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Abstract
Rationale—Methamphetamine (mAMPH) administration in animals can lead to a variety of
cognitive and behavioral deficits. We previously reported non-acute reversal learning impairments
after a single-day administration of mAMPH, providing evidence of this drug’s selective effects
on inhibitory control. Effortful decision-making (i.e., how much effort to invest in rewards) is an
aspect of cognition that has not yet been explored after mAMPH.

Objectives—Given that frontostriatal circuitry mediating this type of choice is vulnerable to the
effects of mAMPH, we tested the hypothesis that mAMPH may also affect decision-making
involving effort, another form of cognitive flexibility.

Methods—We examined the non-acute effects of an experimenter-administered single day of
mAMPH on effort discounting. In this task, rats previously treated with mAMPH or saline (SAL)
could select a high reward at the cost of climbing over a tall barrier or a low reward with no barrier
impeding its procurement.

Results—Following treatment, mAMPH rats were more work-averse than SAL rats. A control
task showed there were no treatment group differences when the high and low rewards involved
equal work: all rats chose the high reward preferentially. There were no significant treatment
group differences in [125I]RTI-55 binding to dopamine and serotonin transporters (DAT, SERT) in
any of the regions assayed; however, there were significant correlations of accumbens DAT and
cingulate SERT with post-treatment performance.
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Conclusions—These findings suggest that even modest dose mAMPH exposure has long-
lasting effects on effortful decision-making and may do so through influences on forebrain
monoaminergic systems.

Keywords
Cost; Reward processing; Decision-making; Cognitive flexibility; Dopamine transporter;
Serotonin transporter

Introduction
Methamphetamine (mAMPH) is a widely abused and highly addictive psychostimulant drug
that can result in behavioral and cognitive deficits. Cognitive deficits in human users range
from learning, memory, and attentional problems to deficits in executive function, including
inhibitory control and decision-making (Rogers et al. 1999; Ornstein et al. 2000; Simon et
al. 2000; Salo et al. 2002; Kalechstein et al. 2003; Gonzalez et al. 2004). Animal models are
useful in elucidating neural mechanisms and consequences of mAMPH use. Specifically,
experimenter-administered regimens of mAMPH, consisting of “binge” doses; i.e., multiple
doses over a single day that mimic human users’ binge style of consumption and, if
administered at sufficiently high doses, result in brain monoamine-depleting effects similar
to those observed in the human mAMPH-abusing population (Wilson et al. 1996; McCann
et al. 1998; Sekine et al. 2001; Volkow et al. 2001; Kish et al. 2009).

The effects of binge mAMPH in animals include motor impairments (Walsh and Wagner
1992), motor learning impairments (Chapman et al. 2001; Daberkow et al. 2005), object and
odor recognition memory impairments (Chapman et al. 2001; Bisagno et al. 2002; Schröder
et al. 2003; Belcher et al. 2005; Daberkow et al. 2005; O’Dell et al. 2010), and cognitive
flexibility impairments. The latter can be assessed by a variety of tasks such as spatial
reversal (White et al. 2009), response reversal (Cheng et al. 2007), and discrimination
reversal learning (Izquierdo et al. 2010), all of which are impaired after mAMPH
administration. Binge mAMPH regimens can result in long-lasting depletions of dopamine
(DA) and decreases of DA transporters (DAT) through striatal subregions (Eisch et al. 1992;
Wagner et al. 1980; Ricaurte et al. 1982; Wagner and Walsh 1991; Fleckenstein et al. 1997;
Volz et al. 2007), including the nucleus accumbens (NAc) core (Broening et al. 1997).

While DA and DAT changes are most pronounced after binge dose mAMPH administration,
serotonin (5-HT) and 5-HT transporter (SERT) are typically affected as well (Hotchkiss and
Gibb 1980). Significant decreases in SERT concentrations have been observed in human
mAMPH users in orbitofrontal and occipital cortices (Kish et al. 2009) as well as after
experimenter-administered mAMPH in rat perirhinal cortex (Belcher et al. 2005),
hippocampus (Schröder et al. 2003), and striatum (Haughey et al. 2000). It remains unclear,
however, which mAMPH-induced changes (DAergic or 5-HTergic) most correlate with
cognitive inflexibility.

