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Abstract

Learning from mistakes and prospectively adjusting behavior in response to reward feedback is an 

important facet of performance monitoring. Dopamine (DA) pathways play an important role in 

feedback learning and a growing literature has also emerged on the importance of serotonin (5HT) 

in reward learning, particularly during punishment or reward omission (negative feedback). 

Cognitive impairments resulting from psychostimulant exposure may arise from altered patterns in 

feedback learning, which in turn may be modulated by DA and 5HT transmission. We analyzed 

long-term, off-drug changes in learning from positive and negative feedback and associated 

striatal DA transporter (DAT) and frontocortical 5HT transporter (SERT) binding in rats 

pretreated with methamphetamine (mAMPH). Specifically, we assessed the reversal phase of 

pairwise visual discrimination learning in rats receiving single dose- (mAMPHsingle) vs. 

escalating-dose exposure (mAMPHescal). Using fine-grained trial-by-trial analyses, we found 

increased sensitivity to and reliance on positive feedback in mAMPH-pretreated animals, with the 

mAMPHsingle group showing more pronounced use of this type of feedback. In contrast, overall 

negative feedback sensitivity was not altered following any mAMPH treatment. In addition to 

validating the enduring effects of mAMPH on early reversal learning, we found more consecutive 

error commissions before the first correct response in mAMPH-pretreated rats. This behavioral 

rigidity was negatively correlated with subregional frontocortical SERT whereas positive feedback 

sensitivity negatively correlated with striatal DAT binding. These results provide new evidence for 

the overlapping, yet dissociable roles of DA and 5HT systems in overcoming perseveration and in 

learning new reward rules.
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1. Introduction

Learning from mistakes and prospectively adjusting behavior in response to negative 

feedback is an important facet of performance monitoring. This cognitive process has been 

shown to get poorer with age [1,2] and is also suboptimal in youth with a history of 

disruptive behavior [3]. Recent evidence shows that “high learners” utilize errors (or 

negative feedback) more optimally to update their future reward choices [4]. A plentitude of 

rodent and nonhuman primate research shows that such integration of feedback occurs via 

heterogenous reward signals in the prefrontal cortex, and that learning from both positive 

and negative feedback depends on dopamine (DA) signaling in areas like the orbitofrontal 

cortex (OFC) and basal ganglia [5]. Not surprisingly DA drugs, such as those given to 

Parkinson’s patients, have been shown to modulate learning from reward feedback [6].

Chronic exposure to cocaine or methamphetamine (mAMPH) results in progressive and 

long-lasting changes in the mesencephalic DA system [7–11]. Repeated administration of 

high doses of mAMPH results in long-lasting reductions in total DA content [12–14], 

reduced activity of tyrosine hydroxylase [15,16], decreased DA transporter binding and 

density [17–21], and compromised DA D2-like receptor availability in the striatum [22]. 

MAMPH administration also produces enduring impairments in cognitive flexibility, when 

the inhibition of previously-learned responses is required. Animal models of mAMPH 

addiction provide evidence that pathological neuroplasticity in prefrontal cortex and striatum 

underlie compulsive drug seeking and relapse [23–25]. Collectively, the preceding evidence 

strongly emphasizes the role of DA pathways in feedback-guided learning and suggests that 

some of the impairments induced by drug exposure as well as the vulnerability to the 

development of compulsive drug use may arise from altered patterns in feedback 

monitoring.

Several groups have analyzed how animals use positive and negative trial-by-trial feedback 

[26–29], however these parameters have not been previously explored in pharmacological 

studies. Additionally, to our knowledge the effects of different mAMPH administration 

regimens on animals’ responses to reward feedback have not been previously examined. 

Both single-dose exposure (mAMPHsingle) and escalating exposure to mAMPH 

(mAMPHescal) result in cognitive flexibility impairments, as measured by attenuated 

reversal learning [30]. Though these regimens of mAMPH treatment produce remarkably 

similar learning impairments, the DA system may be differentially affected and produce 

such impairments through unique mechanisms. In the present experiment we compared 

mAMPHescal, mAMPHsingle, and saline (SAL)-treated animals on measures of feedback 

learning. Specifically, we assessed sensitivity to reward feedback or omission of anticipated 

reward on the reversal phase of pairwise visual discrimination learning. It should be noted 

that the trial-by-trial feedback learning we analyzed here occurred well outside of a drug 

wash out period and do not represent acute effects of mAMPH. Any changes we observed in 

performance monitoring therefore, represent enduring effects of the drug on this cognitive 

process.
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2. Materials and methods

