues that could be used to locate the position of 

the goal arm (Fig. 2A). On each trial, a rat was started from one of two possible start 

positions. The Frosted Cheerios® reward was placed in the goal arm located in the 

same room position across trials.  Training on the response task (75 trials, 30 s inter-

trial interval) was conducted in a room with minimal extra-maze cues; a solid beige 

curtain surrounded the maze. On each trial, a rat was started from one of two possible 

start positions. The rat was rewarded for making a consistent turn (e.g., turn right) from 

either start arm (Fig. 2B).  For both tasks, start arms were semi-randomly assigned with 

no more than 3 consecutive starts from the same arm. Goal arm (east vs. west for 

Place) and rewarded turn (right vs. left for Response) were randomly assigned and 

counterbalanced across all rats within treatment condition. The experimental design 

included three groups (saline, morphine, cocaine) of 10 rats each for place and 

response tasks.  However, during place training, one rat had a strong turning bias 

making the same turn on 46 of the first 50 trials and thus its data were excluded from 

analyses.  

Training on the dual-solution task was conducted in a room with extra-maze cues 

(Fig. 2C). The start arm and position of the reward were kept constant across the 
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training session such that use of either a place or a response strategy resulted in a 

“correct” rewarded choice. The rewarded arm was counterbalanced across all rats 

within treatment condition.  After a rat reached 9/10 correct trials, the rat was given a 

series of three probe trials to identify the dominant strategy controlling behavior.  On 

probe trials, the rat was started in the arm opposite to that used during training.  If the 

rat entered the arm in the same room position as rewarded during the training trials, the 

rat was identified as using a place strategy. If the rat made the same turn as during 

training, it was identified as using a response strategy. As neither choice was 

“incorrect,” both arms were baited on probe trials. A single training trial was 

administered from the original training start arm between each probe trial.  Rats were 

grouped into those using place or response strategies based on the strategy expressed 

on the majority (2/3) of their probe trials, as done previously (Gardner et al., 2020b).  On 

the dual-solution task, two rats in the cocaine group and one rat in the morphine group 

reached the 9/10 learning criterion within the first ten trials, thereby exhibiting a 

directional bias that did not likely reflect learning.  One rat in the morphine group failed 

to reach the learning criterion during the dual-solution training session, precluding 

strategy assessment.  The data from these rats were excluded from further analyses.  

Final sample sizes for the dual-solution task were 9, 8, and 9 for saline, cocaine, and 

morphine conditions, respectively. 

2.4 Tissue collection.  

 Protein levels of GFAP, BDNF, and GSK3β in hippocampus and striatum were 

assessed in untrained rats one month after drug exposure (n = 27).  To match the 

design of the behavioral studies above, these rats underwent food-restriction during the 
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10 days prior to sample collection. Rats received an overdose of sodium pentobarbital 

(50 mg/rat) one month after drug exposure. Their brains were excised and the 

hippocampi and dorsal striata were dissected and frozen on dry ice.  Frozen samples 

were pulverized on dry ice using a mortar and pestle, aliquoted for subsequent assays, 

and stored at -80oC.  

2.5 ELISAs for quantification of GFAP and BDNF expression.  

 Hippocampal and striatal samples were suspended in homogenization buffer 

(~14 mg tissue / ml buffer; 100 mM PIPES buffer [pH 7.0], 500 mM NaCl, 2 mM EDTA, 

200 µM PMSF, 1 µM pepstatin, 10 µM leupeptin, 0.3 µM aprotenin, 0.2% Triton-X-100) 

and homogenized (Polytron PT 1600 E, Kinematica; max speed) for ~10 s on ice.  

Samples were centrifuged at 16,000g for 30 min at 4˚C.  Pro and mature forms of BDNF 

were measured in the supernatant with sandwich ELISA kits (Biosensis BEK-2217  and 

BEK-2211; Thebarton, South Australia) using 4x and 5x dilutions, respectively.  GFAP 

was also measured in the supernatant with a sandwich ELISA kits (Sigma NS830) using 

a 200x dilution. Concentrations of target proteins were computed using standard curves 

and normalized to the respective weight of the tissue sample measured prior to 

homogenization. 

2.6 Semiquantitative western blotting for GSK3β and pGSK3β.   

 Hippocampal and striatal samples were suspended in homogenization buffer 

(~20 mg tissue / 80µl buffer; 1 mM EGTA, 1 mM EDTA, 20 mM Tris [pH 7.4], 1 mM 

sodium pyrophosphate tetrabasic decahydrate, protease cocktail inhibitor [Roche, 

Mannheim, Germany], phosphatase cocktail inhibitor [Phosstop; Roche]) and 

homogenized (Polytron PT 1600 E; max speed) for ~10 seconds on ice. Samples were 
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centrifuged at 5700g for 5 min at 4˚C.  Total protein was assayed in the supernatant 

using the Pierce BCA assay. The supernatant was subsequently diluted and mixed with 

Protein Loading Buffer (LI-COR Biosciences; Lincoln, NE) containing 10% beta-

mercaptoethanol and heated to 95oC degrees for 10 min. A total protein concentration 

of 3 µg / µl was used for western blot experiments. 

Experimental samples (20 µg total protein, 6.67 µl) were loaded onto 10% SDS-

polyacrylamide gels and resolved via electrophoresis for 60 min at 200 V. Gels were run 

separately for each brain region.  Samples were balanced with respect to drug condition 

within each gel.  Pooled hippocampal or striatal homogenates were also loaded at three 

total protein amounts (10, 20, and 30 µg) to test linearity of immunoblotting and to 

normalize signals across runs. All Blue Prestained Protein Standards (1-3 µl; BioRad 

Laboratories, Hercules, CA) were used to identify band molecular weights. Following 

electrophoresis, proteins were transferred (100 V, 2 hr, 4°C) to polyvinylidene difluoride 

membranes (Immobilon-FL, Millipore, Billerica, MA). To confirm protein transfer, 

membranes were stained in Ponceau S Solution (1 min; Sigma) and washed in H2O 

followed by tris-buffered saline (TBS; 20 mM Tris, 150mM NaCl, pH 7.5).  Membranes 

were blocked for 1 hr in TBS Odyssey blocking buffer (LI-COR) and incubated at 4oC for 

18-22 hr in a cocktail comprising anti-GSK3β mouse monoclonal antibody (1:1500; 

#9832, Cell Signaling, Rockford, IL), anti-phospho GSK3β (Ser9) rabbit monoclonal 

antibody (1:1000; #9323, Cell Signaling), and anti-β-tubulin mouse monoclonal antibody 

for loading control (1:30,000; #86298T, Cell Signaling). Subsequently, membranes were 

washed 4 times (10 min each) in TBS-Tween (0.1% Tween 20) and incubated (1 hr) 

with IRDye 800 CW goat anti-rabbit (1:10000; LI-COR Biosciences) and IRDye 680 RD 
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goat anti-mouse (1:10000; LI-COR 129 Biosciences) antibodies in blocking buffer (0.1% 

Tween 20; 0.1% SDS). Membranes were again washed 4 times in TBS-Tween, followed 

by a rinse (2 min) in H2O.  