Some kinds of executive function such as working memory and attention are heavily
attributed to DA modulation, while others such as response inhibition and impulse control
are more closely linked to 5-HT function (Arnsten 1998; Robbins 2005; Brigman et al.
2010). One facet of cognition that has not yet been explored after mAMPH is effortful
decision-making: i.e., reward choices made in the face of increasing effort (Walton et al.
2002). The primary circuitry involved in effortful choices includes the medial frontal cortex,
the basolateral amygdala, and DA in the NAc (Cousins et al. 1996; Walton et al. 2002; Denk
et al. 2005; Floresco and Ghods-Sharifi 2007; Hauber and Sommer 2009; Salamone et al.
2009). Because mAMPH is known to affect striatal DA and DAT, crucial moderators of
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forebrain circuitry subserving effortful decision-making, work aversion might be expected to
occur in mAMPH-pretreated rats. This hypothesis is strengthened by reports that striatal DA
depletions and administration of DA antagonists can impair performance on tasks that
require cost–benefit assessment (Cousins et al. 1993; Salamone et al. 1994; Lindner et al.
1997). By contrast, there is evidence that 5-HT plays no role in effortful decision-making
(Denk et al. 2005).

Although researchers have employed widely varying binge mAMPH doses, the possibility
of extensive neurotoxicity and unwanted side effects with high mAMPH doses motivated us
to examine effects of a moderate binge dose, which was expected to effect smaller changes
in forebrain DA and 5-HT transmission. In the present study, rats were administered a binge
dose of mAMPH, chosen for its selective action on a measure of cognitive flexibility in a
recent study (Izquierdo et al. 2010), and subsequently assessed on effortful decision-making.
This regimen was also used because it has modest long-term effects on DA transporter
(DAT) density (Belcher et al. 2008; Izquierdo et al. 2010) and produces no noticeable motor
deficits, even though it has marked acute physiological effects (as evidenced by
hyperthermia). After behavioral testing was concluded, we quantified DAT in the striatum,
the area most sensitive to the DA-depleting effects of mAMPH (Eisch et al. 1992; Cass
1997) and SERT in several areas of frontal cortex.

Materials and methods
Subjects

Subjects were 18 male Long Evans rats (Charles River Laboratories), individually housed,
weighing between 230 and 290 g at the start of testing. Vivaria were maintained at a 12-h
light/12-h dark cycle, with the temperature at 22°C. All behavioral testing took place 5–6
days per week between 0800 and 1600 h during the rats’ inactive period, consistent with
previous and ongoing studies in our lab (Izquierdo et al. 2010). All procedures were
accepted by the Institution for Animal Care and Use Committee at California State
University, Los Angeles.

Behavioral testing apparatus
Our behavioral protocol was adapted from experimental procedures conducted by Walton et
al. (2002). A commercially available t-maze (Stoelting Co., Wood Dale, Illinois) with one
start arm and two goal arms was used (Fig. 1). Each goal arm measured 41.9 cm in length,
10.2 cm wide, with walls 20.3 cm high. The start arm measured 50.3 cm in length. Located
at the end of each goal arm was a white ceramic bowl measuring 5.1 cm in diameter in
which the food reward was placed. “Froot loops” (Kellogg NA Co., Battle Creek, MI) were
given as food rewards during testing: a “high reward” (HR) consisted of four one half froot
loops (i.e., two froot loops), while a “low reward” (LR) consisted of one one half froot loop.
To increase effort for the HR, wooden triangular blocks of 15, 20, 25, and 30 cm heights
were constructed in the lab and used to impede access to the food reward in the HR arm.
Barrier heights were chosen from previous research conducted by Walton et al. (2002). The
wooden triangular blocks (barriers) were placed in the t-maze such that the rat was required
to climb straight up the side (90°) and down at an angle to the food reward located at the end
of the goal arm. The angle of decline to the food reward averaged 44.5° across the barriers.
Between trials, the rat was removed from the t-maze and placed in a 30 cm h × 25 cm
diameter cylindrical glass holding tank.