2. 1. Subjects

Previously-collected and published data [30] were reanalyzed in the present study for trial-

by-trial feedback performance. Twenty-one male Long–Evans rats (Charles River 

Laboratories, Raleigh, NC) weighing between 275 and 300 g at the beginning of the study 

were individually housed during food restriction, given water ad libitum and maintained at a 

12-h light/12-h dark cycle, with the temperature at 22 °C. Body weights were monitored 

daily. Behavioral testing took place between 0800 and 1600 hours during the rats’ inactive 

period, consistent with previous studies in our lab [30,31]. All procedures were in 

accordance with the Guide for the Care and Use of Laboratory Animals and approved by the 

Institutional Animal Care and Use Committee at California State University, Los Angeles.

2. 2. Food restriction and acclimation to food rewards

When rats reached a minimum body weight of 275 g, they were food restricted to no less 

than 85 % of their free-feeding body weight to ensure motivation to work for food, while 

water was available ad libitum. On each of the two days prior to the start of testing, rats 

were fed 20 sucrose pellets in their home cage to accustom them to the food reward.

2. 3 Apparatus

Operant conditioning chambers [35 cm (length) x 28 cm (width) x 34 cm (height)] (#80004, 

Lafayette Instrument Co.) were housed within sound- and light-attenuating cubicles 

(#83018DDP, Lafayette Instrument Co.). Each chamber was equipped with an LCD 

touchscreen (Elo Touch). The houselight was located adjacent to the touchscreen, whereas 

the tone generator and pellet tray were located next to the pellet dispenser, opposing the 

touchscreen. The pellet dispenser delivered single 45 mg dustless sucrose pellets (BioServ). 

Custom software (Ryklin Software Inc.) was used.

2. 4. General

The animals were given one testing session per day until the learning criterion was reached 

and were restricted to a maximum of 60 correct responses or 120 total trials per testing 

session. Each session of training and testing lasted a maximum of 45 min. Only a small area 

(2.5 cm diameter circle) on the touchscreen was sensitive to nosepoking, while all other 

areas were programmed to be unresponsive. The primary parameter considered for 

advancement in learning was performance accuracy, defined as percent correct (correct/total 

trials). Criterion in each phase of pretraining was 60 correct nosepokes at 85% correct 

responses to the stimulus within 45 min, on each of two consecutive days. The testing 

session was terminated for one of the three reasons: 1) allotted time had elapsed, 2) 

maximum number of trials had been reached, or 3) maximum number of correct responses 

had been reached.

2. 5. Autoshaping and pretraining

Autoshaping began with the display of white graphic stimuli on the black background of the 

touchscreen, the disappearance of which coincided with the onset of a “reward event”: a 
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sucrose pellet, a 1 s tone, and a 1 s illumination of the house light. An ITI of 20 s was used, 

while stimuli remained on the screen for 8 s. At any time, rats could nosepoke the stimuli on 

the touchscreen and initiate the reward event. Criterion for autoshaping occurred when rats 

ate 60 sucrose pellets within 30 min for each of two consecutive days. After autoshaping, the 

pretraining phase commenced and consisted of four different stages previously outlined in 

detail [30].

2. 6. Visual discrimination learning

Rats were presented with two novel, white, equiluminescent stimuli that differed only in 

shape [32,33] with predetermined reinforcement contingencies. The software enabled either 

a reward event as a result of nosepoking the correct stimulus (S+), or a punishment as a 

result of nosepoking the incorrect stimulus (S−); the latter consisting of a 5 s “houselight 

off” and “time out” wherein rats were unable to initiate the next trial. If the rat committed an 

error and received a punishment, a correction trial was administered: this consisted of the 

same left/right presentation of the stimulus until the rat nosepoked correctly. These were 

consecutive errors and were tallied independently of “first” errors. Stimuli presentation (i.e., 

left/right presentation of the S+) occurred pseudorandomly according to a Gellerman 

schedule. Stimulus assignment (SA+SB− or SA−SB+) was counterbalanced across treatment 

groups.