Blots were scanned on an Odyssey near-infrared imaging system (LI-COR 

Biosciences) and analyzed for relative levels of GSK3β, pGSK3β, and β-tubulin using 

Image Studio software (LI-COR Biosciences). After target bands were identified and 

fitted manually, integrated optical density (OD) was automatically corrected for 

background (median OD 3 pixels above and below each band) using the Studio 

software. Several steps were taken to quantify relative protein levels reliably as follows.  

It was ensured that all blots displayed linear curves from pooled standard samples. To 

account for loading variability, GSK3β and pGSK3β ODs were normalized to ODs from 

β-tubulin. To account for between-blot variability, an additional normalization to the 

back-calculated 20-µg pooled standard sample was made. Finally, averages of each 

sample, run in duplicate on different blots, were used for summary data.  

2.7 Data analysis and statistics.  

 For place and response tasks, learning was quantified as both the number of 

trials needed to reach a learning criterion and as trial accuracy across training.  Trials to 

criterion (TTC) was set at nine correct trials of the most recent 10, with at least 6 

consecutive trials correct in that span, and trial accuracy was measured as percent 

correct across training. Two-way ANOVAs assessed interaction effects of drug 

treatment and task on TTC and trial accuracy. ANOVAs run separately for place and 

response tasks tested differences in these measures across drug groups.  The Fisher 
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Least Significant Differences (LSD) method was used to make planned pairwise 

comparisons.   

For the dual-solution results, chi square tests were used to determine differences 

in strategy use among cocaine and morphine rats compared to strategy use in saline 

control rats. An ANOVA with the LSD method applied to planned comparisons was used 

to assess differences in TTC across drug conditions in the dual-solution task. 

One-way ANOVAs with the LSD method for planned comparisons were used to 

assess differences across drug conditions in body weights. A two-way ANOVA tested 

interaction effects between drug treatment and brain region on levels of GFAP, 

proBDNF, mature BDNF (mBDNF), total GSK3β, pGSK3β, and the ratio of 

phosphorylated to total GSK3β; one-way ANOVAs with the LSD method were used for 

planned comparisons within each brain region. Assays for BDNF used a subset of 

collected brain samples (n = 22). Three protein samples were lost because of technical 

issues, one from each drug condition. The final Ns in each assay are shown in the 

respective figure legends. 

Statistical analyses were performed using Prism 9 for macOS and SPSS, with a 

= 0.05.  

3. Results 

 Morphine treatment had opposite effects on place and response learning, 

impairing place learning but enhancing response learning.  Cocaine treatment, however, 

did not significantly affect learning in either task (Fig. 3A-F).  

INSERT FIGURE 3 ABOUT HERE 
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 Morphine significantly impaired place learning as measured by accuracy across 

all trials (p < 0.05; Fig. 3C), particularly during the early trials. A trend for morphine-

induced impairment was also observed on the TTC measure, although this difference 

did not reach statistical significance (p > 0.10; Fig. 3E).   Conversely, learning on the 

response task was significantly enhanced on both accuracy and TTC measures in 

morphine-treated rats compared to controls (p’s < 0.05; Fig. 3D, 3F).  The overall 

enhancement of response learning by morphine reflects an increased accuracy early in 

training in morphine vs. saline groups (Fig. 3B).  Differential effects of morphine on the 

two tasks were confirmed by a significant task by drug interaction on both trial accuracy 

(F1,35 = 15.63, p < 0.001) and TTC (F1,35 = 9.57, p < 0.01); the main effect of drug for 

accuracy (F1,35 = 0.84, p > 0.3) or TTC (F1,35  = 0.09, p > 0.7) was not significant, 

reflecting the opposite direction of drug effects on place and response learning.   

 In contrast, cocaine treatment did not produce significant effects on either place 

or response learning (Fig. 3C-3F).  Planned comparisons between cocaine vs. saline 

groups using both accuracy and TTC measures of learning on each task revealed  p’s > 

0.35 for all tests.  The absence of an effect of cocaine on later learning was also 

apparent by the absence of a significant interaction of task by drug on either accuracy 

(F1,35 = 1.32, p > 0.2) or TTC (F1,35 = 0.68, p > 0.4).  

  Of note, choice accuracy was near chance (50%) at the onset of training across 

drug conditions in both the place and response tasks.  Accuracy on trials 1-10 for place 

learning and trials 1-15 for place learning did not differ by drug condition (all p’s > 0.1; 

Figs. 3A, 3B).  
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In the dual-solution task, we observed a robust shift away from the use of place 

strategies toward reliance on response strategies after exposure to morphine.  All rats 

that had received morphine one month prior to training expressed response solutions in 

this task as compared to only a third of saline controls, a difference that was statistically 

significant (Fig. 3A; C2 = 9.0, p < 0.001).  Cocaine-treated rats showed a modest shift 

toward the use of response strategies, with 62.5% expressing response solutions.  

However, differences in strategy use by saline-treated vs. cocaine-treated rats was not 

significant (C2 = 1.45, p > 0.20). The number of trials rats took to reach the 9/10 learning 

criterion on the dual-solution task was consistent across drug conditions regardless of 

strategy used during the probe trials (F2,23 = 1.89 p > 0.10; Fig. 3B).  

 GFAP expression was increased in the hippocampus of untrained rats one month 

after morphine exposure when compared to that seen in saline controls (morphine vs. 

saline: p < 0.05; main effect of drug:  F2,23 = 2.8, p < 0.09; Fig. 5). Hippocampal GFAP in 

cocaine-treated rats, although elevated, was not significantly above that of saline-

treated rats (p >0.10).  Striatal GFAP was comparable across drug conditions (F2,24 = 

0.3, p > 0.7; morphine or cocaine vs. saline: p’s > 0.40).  No interaction was found 

between brain region and drug condition on levels of GFAP (F2,47 = 2.0, p > 0.1).  There 

was a significant main effect of brain region on GFAP content (F1,47 = 177.7, p < 0.0001) 

with higher levels in the hippocampus than in the striatum.  

 Prior exposure to cocaine or morphine did not result in altered levels of mBDNF 

or proBDNF (Fig. 6) or in altered levels of total GSK3β, pGSK3β, or pGSK3β/total 

GSK3β (Fig. 7) in either hippocampus or striatum (for all ANOVAs, p’s > 0.2). However, 

regional differences in BDNF were observed, with tissue levels of both proBDNF and 
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mBDNF significantly higher in the hippocampus than in the striatum (p’s < 0.0001; Fig. 

6).  