Behavioral testing and drug treatment
Handling and acclimation to food rewards—Each rat was handled for a minimum of
10 min once per day for 5 days prior to behavioral testing. During the last 2 days of

Kosheleff et al. Page 3

Psychopharmacology (Berl). Author manuscript; available in PMC 2013 January 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



handling, animals were transported for approximately 5 min to habituate them to the
transport cart prior to the commencement of testing. Upon returning to the vivarium, they
were fed ten froot loops in their homecage to accustom them to the food reward.

Food restriction—All rats were food-restricted to 85% of their free-feeding body weight
to ensure motivation to work for food, while water was available ad libitum. Weights were
monitored three times per week to ensure a healthy body weight. Following treatment with
mAMPH, rats were given 3–4 days rest without behavioral testing.

Acclimation to the t-maze—A habituation and training protocol adapted from Walton et
al. (2002) was used to habituate the rats to the t-maze and familiarize them with the froot
loops. During the acclimation phase, each rat was individually placed into the t-maze and
allowed to explore and eat froot loops freely for 10 min. Criterion for advancement to the
next phase was consuming 15 one half froot loops within 10 min for two consecutive days.

Phase 1 discrimination training with free sampling—In this phase, one goal arm
was baited with four one half froot loops (HR arm), and the other with one one half froot
loop (LR arm). The rat was allowed to sample freely from both arms for five trials. Each
trial lasted until the rat finished all the froot loops. Trials were separated by a 30-s intertrial
interval (ITI) on day 1, and a 60-s ITI on day 2, during which time they were placed in an
empty cylindrical glass holding tank. HR and LR arm designations were counter-balanced
among rats (half the rats received HR in the left goal arm, the other half in the right) and
remained constant for the duration of testing. This phase was administered for two
consecutive days.

Phase 2 discrimination training with forced trials—For this phase, each rat was
administered ten “forced” trials, in which either the HR or LR arm was blocked by a white
cardboard insert, forcing the rat to one side or the other according to a Gellerman schedule.
This phase marked the beginning of learning to visit only one arm as well as continuing to
learn each arm’s associated reward values. Each trial was separated by a 30-s ITI, during
which time rats were placed in an empty cylindrical glass holding tank. This phase was
administered for two consecutive days.

Phase 3 discrimination training with free choice—Each rat was allowed to choose
either the HR or LR arm and was removed from the t-maze upon eating the food reward
from the chosen arm. Ten trials were administered per day, with a forced trial administered
after trials 5 and 10, forcing the rat to the arm not chosen on the most recent previous trial to
prevent side biases (i.e., if the HR was chosen on trial 5, the forced trial would be to the
LR). A 30-s ITI was used between trials, during which time the t-maze was wiped clean
with 70% ethanol solution to prevent the rat’s use of scent-guided choice. Criterion for the
next phase was choosing the HR arm 90% or more for two consecutive days.

Training phase with barriers—During this phase, rats were required to climb
successively larger wooden barriers (beginning at 15 cm) to achieve the HR. Each session
consisted of ten free choice trials, with a forced trial after trials 5 and 10 to prevent side
biases. Upon eating the food reward, the rat was placed in a holding tank for a 30-s ITI,
during which the maze was wiped clean with 70% ethanol. This phase continued for 12 days
of daily testing, with barrier heights increasing every third day from 15, 20, 25 to 30 cm,
irrespective of the rat’s choice.