2. 7. Drug treatment

Rats were given injections of mAMPH (Sigma, St. Louis, MO; s.c.) or physiological SAL 

solution (1 ml/kg, s.c.) on a clean room procedure table in their housing room, five times per 

week for 4 weeks, between 1200 and 1500 hours. A 4- week treatment regimen was chosen 

for its similarity to other mAMPH- and amphetamine-escalating protocols [34–37]. There 

were three treatment groups: (1) mAMPHescal group received mAMPH, starting at 0.3 

mg/kg and escalating in 0.3 mg/kg increments per day, culminating in 6 mg/kg (n=9), (2) 

mAMPHsingle dose group received SAL for 4 weeks with a single dose of 6 mg/kg mAMPH 

only on the last day of treatment (n=6), and (3) the SAL group received saline for the 

duration of treatment (n=6). The largest dose of 6 mg/kg was chosen because it was found to 

be well-tolerated by our intermittently food-restricted animals.

2. 8. Retention and reversal learning

Following 3–5 days of rest after treatment with mAMPH, rats were tested for retention of 

the initial discrimination contingencies (unimpaired, as reported in [30]), using procedures 

identical to the visual discrimination learning phase, above. Upon reaching criterion on this 

phase (85 % correct trials for each of two consecutive days), the rats were tested on a 

reversal of the reward contingencies. Parameters for the reversal phase were identical to the 

visual discrimination learning (above), with the exception that the reward contingencies 

were reversed.

2. 9. [125I]RTI-55 binding to DAT and SERT

Rats were euthanized between 6 to 8 weeks after mAMPH or SAL treatment with an 

overdose of sodium pentobarbital (250 mg/kg, i.p.) and decapitated, and their brains were 
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removed and frozen at −20 °C by immersion in isopentane. Twenty-micrometer-thick 

coronal sections were cut on a cryostat at the level of the anterior striatum (AP coordinates 

+1.9 to +1.0 mm, relative to bregma) and prefrontal cortex (AP coordinates +3.7 to +2.8 

mm, according to [38], thaw-mounted on Vectabond-treated glass slides and stored at −20 

°C until used for autoradiographic determination of DAT or SERT binding, respectively. For 

the determination of striatal DAT binding, warmed slides removed from the −20 °C freezer 

were preincubated in a solution of assay buffer (10 mM NaPO4, 120 mM NaCl, and 100 

mM sucrose) for 5 min to remove endogenous ligands that could interfere with subsequent 

radioligand binding. After preincubation, the sections were incubated in a solution of assay 

buffer containing 25 pM [125I]RTI-55 for 2 h. The preincubation and incubation media 

contained 100 nM fluoxetine to block [125I]RTI-55 binding to SERT [39]. The sections were 

then rinsed twice for 2 min each at 4 °C in assay buffer then once for 10 s in 4 °C distilled 

water. The rinsed slides were then rapidly dried under a stream of heated air. Determinations 

of frontoparietal cortex SERT were performed in much the same way as those for striatal 

DAT except that fluoxetine was omitted. The dried slides and [14C]-containing 

autoradiographic standards were apposed to Hyperfilm MP (GE Healthcare) for 48 h before 

development. Our analyses were limited to quantification of DAT in striatum and SERT in 

frontoparietal cortex because the binding of [125I]RTI-55 to SERT in striatum and DAT in 

frontoparietal cortex was below threshold for accurate measurements. Under the assay 

conditions used, the binding of [125I]RTI-55 to striatal DAT constitutes >99 % of its total 

binding, while the binding of [125I]RTI-55 to frontoparietal SERT constitutes >94 % of the 

total in that region.

Quantification of [125I]RTI-55 binding was done using an MCID image analyzer 

(InterFocus Imaging; Cambridge, England). Image densities were converted to [125I]RTI-55 

binding levels using a calibration curve based on images of the standard slides packed with 

each film. Regional densities of binding were obtained by outlining the desired structures on 

their respective [125I]RTI-55 images. Values obtained represented mean measurements 

taken from both hemispheres in a total of four sections per animal. For DAT analysis, the 

images were first divided into caudate–putamen (CP) and whole nucleus accumbens septi 

samples. The CP was then subdivided into four subregions: dorsomedial (dmCP), 

dorsolateral (dlCP), ventromedial (vmCP), and ventrolateral (vlCP) parts, which were 

separately quantified for binding. For SERT analysis, samples encompassing all cortical 

layers were taken in infralimbic (IL), prelimbic (PrL), cingulate (Cing), motor (Mtr), 

somatosensory (SS), insular (Ins), and orbitofrontal (OFC) cortical regions.