4. Discussion 

The findings reported here show that morphine treatment results in impaired 

learning on hippocampal-sensitive tasks and enhanced learning on striatum-sensitive 

tasks evident long after drug exposure.  Because hippocampal and striatal contributions 

to cognition are often competitive, our findings of drug-induced changes in learning and 

decision-making could reflect impairments to processing within a hippocampus-based 

system, augmented processing within a striatum-based system, or both. 

In single-solution tasks, 5-days of morphine exposure impaired place learning 

and enhanced response learning when tested after one month of abstinence.  While 

place and response tasks differ according to the learning rule required to find food 

rewards, the reward itself, the apparatus, and motor demands are the same.  

Importantly, performance on the tasks was at chance levels and comparable across 

drug groups early in training, suggesting that drug-effects on non-mnemonic aspects of 

the tasks, for example, on locomotion and motivation to explore, did not appreciably 

contribute to our findings.  Thus, comparisons of learning on the two tasks provide a 

way to study the effects of prior drug use on learning and memory functions across 

memory systems.   

Prior exposure to morphine also resulted in a robust shift away from the use of 

place (hippocampal) strategies and toward response (striatal) strategies in a dual-

solution task that allowed rats to use either strategy.  Importantly, prior drug exposure 

did not alter the speed of learning in the dual-solution task, but rather shifted the 
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strategy or decision-making process used to solve the task.  These findings are 

analogous to others using the dual-solution task to reveal changes in hippocampal 

(place) vs striatal (response) strategies during learning (Gardner et al., 2013, 2016, 

2020a; Gold et al., 2013; Gold, 2016; Hawley et al., 2012; Korol and Wang, 2018; Korol 

et al., 2004; McElroy and Korol, 2005; Packard and Goodman, 2012, 2013; Packard, 

Goodman, and Ressler, 2018; Packard and McGaugh, 1996; Schwabe, 2013).  The 

internal consistency of our findings across maze tasks provides strong evidence of a 

long-lasting drug-induced shift in memory system engagement during cognition that 

favors striatal control over behavior.  

The present findings show that morphine induces long-lasting changes in 

learning and decision-making processes.  Of interest, while cocaine generally produced 

behavioral results in the same direction as those seen with morphine, the results from 

cocaine-treated rats were not significantly different than those from saline controls for 

the learning tasks tested here.  It is possible that cocaine and morphine differ in the 

long-term consequences of drug exposure on the balance of functions across memory 

systems.  It is also possible that cocaine can support changes in behavior like those 

observed here with morphine, but that comparable effects of cocaine would emerge at 

doses or drug exposure regimens different than those included here.  

Our findings are largely consistent with past reports using rats and mice showing 

morphine-induced impairments after periods of abstinence on learning and memory 

tasks that tap hippocampal functions (e.g., Dougherty et al., 1996; Harris and Aston-

Jones, 2003; Shahroodi et al., 2020).  Additionally, our findings show that a bout of 

morphine exposure elicits enhancement of learning and memory on striatum-sensitive 
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tasks and reliance on striatum-based functions during decision-making long after the 

binge.  A shift in learning from spatial to response strategies following substance abuse 

has been seen previously in short-term studies.  For example, rats showed impaired 

spatial learning but enhanced response or cued learning after acute administration of 

alcohol in rats (Matthews et al., 1999; Sun et al., 2018).  The shift in the selection of 

place or response strategies in rats is similarly seen in humans after drug abuse (e.g., 

Biernacki et al., 2016; Bohbot et al., 2013). 

A lasting bias toward habit-based decision-making at the expense of goal-

directed planning after drug exposure may consequently contribute to persistent 

maladaptive responses, e.g., drug-seeking without consideration of consequences, a 

hallmark of addiction (Lüsher et al., 2020; Milton and Everitt, 2012; Redish et al., 2008).  

The present findings suggest that changes to the balance of hippocampal vs. striatal 

functions following morphine treatment may underlie maladaptive choices observed in 

addiction.  The shift from hippocampal to striatal processing is also seen in several other 

conditions including reproductive or estradiol status (Korol and Kolo, 2002; Korol et al., 

2004; Korol and Pisani, 2015), aging (Barnes et al., 1980; Bohbot et al., 2012; Gardner 

et al., 2020b; Rodgers et al, 2012; Wiener et al., 2013), and stress (Packard and 

Goodman, 2013; Sadowsky et al., 2009; Schwabe, 2013).  Of these factors, stress, in 

particular, has a prominent role in addiction and relapse, and stress may be an 

important mediator of the long-lasting changes across memory systems seen here.  

This idea is supported by examples of heightened stress and anxiety following 

withdrawal from drugs of abuse, including withdrawal from morphine, that can persist 
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during prolonged abstinence (Alves et al., 2017; Welsch et al., 2020; also see Goodman 

and Packard, 2016; Schwabe et al., 2011).  

Of the molecular markers assessed here, only GFAP showed changes consistent 

with the behaviorally measured shift from hippocampal to striatal processing after 

morphine exposure. In past reports, increases in GFAP protein or mRNA levels were 

associated with learning impairments on hippocampus-sensitive tasks in senescent rats 

(Sugaya et al., 1996) and in rats fed a high-fat diet (Bondan et al., 2019). Here, levels of 

GFAP in the hippocampus but not the striatum were increased one month after 

exposure to morphine and were thereby associated with depressed hippocampal 

functions. As stated above, stress too shifts the balance between hippocampal and 

striatal systems and may thereby contribute to the effects of drug abuse observed here.  

It is therefore of note that stress also modulates the expression of hippocampal GFAP 

(Jauregui-Huerta et al., 2010; Lambert et al., 2000).  

The findings seen with GFAP measurements suggest that drug-induced 

alterations in hippocampal astrocytes may contribute to or may reflect shifts in 

hippocampal and striatal memory system functions. Consistent with our GFAP findings, 

several reports show acute effects of drugs of abuse on astrocytes in the hippocampus, 

including alterations in metabolic enzymes related to lactate production (Chen et al., 

2007), in lactate transporters (Lindberg et al., 2019), and in glutamate transporters 

(Ozawa et al., 2001). Importantly, astrocytic regulation of these processes is also linked 

to learning and memory functions across systems (Alberini et al., 2018; Gold et al., 

2013; Korol et al., 2019; Newman et al., 2017).    
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 The results that mBDNF, proBDNF, and GSK3β levels or activation states 

remained unchanged one month after morphine or cocaine exposure contrast with 

those of prior reports showing alterations in BDNF and GSK3β levels in numerous brain 

regions, including the hippocampus and striatum, following drug exposure (e.g., Li and 

Wolf, 2015; Miller et al., 2014; Shahroodi et al., 2020).  We have previously detected 

significant changes in these targets following training (Korol et al., 2013); thus the 

discrepant results likely reflect methodological differences in general experimental 

design across studies and not our ELISA or western blotting techniques.    