Drug treatment—Within 3 days following testing at the 30-cm barrier, rats were
administered mAMPH or SAL. Drug treatment was similar to that described in Izquierdo et
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al. (2010). On the day of mAMPH injections rats were kept in large, clear Plexiglas boxes
[40 cm (length) × 40 cm (width) × 38 cm (height)] containing bedding but with no lids.
Ambient room temperature was kept warm at 24±3°C by overhead lights mounted on each
box. Rats were given four injections of D-mAMPH (Sigma, St Louis, MO; 2 mg free base/
kg, s.c.) or a physiological SAL solution (1 ml/kg, s.c.) at 2-h intervals on a single day
(mAMPH n = 12, SAL n = 6). Animals’ body temperatures during the mAMPH binge
regimen were monitored by rectal thermocouple probe 60 min after each injection.

Post-treatment testing—Following 3–4 days of no testing or food restriction, rats were
placed back on food restriction and tested again on barriers of 15, 20, 25, and 30 cm,
following a similar protocol used for the “Training phase with barriers” stage above.

Post-treatment control task—Following the last day of the post-treatment test phase
with barriers (i.e., the next day), a control task in which work was equalized between the
two arms was conducted. In this task, the barrier to the HR arm was removed, allowing free
access to the HR (i.e., both the HR and the LR arms were accessible without barriers). Ten
trials were recorded for each rat per session.

[125I]RTI-55 binding to DAT and SERT
Rats were euthanized an average of 4 weeks after mAMPH or SAL treatment, and an
average of 2.5 weeks after barrier testing. Rats were given an overdose of sodium
pentobarbitol (250 mg/kg, i.p.), decapitated, and their brains removed and frozen at −20°C
by immersion in isopentane. Coronal sections (20 µm-thick) were cut on a cryostat at the
level of the anterior striatum (AP coordinates +1.7 to +0.8 mm, according to Paxinos and
Watson 2005), thaw-mounted on Vectabond-treated glass slides and stored at −20°C until
used for autoradiography. Separate slides were used for determination of DAT and SERT
binding. For determination of cortical SERT binding, warmed slides removed from the
−20°C freezer were preincubated at room temperature (22°C) in a solution of assay buffer
(10 mM NaPO4, 120 mM NaCl, 100 mM sucrose) for 5 min to remove endogenous ligands
that could interfere with subsequent radioligand binding. After preincubation, the sections
were incubated (also at room temperature, 22°C) in a solution of assay buffer containing 25
pM [125I]RTI-55 for 2 h. 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 striatal DAT were performed in much the
same way as those for SERT with the exception that the preincubation and incubation media
contained 100 nM fluoxetine to block [125I]RTI-55 binding to SERT (Boja et al. 1992). The
dried slides and [14C]-containing autoradiographic standards were apposed to Hyperfilm MP
(GE Healthcare) for 48 h before development.

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 RTI binding were obtained by outlining the desired
structures on their respective [125I]RTI-55 images. Values obtained represented the average
of 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 nucleus
accumbens septi (NAc) samples. The CP was then subdivided into four subregions
consisting of: dorsomedial (dmCP), dorsolateral (dlCP), ventromedial (vmCP), and
ventrolateral (vlCP) parts, which were separately quantified for [125I]RTI-55 binding. For
SERTanalysis, samples encompassing all cortical layers were taken in cingulate, motor,
somatosensory, and insular cortical.
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Data analyses
Data were analyzed using StatView software. Statistical significance was noted when p
values were equal to or less than 0.05. Barrier performance data (percentage of HR chosen)
were analyzed using repeated measures ANOVA. Temperature, DAT, and SERT data were
also analyzed using repeated measures ANOVA. Pearson product-moment correlation
coefficients were generated for regional DAT and SERT depletion and post-treatment
performance.

Results
Pre-treatment performance on barriers

Effortful decision-making was measured as a percentage of HR choices for each barrier
height (i.e., rats choosing the HR had higher scores, while work-averse rats had lower
scores). A repeated measures analysis of variance (ANOVA) was conducted to test for
differences in performance by treatment group (mAMPH vs. SAL) and barrier height (15,
20, 25, and 30 cm). A significant within-subject effect for barrier height was found (F11,165
= 3.15, p<0.01), though there was neither a significant main effect for treatment group nor
an interaction of treatment group by barrier height. Therefore, there were no pretreatment
differences in performance over barriers between prospective mAMPH and SAL rats.