2. 10. Data Analyses

An alpha level of less than or equal to 0.05 was required to denote significance. Reversal 

learning performance data were analyzed using SPSS Statistics software. Overall learning 

patterns were analyzed according to: (1) number of trials required to overcome initial 

perseverative responding and reach 50% performance accuracy within each session, and (2) 

number of trials required to reach criterion after the animals overcome the “at chance” level 

(50% accuracy) performance. Feedback sensitivity was analyzed according to: (1) the 

probability of an animal responding correctly following positive feedback (preceding trial 

rewarded; (Correct + 1)/Correct Total) (2) a “difference score” measuring the difference in 
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the percentage of correct trials that resulted from the use of positive (the correct response on 

the preceding trial was repeated) and negative (the error response was corrected) feedback 

[(Correct + 1)/Correct Total − (Error +1)/Correct Total)], (3) number of incorrect responses 

(errors) the animals made at the beginning of the session before switching to a correct 

response, and (4) probability of switching to a correct response following negative feedback 

(the incorrect stimulus was chosen on a previous trial; (Error + 1)/Error Total). “+1” in all 

the formulas was used to denote the correct trial immediately following feedback [26–29].

All the feedback learning parameters were calculated within-session. To account for 

differences in learning rates and better access the feedback sensitivity the sessions were 

organized based on animals’ performance accuracy, defined as percent Correct within 

session (Correct/Total Trials), instead of the order in which they occurred. If the rat’s 

performance accuracy was not different on several sessions, the last value was carried 

forward for parameter analyses.

First, omnibus repeated-measure ANOVAs (rmANOVAs) were conducted for all the 

feedback response measurements. When significant interactions were found, post-hoc 

simple effects were reported. Additionally, for each level of accuracy, ANOVAs comparing 

SAL, mAMPHsingle and mAMPHescal groups followed by Fisher’s least significant 

difference (LSD) post hoc tests were performed to assess whether different treatment 

regimens produced distinct effects on learning patterns. Pearson product-moment correlation 

coefficients were generated for regional DAT and SERT levels and post-treatment 

behavioral measures.

3. Results

We performed fine-grained, trial-by-trial analyses analogous to previous reports on reversal 

leaning data [28,29] to examine the effect of positive (rewarded choices) and negative 

(unrewarded choices) feedback on subsequent choices in mAMPH-treated animals. 

Analyses were conducted on all trials from only the reversal learning phase of the 

experiment, following the drug treatment and wash out period. The overall learning data are 

shown in Table 1. Treatment groups were not different in the number of testing sessions 

[F(2,19)=1.325, p=0.29] or trials [F(2,19)= 2.08, p=0.15] necessary to advance to criterion 

after overcoming the “at chance” level of accuracy. Despite no between-group difference in 

the number of trials that the animals required to suppress the previously reinforced response 

and advance to the “at chance” level of performance [F(2,19) =0.07, p= 0.93], groups were 

significantly different in the number of sessions required to reach 50% correct responses in 

each session [F(2,19) = 3.576, p italic> 0.05], with both mAMPHsingle and mAMPHescal 

requiring significantly more sessions compared to SAL treated animals.

3.1. mAMPH-pretreated animals show greater sensitivity to positive feedback

A rmANOVA was conducted to test for differences in feedback sensitivity by treatment 

group (mAMPHescal vs. mAMPHsingle vs. SAL) across the levels of performance accuracy 

(percent correct within a single session) at the reversal learning phase of the experiment. A 

significant main effect of treatment group was found [F(2,18)= 7.958, pbold>0.01], as well 

as a significant treatment group x performance accuracy interaction [F(16, 144)= 7.92, 
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p<0.01], and a significant within-subject effect of performance accuracy [F(8,144)=360.94, 

p<0.01]. One-way ANOVAs followed by Fisher’s least significant difference (LSD) post 

hoc tests conducted separately for each level of performance accuracy further revealed 

significant differences between mAMPHescal, mAMPHsingle and SAL groups at all 

performance levels until animals reached 50% correct choices in a session. Both 

mAMPHescal and mAMPHsingle animals showed greater sensitivity to positive feedback 

compared to SAL animals at 10%, 20% and 30% performance accuracy levels (p<0.01). 