In conclusion, the present report used a multiple memory systems approach to 

examine long-term consequences of morphine and cocaine exposures on learning and 

memory. Drug-induced shifts in cognitive style reflected in impairments in hippocampal 

learning, enhancements in striatal learning, and biases for striatum-based solutions 

during decision-making were most strikingly evident after prolonged abstinence from 

morphine. Prior morphine exposure also produced alterations in hippocampal 

astrocytes. Future work to evaluate a role for select functions of astrocytes in drug-

related shifts across memory systems may identify novel targets to combat the 

persistent cognitive consequences of drug abuse.  
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Figure Legends 

 

 

 

Fig. 1. Experimental design. Rats were handled for five days prior to receiving once 

daily i.p. injections (1 mg / kg) of 0.9% saline, cocaine (20 mg / kg), or morphine (5  / mg 

/ kg) for five days. After food restriction, rats were trained on one of three maze tasks 

one month after the last injection.  A separate group of untrained rats was euthanized 

one month after the last drug injection and hippocampal and striatal tissue were 

collected and subsequently assayed for levels of glial fibrillary acidic protein, brain-

derived neurotrophic factor, and GSK3b.  
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Fig. 2. Training tasks.  (A) Place learning involved finding the food reward in a specific 

room position. (B) Response learning used a fixed body turn to find the food reward. (E) 

A dual-solution task could be solved using either place or response strategies; after 

learning (9/10 correct trials), the rat was placed in the opposite start position to that 

used during training on each of three probe trials.  The arm choice made on two of three 

or three of three probe trials identified the dominant learning strategy: place or 

response.  
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Fig. 3. Cocaine and morphine effects on place and response learning tested one month 

after drug exposure.  Changes in trial accuracy throughout the training sessions are 

shown for (A) place and (B) response tasks.  Accuracy collapsed across all trials (100 

for place and 75 for response) is shown for (C) place and (D) response tasks. Dashed 

lines indicate chance levels (50%). The number of trials to criterion (TTC; 9/10 correct 

trials with at least 6 consecutively correct) is shown for (E) place and (F) response 

tasks. Note that prior morphine exposure resulted in reduced accuracy and a trend 

toward increased trials to criterion on the place task.  In marked contrast, morphine 

resulted in increased accuracy and decreased trials to criterion on the response task. 

Prior cocaine exposure did not significantly affect place or response learning measures.  

* p < 0.05 vs. saline. Place: Saline n = 9, Cocaine n = 10, Morphine n = 10; Response: 

Saline n = 10, Cocaine n = 10, Morphine n = 10. 
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Fig. 4. Cocaine and morphine effects on dual-solution strategies tested one month after 

drug exposure.  (A) The percent of rats expressing place vs. response strategies on 

probe trials shifted from 67% place in the saline group to 100% response after prior 

exposure to morphine.  The strategies expressed by rats after cocaine showed a 

modest shift in expression of place to response strategies that did not differ significantly 

from the strategies used by the saline group.  (B) The number of trials to reach the 9/10 

learning criterion (TTC) was comparable across conditions. * p < 0.05 morphine vs. 

saline. Saline n = 9, Cocaine n = 8, Morphine n = 9.   
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Fig. 5. Glial fibrillary acidic protein (GFAP) levels (ng/mg wet weight) in the 

hippocampus and striatum one month after drug exposure as measured with ELISAs. 

Note that GFAP levels increased in the hippocampus but not in the striatum after 

morphine treatment.  GFAP levels did not change significantly after cocaine treatment.  

* p < 0.05.   Hippocampus: Saline n = 9, Cocaine n = 9, Morphine n = 8; Striatum: 

Saline n = 9, Cocaine n = 9, Morphine n = 9.   
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Fig. 6. Levels of brain-derived neurotrophic factor (BDNF) (pg/mg wet weight) in the 
hippocampus and striatum one month after drug exposure as measured with ELISAs.  
Levels of (A) mature BDNF and (B) pro BDNF did not differ significantly by drug 
treatment in either brain area.  Hippocampus: Saline n = 7, Cocaine n = 8, Morphine n = 
6; Striatum: Saline n = 6, Cocaine n = 8, Morphine n = 7.  
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Fig. 7. Levels of total and phosphorylated glycogen synthase kinase 3β (GSK3β) in the 

hippocampus and striatum one month after drug exposure as measured with western 

blots. (A) Mean levels of total GSK3β, phosphorylated (ser9) GSK3β, and the ratio of 

pGSK3β to total GSK3β in the (A) hippocampus and (B) striatum one month after drug 

treatments were not different across conditions.  Representative bands are shown for 

each target. Hippocampus: Saline (S) n = 9, Cocaine (C) n = 9, Morphine (M) n = 9; 

Striatum: Saline (S) n = 9, Cocaine (C) n = 8, Morphine (M) n = 9.  

0

0.4

0.8

1.2

Saline
Cocaine
Morphine

0

0.4

0.8

1.2

Saline
Cocaine
Morphine

N
or

m
al

iz
ed

 S
ig

na
l

(M
ea

n 
±

s.
e.

m
.)

N
or

m
al

iz
ed

 S
ig

na
l 

(M
ea

n 
±

s.
e.

m
.)

A Hippocampus

GSK3β 

pGSKβ 

β Tub
S C M

B Striatum

GSK3β 
pGSKβ 

β Tub
S C M

Total GSKβ Total GSKβ pGSKβpGSKβ pGSKβ/
Total GSKβ

pGSKβ/
Total GSKβ



29 
 

 

References 

Alberini, C.M., Cruz, E., Descalzi, G., Bessières, B., & Gao, V. (2018). Astrocyte 

glycogen and lactate: New insights into learning and memory mechanisms. Glia, 

66, 1244–1262. https://doi.org/10.1002/glia.23250  

Alves, C.J., Magalhães, A., Monteiro, P.R., & Summavielle, T. (2017). Very long-term 

effects of chronic cocaine on anxiety and stress. In: V. R. Preedy (Ed.), The 

Neuroscience of Cocaine (pp. 343–352). Academic Press, NY. 

https://doi.org/10.1016/B978-0-12-803750-8.00035-X  

Andero, R., Choi, D.C., & Ressler, K.J. (2014). BDNF-TrkB receptor regulation of 

distributed adult neural plasticity, memory formation, and psychiatric disorders. 

Progress in Molecular Biology & Translational Science. 122:169-92. 

https://doi.org/10.1016. B978-0-12-420170-5.00006-4   

Barnes, C.A., Nadel, L., & Honig, W.K. (1980). Spatial memory deficit in senescent rats. 

Canadian Journal of Psychology, 34, 29–39. https://doi.org/10.1037/h0081022 

Bekinschtein, P., Cammarota, M., &Medina, J.H. (2014). BDNF and memory 

processing. Neuropharmacology. 76, Pt C:677-683. 

https://doi.org/10.1016/j.neuropharm.2013.04.024  

Biernacki, K., McLennan, S.N., Terrett, G., Labuschagne, I., & Rendell, P.G. (2016). 