Whereas, at the 40% and 50% accuracy levels, only the mAMPHsingle animals were 

significantly different from mAMPHescal and SAL groups. Between-group differences in 

sensitivity to positive feedback disappeared after the animals bypassed the “at chance” level 

of performance (Figure 1).

3.2.1. mAMPH-treated animals rely more on positive feedback to improve 
performance on the reversal learning task than SAL animals—A similar trend 

was observed when the animals’ performance was analyzed for the difference in the 

percentage of correct trials that were immediately preceded by positive or negative 

feedback. Most animals used more negative than positive feedback early in learning, as 

evidenced by the negative difference scores before the 50% performance accuracy level in 

the reversal phase of the experiment was reached. Subsequent performance improvement 

was associated with a greater positive feedback use. Although a similar learning trend was 

observed for all groups, a rmANOVA revealed significant between-group differences in the 

relative impact of positive and negative feedback on learning at the beginning of learning 

[within-subject effect of performance accuracy: F(8, 144)=256.95, p<0.01, main effect of 

treatment group: F(2, 18)=16.64, p<0.01, interaction F(16, 144)=5.31, p=0.01]. A one-way 

ANOVA further showed that both mAMPH-treated groups failed to adopt the same strategy 

as SAL-treated animals. mAMPH-treated animals relied more on positive feedback to 

improve performance compared to SAL group at the 10% performance accuracy level 

(p<0.01) as evidence by the difference scores being closer to 0 in mAMPH-treated groups 

compared to SAL. The mAMPHsingle group was significantly different from both 

mAMPHescal and SAL groups at the 20% (p<0.05) and 30% (p<0.01) performance accuracy 

levels, and from mAMPHescal group only at the 40% (p<0.05) accuracy level. Between-

group differences disappeared as animals’ performance on the reversal learning task 

improved (Figure 2).

3.2.2. Difference scores are correlated with striatal DAT binding—Significant 

inverse correlations were found between difference score and DAT binding in CP [r(21)= − 

0.452 p<0.05], dlCP [r(21)= − 0.452 p<0.05], and vlCP [r(21)= − 0.486 p<0.05], but not 

vmCP, dmCP or NAc (Table 2). No significant relationships were found between 

“difference scores” and striatal DAT binding when mAMPH and SAL groups were analyzed 

separately.

3.3.1 mAMPH-treated animals commit more errors before switching response 
in early reversal learning—A rmANOVA was conducted to test for differences in the 

number of errors before the first correct response between treatment groups (mAMPHescal 

vs. mAMPHsingle vs. SAL), analyzed across the first ten sessions of reversal learning. A 
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significant main effect of treatment group was found [F(2,19)= 4.47, p<0.05], as well as a 

significant treatment group x session interaction [F(18, 171)= 2.33, p<0.01]. A significant 

within-subject effect of session was also found [F(9,171)=18.62, p<0.01], indicating that all 

animals improved their performance with experience on the task. One-way ANOVAs 

followed by Fisher’s least significant difference (LSD) post hoc tests conducted separately 

for session further showed significant differences between groups at the beginning of 

reversal learning. Both mAMPHescal and mAMPHsingle groups committed more errors 

before making the first correct response compared to SAL animals on session 1 (p<0.01) and 

session 3 (p<0.05) (Figure 3).

3.3.2. Number of errors committed before switching to a correct response is 
correlated with frontoparietal SERT and striatal DAT binding—We examined the 

relationship between frontoparietal SERT and striatal DAT binding and post-treatment 

performance measures. The total number of errors before the first correct response was 

inversely correlated with SERT binding in Cg [r(21)= −0.584, p<0.01], Ins [r(21)= − 0.477, 

p<0.05] and OFC [r(21)= − 0.571 p<0.01] cortices. No significant correlations were found 

between SERT levels in the remaining cortical regions examined with this or other 

performance measures (Table 3). When the relationship between the total number of errors 

before the first correct response was analyzed in SAL-, mAMPHsingle- and mAMPHescal-

treated groups separately no significant correlations were observed. However, when 

mAMPHsingle and mAMPHescal groups were collapsed for within-group correlation analyses 

an inverse relationship was observed between the performance measure and SERT binding 

in Cg [r(16)=−0.629, p<0.01] and OFC [r(16)=−0.561, p<0.05] in mAMPH-treated animals. 

A trend toward significance was found between the number of errors before the first correct 

and SERT in Cg [r(5)=−0.86, p=0.06] in SAL animals.

As above, when the relationship between the total number of errors before the first correct 

response was analyzed for individual treatment groups separately, no significant correlations 

were observed. However, when mAMPHsingle and mAMPHescal groups were collapsed for 

within-group correlation analyses, an inverse relationship was found between the number of 

errors before the first correct response and DAT levels in vlCP [r(21)= − 0.508 p<0.05] 

(Table 2). The analyses revealed that the correlation was primarily driven by mAMPHsingle 

group since a significant inverse relationship between DAT binding in vlCP and this 

behavioral measure was detected in mAMPH-treated [r(16)=−0.513, p<0.05], but not the 

SAL group.

3.4. mAMPH-treated animals do not differ from SAL in their responses to negative 
feedback

A rmANOVA conducted to test for the differences in negative feedback sensitivity revealed 

only a within-subject effect of performance accuracy [F(8,144)=106.785, p<0.01] providing 

evidence that all the animals learned to use negative feedback as their performance on the 

reversal task improved, but there was no main effect of treatment group [F(2, 18)=0.587, 

p=0.57] or interaction [F(16,144) =1.33, p=0.19) (Figure 4).
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4. Discussion

Impairments in cognitive flexibility and alterations in learning patterns following mAMPH 

exposure are well documented [30,31][40–42], yet our knowledge of the performance 

monitoring and feedback learning mechanisms by which these impairments may manifest 

remains relatively unexplored. Using a fine-grained trial-by-trial analysis of performance in 

reversal learning, we provide evidence here that 1) drug exposure leads to long-lasting 

differences in feedback processing in early learning and 2) important and dissociable facets 

of this feedback learning correlate with DAT and SERT binding (described below). 

Importantly, these alterations represent enduring changes as a consequence to even brief 

drug exposure, and may contribute to poor decision making in the long-term.

4.1 Increased positive feedback sensitivity and altered learning strategies in mAMPH-
pretreated animals: Involvement of DAT

All animals progressively learned to direct their responses to rewarded stimuli. Trial-by-trial 

analysis revealed that both mAMPH-pretreated groups benefited more from positive 

feedback than SAL animals early in learning. One feature of the discrimination reversal 

learning tasks employed in the present study is that it allows examination of responses to 

rewards not associated with psychostimulant drugs, i.e. natural reward. Our results indicate 

that following mAMPH administration, rats may become more sensitive even to natural 

rewards, consistent with previous findings that long-term drug abuse changes basal reward 

valuation [43].

Notably, all groups adopted a similar strategy of feedback use: animals used more negative 

than positive feedback before the 50% performance accuracy level, whereas subsequent 

performance improvement was associated with a stronger impact of positive relative to 

negative feedback. Despite the similar learning trajectory, both mAMPHsingle and 

mAMPHescal groups relied on positive feedback to improve performance to a greater degree 

than the SAL group at the beginning of reversal learning, with mAMPHsingle animals 

showing more pronounced alterations in feedback response. Although other factors 

contributing to learning cannot be ruled out, these data suggest that the performance 

improvement in mAMPH-pretreated animals at least in early reversal learning is primarily 

accounted for by the use of positive feedback.

The “difference scores” were inversely correlated with DAT binding in vlCP and dlCP. 

Previous evidence from our laboratories has demonstrated that only the mAMPHsingle 

regimen produces a pronounced decrease in vlCP DAT binding [30]. Taken together with 

alterations in positive feedback reported here, this implicates DAT as an important 

moderator of feedback use early in learning, when deviations from expected outcomes are 

highest.

However, DAT levels were not correlated with our measure of overall positive feedback 

sensitivity in accord with a recent observation that the DAT1 genotype does not alter trial-

by-trial win-stay behavior or the likelihood of repeating the correct response, a measure 

analogous to positive feedback sensitivity in our study [44].
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4.2 mAMPH-pretreated animals are not impaired in learning from negative feedback, but 
exhibit behavioral rigidity