Decision-making ability in current and past users of opiates: A meta-analysis. 

Neuroscience & Biobehavioral Reviews, 71, 342–351. 

https://doi.org/10.1016/j.neubiorev.2016.09.011 

Bohbot, V.D., McKenzie, S., Konishi, K., Fouquet, C., Kurdi, V., Schachar, R., Boivin, 

M., & Robaey, P. (2012). Virtual navigation strategies from childhood to 



30 
 

 

senescence: Evidence for changes across the life span. Frontiers in Aging 

Neuroscience, 4, 28. https://doi.org/10.3389/fnagi.2012.00028 

Bohbot, V.D., Balso, D.D., Conrad, K., Konishi, K., & Leyton, M. (2013). Caudate 

nucleus-dependent navigational strategies are associated with increased use of 

addictive drugs. Hippocampus, 23, 973–984. https://doi.org/10.1002/hipo.22187 

Bondan, E.F., Cardoso, C.V., Martins, M. de F. M., & Otton, R. (2019). Memory 

impairments and increased GFAP expression in hippocampal astrocytes following 

hypercaloric diet in rats. Arquivos De Neuro-Psiquiatria, 77, 601–608. 

https://doi.org/10.1590/0004-282X20190091 

Boury-Jamot, B., Halfon, O., Magistretti, P.J., & Boutrel, B. (2016). Lactate release from 

astrocytes to neurons contributes to cocaine memory formation. BioEssays: News 

and Reviews in Molecular, Cellular and Developmental Biology, 38, 1266–1273. 

https://doi.org/10.1002/bies.201600118 

Chang, Q., & Gold, P.E. (2003). Intra-hippocampal lidocaine injections impair 

acquisition of a place task and facilitate acquisition of a response task in rats. 

Behavioural Brain Research, 144, 19–24. https://doi.org/10.1016/S0166-

4328(03)00063-9 

Chen, X.-L., Lu, G., Gong, Y.-X., Zhao, L.-C., Chen, J., Chi, Z.-Q., Yang, Y.-M., Chen, 

Z., Li, Q., & Liu, J.-G. (2007). Expression changes of hippocampal energy 

metabolism enzymes contribute to behavioural abnormalities during chronic 

morphine treatment. Cell Research, 17(8), 689–700. 

https://doi.org/10.1038/cr.2007.63 



31 
 

 

Cunha, C., Brambilla, R., & Thomas, K.L. (2010). A Simple Role for BDNF in Learning 

and Memory? Frontiers in Molecular Neuroscience, 3. 

https://doi.org/10.3389/neuro.02.001.2010 

Denny, R.R., & Unterwald, E.M. (2019). Clonidine, an α2 adrenergic receptor agonist, 

disrupts reconsolidation of a cocaine-paired environmental memory. Behavioural 

Pharmacology, 30(6), 529–533. https://doi.org/10.1097/FBP.0000000000000473  

Dewachter, I., Ris, L., Jaworski, T., Seymour, C.M., Kremer, A., Borghgraef, P., De 

Vijver, H., Godaux, E. and Van Leuven, F. (2009). GSK3ß, a centre-staged kinase 

in neuropsychiatric disorders, modulates long term memory by inhibitory 

phosphorylation at Serine-9. Neurobiology of Disease, 35,193-200.  

https://doi.org/10.1016/j.nbd.2009.04.003  

Dougherty, K.D., Walsh, T.J., Bailey, S., Schlussman, S., & Grasing, K. (1996). 

Acquisition of a Morris water maze task is impaired during early but not late 

withdrawal from morphine. Pharmacology Biochemistry and Behavior, 55, 227–235. 

https://doi.org/10.1016/S0091-3057(96)00075-5  

Eagle, A.L., & Robison, A.J. (2018). GSK3β in the prefrontal cortex: a molecular handle 

specific to addiction pathology?. Neuropsychopharmacology, 43, 2497-2498.  

https://doi.org/10.1038/s41386-018-0224-4  

Ferbinteanu, J., & McDonald, R.J. (2001). Dorsal/ventral hippocampus, fornix, and 

conditioned place preference. Hippocampus, 11, 187–200. 

https://doi.org/10.1002/hipo.1036 

Gao, V., Suzuki, A., Magistretti, P.J., Lengacher, S., Pollonini, G., Steinman, M.Q. & 

Alberini, C.M. (2016). Astrocytic β2-adrenergic receptors mediate hippocampal 



32 
 

 

long-term memory consolidation. Proceedings of the National Academy of Sciences 

USA, 113, 8526-8531.  https://doi.org/10.1073/pnas.1605063113  

Gardner, R.S., Gold, P.E., & Korol, D.L. (2020a). Inactivation of the striatum in aged rats 

rescues their ability to learn a hippocampus-sensitive spatial navigation task. 

Neurobiology of Learning and Memory, 172, 107231. 

https://doi.org/10.1016/j.nlm.2020.107231 

Gardner, R.S., Newman, L.A., Mohler, E.G., Tunur, T., Gold, P.E., & Korol, D.L. 

(2020b). Aging is not equal across memory systems. Neurobiology of Learning and 

Memory, 172, 107232. https://doi.org/10.1016/j.nlm.2020.107232 

Gardner, R.S., Suarez, D.F., Robinson-Burton, N.K., Rudnicky, C.J., Gulati, A., Ascoli, 

G.A., & Dumas, T.C. (2016). Differential Arc expression in the hippocampus and 

striatum during the transition from attentive to automatic navigation on a plus maze. 

Neurobiology of Learning and Memory, 131, 36–45. 

https://doi.org/10.1016/j.nlm.2016.03.008  

Gardner, R.S., Uttaro, M.R., Fleming, S.E., Suarez, D.F., Ascoli, G. A., & Dumas, T.C. 

(2013). A secondary working memory challenge preserves primary place strategies 

despite overtraining. Learning & Memory, 20, 648–656. 

https://doi.org/10.1101/lm.031336.113  

Geoffroy, H., & Noble, F. (2017). BDNF during withdrawal. Vitamins and Hormones, 

104, 475–496. https://doi.org/10.1016/bs.vh.2016.10.009  

Gerlai, R. (2001). Behavioral tests of hippocampal function: simple paradigms complex 

problems. Behavioural Brain Research, 125, 269-277.  

https://doi.org/10.1016/S0166-4328(01)00296-0  



33 
 

 

Gold, P.E. (2014).  Regulation of memory - from the adrenal medulla to liver to 

astrocytes to neurons. Brain Research Bulletin, 105, 25-35.  

https://doi.org/10.1016/j.brainresbull.2013.12.012  

Gold, P.E. (2016).  Balancing the contributions of multiple neural systems during 

learning and memory.  In: The Neurobiological Basis of Memory:  A System, 

Attribute, and Process Analysis - A Festschrift in Honor of Raymond P. Kesner. 