MAMPH pretreated animals’ demonstrated a different pattern of learning before they 

reached 50% correct performance, providing evidence that exposure to the drug affected 

rats’ ability to adapt to changes in reward contingency when proactive interference strength 

and levels of ambiguity were the highest. This may result in difficulties overcoming 

interference during reversal learning. MAMPH-treated animals in the present study showed 

increased number of incorrect responses before the first correct response in early reversal 

learning. Due to the nature of the task, with only two mutually exclusive options, it is 

difficult to define the nature of that impairment. Ongoing projects in our laboratory 

employing 3-choice tasks with a neutral stimulus are aimed at addressing this question. One 

plausible explanation is general insensitivity to negative feedback in the form of omission of 

the expected reward. This is unlikely since the mAMPH-treated animals were not different 

from controls in the probability of switching to a correct response following negative 

feedback. More plausible explanations are that animals are unable to integrate newly learned 

associations into long-term decision-making, and/or greater perseveration resulting from 

disruptions in normal reward valuation. These explanations, however, require direct testing.

The number of errors before the first correct response was inversely correlated with DAT 

binding in vlCP, a subregion that we have shown previously to exhibit decreased binding 

following single-dose mAMPH treatment [30]. Thus, lesser DAT binding in this region was 

associated with a greater number of “perseverative” type errors in early learning. These 

findings add to strong support for adaptations in CP predicting habit learning and behavioral 

rigidity. The negative correlation between DAT binding and the degree of behavioral 

flexibility also accords well with the results of a recent study on human DAT1 allelic 

variation on choice behavior [44]. Specifically, there is a greater influence of choice history 

on perseveration (e.g. a larger weight of past experience at the beginning of reversal) with an 

increasing number of 9R alleles of DAT1, which in turn is associated with decreased 

expression.

It is noteworthy that the significant relationship between DAT and the number of errors 

before the first correct response occurred only when both SAL and mAMPH groups or when 

combined mAMPH groups were included in the analysis, and was not present when the SAL 

group was analyzed independently. Thus, mAMPH’s damaging effects in the treatment 

group likely drove this relationship. Though we provide no in vivo measures to support a 

mechanism here, this may result from partial damage to DA terminals by mAMPH in the 

animals with reduced binding (mAMPHsingle, as reported in [30]). Thus, DA tone may be 

associated with increased reward sensitivity and decreased behavioral flexibility. MAMPH 

pretreatment, and not endogenous variations in DAT in all animals, explained the 

relationship between striatal DAT and errors in early learning.

Our data raises the intriguing question as to why, if mAMPH-pretreated rats show enhanced 

sensitivity to positive feedback and intact responses to negative feedback, they are not 

performing at a comparable level to SAL-treated animals on reversal learning. Other factors 

may contribute to their performance and decrease the learning rate. For example, we show 
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here that they commit more errors at the beginning of a session. It appears mAMPH-treated 

rats learn as efficiently as controls within a session, but have difficulty with maintaining or 

integrating this learning across sessions. Whether this represents behavioral rigidity or 

aberrant reward valuation processes is unknown, and either could be an explanation for 

mAMPH rats displaying different learning trajectories.

4.3 SERT and learning from negative feedback

Impairments in cognitive flexibility associated with psychostimulant exposure have been 

traditionally attributed to changes in DA function. The results of the present study also 

implicate serotonin (5HT) in feedback sensitivity and learning from punishment (an 

incorrect response was always accompanied by reward omission, a “lights-out” and a “time-

out”). This role for 5HT aligns well with growing evidence and a recent postulation that, 

unlike DA involvement in behavioral activation and reinforcement, 5HT is critical for 

aversive processing and behavioral inhibition, complementary cognitive processes [45].

In support of this, in the present study, we observed the number of errors before the first 

correct response to be inversely correlated with SERT binding in Cg, Ins and OFC, but not 

associated with SS, Mtr, IL or PrL SERT. We have previously reported that mAMPH 

pretreatment does not result in decreases binding of frontocortical SERT [30], yet the 

present results suggest that behavioral rigidity varies with individual differences in SERT 

binding. Unlike the relationship between striatal DAT and errors before the first correct 

response, the relationship between SERT and consecutive errors may be driven by 

individual variation in SERT binding since the association was observed even when groups 

were assessed separately. The most robust inverse correlation was between Cg SERT 

binding and consecutive errors. This finding adds to accumulated evidence for this 

subregion in performance monitoring and strategy shifting.

Our results also concur with those of a recent study demonstrating a negative correlation 

between SERT binding in OFC and degree of perseveration, defined in that study as the 

number of extra lever presses in both SAL and mAMPH-treated animals [46]. Reduced 5HT 

signaling has also been associated with an increased number of perseverative errors on a 

reversal learning task [47], and 5HT receptor antagonists affect the number of errors during 

reversal before criterion is reached [48,49]. In sum, the literature implicates 5HT in 

overcoming perseveration and in learning new reward rules [33], and the present data 

support that view.

5. Conclusion

In addition to validating the enduring effects of mAMPH on learning, the present findings 

demonstrate long-lasting differences in feedback processing in early learning as a 

consequence of even brief drug exposure. Both mAMPH groups showed increased 

sensitivity to and reliance on positive feedback, with mAMPHsingle animals showing more 

pronounced alterations in feedback learning. We provide evidence that negative feedback 

sensitivity is not altered following mAMPH exposure. Animals’ ability to integrate newly 

learned associations into long-term decision-making is altered after drug exposure, leading 

to behavioral rigidity. Importantly, different facets of this feedback learning are correlated 
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with striatal DAT and frontocortical SERT binding, providing further support for the roles 

of 5HT and DA systems in overcoming perseveration and in learning new reward rules.
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Highlights

Long-term positive and negative feedback learning was studied after 

methamphetamine

Drug pretreatment resulted in increased use of positive feedback in learning

Despite intact negative feedback learning, pretreated rats made more early errors

Striatal DAT binding was inversely correlated with positive feedback learning

Frontocortical SERT binding was inversely correlated with measures of 

perseveration
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Figure 1. Sensitivity to positive feedback
as a probability of an animal responding correctly following positive feedback (preceding 

trial was rewarded). Significant differences between mAMPHescal, mAMPHsingle and SAL 

groups were observed at all performance levels until animals reached 50% correct choices in 

one session. Both mAMPHescal and mAMPHsingle-treated animals showed greater sensitivity 

to positive feedback compared to SAL animals at 10%, 20% and 30% performance accuracy 

levels. However, at the 40% and 50% correct the mAMPHsingle-treated animals were 

significantly different from mAMPHescal and SAL groups. Between-group differences in 

sensitivity to positive feedback disappeared after the animals bypassed the “at chance” level 

of performance. Group means + SEM, *p<0.05, **p<0.01.
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Figure 2. Relative impact of positive and negative feedback on learning
shown as a “difference score” in percentage of correct trials that were immediately preceded 

by positive (+) or negative (−) feedback (shown as deviation from zero). Most rats used 

more negative than positive feedback before the 50% performance accuracy level, whereas 

performance improvement above chance was associated with greater positive feedback use. 

Both mAMPH-treated groups relied more on positive than negative feedback to improve 

performance compared to SAL in early learning, and specifically at the 10% performance 

accuracy level. The mAMPHsingle group used significantly more positive feedback 

compared to both mAMPHescal and SAL groups at the 20% and 30% performance accuracy 

levels, and differed only from the mAMPHescal group at the 40% accuracy level. Between-

group differences disappeared as animals’ performance on the task improved. Group means 

+ SEM, *p<0.05, **p<0.01.
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Figure 3. Number of errors before the first correct response
All animals made fewer errors at the beginning of each session as learning progressed. 

Significant group differences in the number of errors before switching response were found 

at the beginning of the reversal learning phase. Both mAMPHescal and mAMPHsingle groups 

committed more errors before making their first correct response compared to SAL animals 

on sessions 1 and 3. Group means + SEM, *p<0.05, **p<0.01.
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Figure 4. Sensitivity to negative feedback
as a probability of correct response on the subsequent trial following negative feedback (the 

incorrect stimulus was chosen on a previous trial). All the animals learned to use the 

negative feedback as their performance on the reversal task improved; no between-group 

differences were observed. Group means + SEM.
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Table 1

Performance during the reversal learning by treatment group

Treatment Group Number of Sessions Number of Trials

To 50% correct 50% correct to Criterion To 50% correct 50% correct to Criterion

SAL 7.83±0.99 5.17±1.7 357.17±54.75 318.06±129.85

mAMPHsingle 17.17±3.1* 3.67±2.25 384.67±56.57 345.83±77.75

mAMPHescal 16.1±2.5* 2.77±1.85 391.89±72.26 383.33±113.24

Number of sessions and trials ± SEM for SAL, mAMPHsingle and mAMPHescal treatment groups.

*
p<0.05
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