(M.E. Ragozzino, P. Jackson, A. Chiba, R. Berman,  Eds.).  Springer, NY, pp. 261-

280.  https://doi.org/10.1007/978-3-319-15759-7_12  

Gold, P.E., Newman, L.A., Scavuzzo, C.J., & Korol, D.L. (2013). Modulation of multiple 

memory systems: From neurotransmitters to metabolic substrates. Hippocampus, 

23, 1053–1065. https://doi.org/10.1002/hipo.22182 

Goodman, J., & Packard, M.G. (2016). Memory systems and the addicted brain. 

Frontiers in Psychiatry, 7. https://doi.org/10.3389/fpsyt.2016.00024 

Guevara-Miranda, D.L. de, Millón, C., Rosell-Valle, C., Pérez-Fernández, M., Missiroli, 

M., Serrano, A., Pavón, F.J., Fonseca, F.R. de, Martínez-Losa, M., Álvarez-Dolado, 

M., Santín, L.J., & Castilla-Ortega, E. (2017). Long-lasting memory deficits in mice 

withdrawn from cocaine are concomitant with neuroadaptations in hippocampal 

basal activity, GABAergic interneurons and adult neurogenesis. Disease Models & 

Mechanisms, 10, 323–336. https://doi.org/10.1242/dmm.026682  

Harris, G.C., & Aston-Jones, G. (2003). Altered motivation and learning following opiate 

withdrawal: evidence for prolonged dysregulation of reward processing. 

Neuropsychopharmacology, 28, 865–871. https://doi.org/10.1038/sj.npp.1300122  



34 
 

 

Harvey, E., Blurton-Jones, M., & Kennedy, P.J.  (2019). Hippocampal BDNF regulates a 

shift from flexible, goal-directed to habit memory system function following cocaine 

abstinence. Hippocampus, 29, 1101-1113.  https://doi.org/10.1002/hipo.23127  

Hawley, W.R., Grissom, E.M., Barratt, H.E., Conrad, T.S., & Dohanich, G.P.  (2012). 

The effects of biological sex and gonadal hormones on learning strategy in adult 

rats. Physiology & Behavior, 105, 1014-1020.  

https://doi.org/10.1016/j.physbeh.2011.11.021  

Haydon, P.G., Blendy, J., Moss, S.J., & Jackson, F.R. (2009). Astrocytic control of 

synaptic transmission and plasticity: A target for drugs of abuse? 

Neuropharmacology, 56 Suppl 1, 83–90. 

https://doi.org/10.1016/j.neuropharm.2008.06.050  

Heil, S.H., Johnson, M.W., Higgins, S.T., & Bickel, W.K. (2006). Delay discounting in 

currently using and currently abstinent cocaine-dependent outpatients and non-

drug-using matched controls. Addictive Behaviors, 31, 1290–1294. 

https://doi.org/10.1016/j.addbeh.2005.09.005  

Hertz, L. and Chen, Y.E.  (2018). Glycogenolysis, an astrocyte-specific reaction, is 

essential for both astrocytic and neuronal activities involved in learning. 

Neuroscience, 370, 27-36.  https://doi.org/10.1016/j.neuroscience.2017.06.025  

Hitchcock, L.N. & Lattal, K.M. (2018). Involvement of the dorsal hippocampus in 

expression and extinction of cocaine-induced conditioned place preference. 

Hippocampus, 28, 226-238.  https://doi.org/10.1002/hipo.22826 

Hunsaker, M.R. and Kesner, R.P. (2018). Unfolding the cognitive map: The role of 

hippocampal and extra-hippocampal substrates based on a systems analysis of 



35 
 

 

spatial processing. Neurobiology of Learning and Memory, 147, pp. 90-119.  

https://doi.org/10.1016/j.nlm.2017.11.012 

Jauregui-Huerta, F., Ruvalcaba-Delgadillo, Y., Gonzalez, R., Garcia-Estrada, J., 

Gonzalez-Perez, O., & Luquin, S. (2010). Responses of glial cells to stress and 

glucocorticoids. Current Immunology Reviews, 6, 195–204. 

https://doi.org/10.2174/157339510791823790 

Kesner, R.P. (2009). Tapestry of memory. Behavioral Neuroscience, 123, 1–13. 

https://doi.org/10.1037/a0014004  

Kesner, R.P. (2018). An analysis of dentate gyrus function (an update). Behavioural 

Brain Research, 354, 84-91.  https://doi.org/10.1016/j.bbr.2017.07.033 

Korol, D.L., Gardner, R.S., Tunur, T., & Gold, P.E. (2019). Involvement of lactate 

transport in two object recognition tasks that require either the hippocampus or 

striatum. Behavioral Neuroscience, 133, 176–187. 

https://doi.org/10.1037/bne0000304  

Korol, D.L., Gold, P.E., & Scavuzzo, C.J. (2013). Use it and boost it with physical and 

mental activity. Hippocampus, 23, 1125–1135. https://doi.org/10.1002/hipo.22197  

Korol, D.L., & Kolo, L.L. (2002). Estrogen-induced changes in place and response 

learning in young adult female rats. Behavioral Neuroscience, 116, 411–420. 

https://doi.org/10.1037//0735-7044.116.3.411 

Korol, D.L., Malin, E.L., Borden, K.A., Busby, R.A., & Couper-Leo, J. (2004). Shifts in 

preferred learning strategy across the estrous cycle in female rats. Hormones and 

Behavior, 45, 330–338. https://doi.org/10.1016/j.yhbeh.2004.01.005 



36 
 

 

Korol, D.L., & Pisani, S.L. (2015). Estrogens and cognition: friends or foes? Hormones 

and Behavior, 74, 105–115. https://doi.org/10.1016/j.yhbeh.2015.06.017 

Korol, D.L., & Wang, W. (2018). Using a memory systems lens to view the effects of 

estrogens on cognition: Implications for human health. Physiology & Behavior, 187, 

67–78. https://doi.org/10.1016/j.physbeh.2017.11.022 

Kosaki, Y., Pearce, J.M., & McGregor, A. (2018). The response strategy and the place 

strategy in a plus-maze have different sensitivities to devaluation of expected 

outcome. Hippocampus, 28, 484–496. https://doi.org/10.1002/hipo.22847 

Lambert, K.G., Gerecke, K.M., Quadros, P.S., Doudera, E., Jasnow, A.M., & Kinsley, 

C.H. (2000). Activity-stress increases density of GFAP-immunoreactive astrocytes 

in the rat hippocampus. Stress, 3, 275–284. 

https://doi.org/10.3109/10253890009001133 

Lee, A.S., Duman, R.S., & Pittenger, C. (2008). A double dissociation revealing 

bidirectional competition between striatum and hippocampus during learning. 

Proceedings of the National Academy of Sciences USA, 105, 17163–17168. 

https://doi.org/10.1073/pnas.0807749105 

Li, X., & Wolf, M.E. (2015). Multiple faces of BDNF in cocaine addiction. Behavioural 

Brain Research, 279, 240–254. https://doi.org/10.1016/j.bbr.2014.11.018 

Lindberg, D., Ho, A.M.C., Peyton, L., & Choi, D.-S. (2019). Chronic ethanol exposure 

disrupts lactate and glucose homeostasis and induces dysfunction of the astrocyte-

neuron lactate shuttle in the brain. Alcoholism, Clinical and Experimental Research, 

43, 1838–1847. https://doi.org/10.1111/acer.14137 



37 
 

 

Lovinger, D.M., & Gremel, C.M. (2020). A circuit-based information approach to 

substance abuse research. Trends in Neurosciences, 44, 122-135. 

https://doi.org/10.1016/j.tins.2020.10.005 

Lu, Y., Christian, K. and Lu, B.  (2008). BDNF: a key regulator for protein synthesis-

dependent LTP and long-term memory?. Neurobiology of Learning and Memory, 

89, 312-323.  https://doi.org/10.1016/j.nlm.2007.08.018  

Lüscher, C., Robbins, T.W., & Everitt, B.J. (2020). The transition to compulsion in 

addiction. Nature Reviews Neuroscience, 21, 247–263. 

https://doi.org/10.1038/s41583-020-0289-z 

Magistretti, P.J.  (2006). Neuron-glia metabolic coupling and plasticity. Journal of 

Experimental Biology. 209, 2304-2311.  https://doi.org/10.1242/jeb.02208  

Matthews, D.B., Ilgen, M., White, A.M., & Best, P.J.  (1999). Acute ethanol 

administration impairs spatial performance while facilitating non-spatial 

performance in rats. Neurobiology of Learning and Memory, 72,169–179.  

https://doi.org/10.1006/nlme.1998.3900  

McElroy, M.W., & Korol, D.L. (2005). Intrahippocampal muscimol shifts learning strategy 

in gonadally intact young adult female rats. Learning & Memory, 12, 150–158.  

https://doi.org/10.1101/lm.86205  

Mendez, I.A., Montgomery, K.S., LaSarge, C.L., Simon, N.W., Bizon, J.L., & Setlow, B. 

(2008). Long-term effects of prior cocaine exposure on Morris water maze 

performance. Neurobiology of Learning and Memory, 89, 185–191. 

https://doi.org/10.1016/j.nlm.2007.08.005  



38 
 

 

Miladi-Gorji, H., Rashidy-Pour, A., Fathollahi, Y., Akhavan, M.M., Semnanian, S., & 

Safari, M. (2011). Voluntary exercise ameliorates cognitive deficits in morphine 

dependent rats: The role of hippocampal brain-derived neurotrophic factor. 

Neurobiology of Learning and Memory, 96, 479–491. 

https://doi.org/10.1016/j.nlm.2011.08.001 

Miller, J.S., Barr, J.L., Harper, L.J., Poole, R.L., Gould, T.J., & Unterwald, E.M. (2014). 

The GSK3 signaling pathway is activated by cocaine and is critical for cocaine 

conditioned reward in mice. PLoS ONE, 9(2). 

https://doi.org/10.1371/journal.pone.0088026 

Milton, A.L., & Everitt, B.J. (2012). The persistence of maladaptive memory: Addiction, 

drug memories and anti-relapse treatments. Neuroscience & Biobehavioral 

Reviews, 36, 1119–1139. https://doi.org/10.1016/j.neubiorev.2012.01.002 

Miranda, M., Morici, J.F., Zanoni, M.B., & Bekinschtein, P.  (2019). Brain-derived 

neurotrophic factor: a key molecule for memory in the healthy and the pathological 

brain. Frontiers in Cellular Neuroscience. 13, 363. 

https://doi.org/10.3389/fncel.2019.00363  

Mitchell, J.A., & Hall, G. (1988). Caudate-putamen lesions in the rat may impair or 

potentiate maze learning depending upon availability of stimulus cues and 

relevance of response cues. The Quarterly Journal of Experimental Psychology, 

Section B, 40, 243–258.  https://doi.org/10.1080/14640748808402322  

Newman, L.A., Korol, D.L., & Gold, P.E. (2011). Lactate produced by glycogenolysis in 

astrocytes regulates memory processing. PloS One, 6, e28427. 

https://doi.org/10.1371/journal.pone.0028427  



39 
 

 

Newman, L.A., Scavuzzo, C.J., Gold, P.E., & Korol, D.L. (2017). Training-induced 

elevations in extracellular lactate in hippocampus and striatum: dissociations by 

cognitive strategy and type of reward. Neurobiology of Learning and Memory, 137, 

142–153. https://doi.org/10.1016/j.nlm.2016.12.001 

Ozawa, T., Nakagawa, T., Shige, K., Minami, M., & Satoh, M. (2001). Changes in the 

expression of glial glutamate transporters in the rat brain accompanied with 

morphine dependence and naloxone-precipitated withdrawal. Brain Research, 905, 

254–258. https://doi.org/10.1016/S0006-8993(01)02536-7 

Packard, M.G., & McGaugh, J.L. (1996). Inactivation of hippocampus or caudate 

nucleus with lidocaine differentially affects expression of place and response 

learning. Neurobiology of Learning and Memory, 65, 65–72. 

https://doi.org/10.1006/nlme.1996.0007 

Packard, M.G., & Goodman, J. (2012). Emotional arousal and multiple memory systems 

in the mammalian brain. Frontiers in Behavioral Neuroscience, 6, 14. 

https://doi.org/10.3389/fnbeh.2012.00014 

Packard, M.G., & Goodman, J. (2013). Factors that influence the relative use of multiple 

memory systems. Hippocampus, 23, 1044–1052. 

https://doi.org/10.1002/hipo.22178 

Packard, M.G., Goodman, J. and Ressler, R.L. (2018). Emotional modulation of habit 

memory: neural mechanisms and implications for psychopathology. Current 

Opinion in Behavioral Sciences, 20, 25-32.  

https://doi.org/10.1016/j.cobeha.2017.09.004  



40 
 

 

Packard, M.G., & McGaugh, J.L.  (1996). Inactivation of hippocampus or caudate 

nucleus with lidocaine differentially affects expression of place and response 

learning. Neurobiology of Learning and Memory, 65, 65-72.  

https://doi.org/10.1006/nlme.1996.0007  

Pellerin, L., & Magistretti, P.J.  (2012). Sweet sixteen for ANLS. Journal of Cerebral 

Blood Flow & Metabolism, 32, 1152-1166.  https://doi.org/10.1038/jcbfm.2011.149  

Poldrack, R.A., & Packard, M.G. (2003). Competition among multiple memory systems: 

Converging evidence from animal and human brain studies. Neuropsychologia, 41, 

245–251. https://doi.org/10.1016/S0028-3932(02)00157-4 

Redish, A.D., Jensen, S., & Johnson, A. (2008). A unified framework for addiction: 

Vulnerabilities in the decision process. Behavioral and Brain Sciences, 31, 415–

437. https://doi.org/10.1017/S0140525X0800472X  

Restle, F. (1957). Discrimination of cues in mazes: A resolution of the “place-vs.-

response” question. Psychological Review, 64, 217–228. 

https://doi.org/10.1037/h0040678 

Rodgers, M.K., Sindone, J.A., & Moffat, S.D. (2012). Effects of age on navigation 

strategy. Neurobiology of Aging, 33, 202.e15-202.e22.  

https://doi.org/10.1016/j.neurobiolaging.2010.07.021  

Sadowski, R.N., Chapa, G.R., Wieczorek, L., and Gold, P.E. (2009).  Effects of stress 

and corticosterone administration on learning in place and response tasks.   

Behavioural Brain Research, 205, 19-25.  https://doi.org/10.1016/j.bbr.2009.06.027  



41 
 

 

Santello, M., Toni, N., & Volterra, A.  (2019). Astrocyte function from information 

processing to cognition and cognitive impairment. Nature Neuroscience, 22:154-

166.  https://doi.org/10.1038/s41593-018-0325-8  

Scavuzzo, C.J., Newman, L.A., Gold, P.E., and Korol, D.L.  (2021). Time-dependent 

changes in hippocampal and striatal glycogen long after maze training in male rats.  

Neurobiology of Learning and Memory, 107537.  

https://doi.org/10.1016/j.nlm.2021.107537  

Schwabe, L. (2013). Stress and the engagement of multiple memory systems: 

Integration of animal and human studies. Hippocampus, 23, 1035–1043. 

https://doi.org/10.1002/hipo.22175  

Schwabe, L., Dickinson, A., & Wolf, O.T. (2011). Stress, habits, and drug addiction: A 

psychoneuroendocrinological perspective. Experimental and Clinical 

Psychopharmacology, 19, 53–63. https://doi.org/10.1037/a0022212 

Shahroodi, A., Mohammadi, F., Vafaei, A.A., Miladi-Gorji, H., Bandegi, A.R., & Rashidy-

Pour, A. (2020). Impact of different intensities of forced exercise on deficits of 

spatial and aversive memory, anxiety-like behavior, and hippocampal BDNF during 

morphine abstinence period in male rats. Metabolic Brain Disease, 35, 135–147. 

https://doi.org/10.1007/s11011-019-00518-w 

Song, P., & Zhao, Z.Q. (2001). The involvement of glial cells in the development of 

morphine tolerance. Neuroscience Research, 39, 281–286. 

https://doi.org/10.1016/s0168-0102(00)00226-1  

Steinman, M.Q., Gao, V. and Alberini, C.M.  (2016). The role of lactate-mediated 

metabolic coupling between astrocytes and neurons in long-term memory 



42 
 

 

formation. Frontiers in Integrative Neuroscience, 10, 10.  

https://doi.org/10.3389/fnint.2016.00010  

Sugaya, K., Chouinard, M., Greene, R., Robbins, M., Personett, D., Kent, C., Gallagher, 

M., & McKinney, M. (1996). Molecular indices of neuronal and glial plasticity in the 

hippocampal formation in a rodent model of age-induced spatial learning 

impairment. Journal of Neuroscience, 16, 3427–3443. 

https://doi.org/10.1523/JNEUROSCI.16-10-03427.1996 

Sun, W., Li, X., Tang, C., & An, L. (2018). Acute low alcohol disrupts hippocampus-

striatum neural correlate of learning strategy by inhibition of PKA/CREB pathway in 

rats. Frontiers in Pharmacology, 9, 1439. https://doi.org/10.3389/fphar.2018.01439 

Suzuki, A., Stern, S.A., Bozdagi, O., Huntley, G.W., Walker, R.H., Magistretti, P.J., & 

Alberini, C.M. (2011). Astrocyte-neuron lactate transport is required for long-term 

memory formation. Cell, 144, 810–823. https://doi.org/10.1016/j.cell.2011.02.018 

Tolman, E.C., Ritchie, B.F. and Kalish, D.  (1946). Studies in spatial learning. II. Place 

learning versus response learning. Journal of Experimental Psychology, 36, 221-

229.  https://doi.org/10.1037/h0060262  

Welsch, L., Bailly, J., Darcq, E., & Kieffer, B.L. (2020). The negative affect of protracted 

opioid abstinence: Progress and perspectives from rodent models. Biological 

Psychiatry, 87, 54–63. https://doi.org/10.1016/j.biopsych.2019.07.027  

White, N.M. (1996). Addictive drugs as reinforcers: multiple partial actions on memory 

systems. Addiction, 91, 921–950.  

https://doi.org/10.1046/j.13600443.1996.9179212.x  



43 
 

 

White, N., Packard, M., & McDonald, R. (2013). Dissociation of memory systems: the 

story unfolds. Behavioral Neuroscience, 127, 813–834. 

https://doi.org/10.1037/a0034859  

White, D.A., Hwang, M.L., & Holtzman, S.G. (2005). Naltrexone-induced conditioned 

place aversion following a single dose of morphine in the rat. Pharmacology, 

Biochemistry, and Behavior, 81, 451–458. 

https://doi.org/10.1016/j.pbb.2005.04.002 

Wiener, J.M., de Condappa, O., Harris, M.A., & Wolbers, T. (2013). Maladaptive bias for 

extrahippocampal navigation strategies in aging humans. Journal of Neuroscience, 

33, 6012–6017.  https://doi.org/10.1523/JNEUROSCI.0717-12.2013  

Yin, H.H., & Knowlton, B.J. (2004). Contributions of striatal subregions to place and 

response learning. Learning & Memory, 11, 459–463. 

https://doi.org/10.1101/lm.81004 

Zhang, Y., Xue, Y., Meng, S., Luo, Y., Liang, J., Li, J., Ai, S., Sun, C., Shen, H., Zhu, 

W., Wu, P., Lu, L., & Shi, J. (2016). Inhibition of lactate transport erases drug 

memory and prevents drug relapse. Biological Psychiatry, 79, 928–939. 

https://doi.org/10.1016/j.biopsych.2015.07.007  

Zurkovsky, L., Brown, S.L., Boyd, S.E., Fell, J.A., & Korol, D.L.  (2007). Estrogen 

modulates learning in female rats by acting directly at distinct memory systems. 

Neuroscience, 144, 26-37.  https://doi.org/10.1016/j.neuroscience.2006.09.002  

 