Effect of mAMPH on effort: post-treatment performance on barriers
A repeated-measures ANOVA was conducted to analyze post-treatment performance
differences by treatment group (mAMPH vs. SAL) and barrier height (15, 20, 25, and 30
cm). Though there was no significant main effect for treatment group, there was a
significant main effect for barrier height (F11,99 = 3.89, p<0.01) and a significant interaction
of treatment group by barrier height (F11,99 = 1.91, p = 0.05).

Bonferroni post-hoc comparisons revealed no significant mean differences at the 15-cm
barrier height or 20-cm barrier height. However, post-hoc comparisons did reveal a
significant difference at the 25 cm height (mAMPH = 70.40 vs. SAL = 87.50, p = 0.05) and
at the 30-cm height (mAMPH = 51.60 vs. SAL = 73.13, p = 0.03), with mAMPH-treated
rats showing more work aversion than SAL-treated rats (see Fig. 2).

Effect of mAMPH on discrimination of HR versus LR: post-treatment performance without
barrier

A repeated-measures ANOVA was conducted to analyze group differences during a post-
treatment-testing two-session control task in which no barrier impeded access to the HR.
Under these conditions, both groups showed overwhelming preference for the HR arm
(mAMPH = 97.1% vs. SAL = 97.5%). This ANOVA revealed no significant main effects
for treatment group, nor a significant session by group interaction.

Effect of mAMPH on temperature: day-of-treatment temperatures
Body temperature elevation during the course of binge mAMPH treatment is commonly
used to monitor the effectiveness of the treatment. Hyperthermia is one factor that can
contribute to the neurotoxicity of mAMPH (Bowyer et al. 1994; Albers and Sonsalla 1995),
which can influence later performance on tasks measuring cognitive function. For these
reasons, temperature data were analyzed for group differences. Significant overall main
effects for treatment group (F1,16 = 26.00, p<0.001) were found, with mAMPH-treated rats
showing higher temperatures after each of the four injections when compared to SAL rats.
There were no significant effects for either time of temperature reading or a treatment group
by time interaction (see Fig. 3).
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[125I]RTI-55 binding to DAT in the striatum, and post-treatment performance
Rats exposed to a binge mAMPH regimen (4 × 2 mg/kg) showed small, nonsignificant
reductions in DAT binding in all striatal subregions. The NAc (−17%) and ventrolateral CP
(−17%) regions were the most affected in the mAMPH-exposed group. An ANOVA was
conducted to assess treatment group differences in striatal DAT levels. This analysis
revealed no significant group differences in overall DAT binding in the NAc or caudate
putamen (CP). However, DAT levels in the NAc were correlated with post-treatment
performance over all barrier heights (i.e., all barrier data compacted into one variable) (r =
0.25, p < 0.002) and particularly with post-treatment performance over the 30 cm barrier
height (r = 0.36, p<0.03). There were no significant correlations between post-treatment
performance over barriers and DAT depletions in any of the CP subregions (Table 1).

[125I]RTI-55 binding to SERT in the frontal and parietal cortex, and post-treatment
performance

MAMPH-exposed rats showed small, nonsignificant reductions in SERT binding in all
frontal and parietal cortical areas sampled, ranging from −6% in cingulate cortex to −10% in
insular cortex. An ANOVA was conducted to assess treatment group differences in
frontoparietal cortical SERT levels. This analysis revealed no significant group differences
in overall SERT depletions throughout the cingulate, motor, somatosensory, and insular
cortices. However, significant correlations were found between post-treatment performance
(i.e., all barrier heights compacted into one variable) and SERT in the cingulate cortex (r =
−0.22, p<0.01), the somatosensory cortex (r = 0.32, p<0.0001), and the insular cortex (r =
0.32, p < 0.0001). Additionally, there were significant correlations between post-treatment
performance over the 25-cm barrier and SERT in the somatosensory cortex (r = 0.47,
p<0.01) and the insular cortex (r = 0.48, p<0.01), and post-treatment performance over the
30 cm barrier and SERT in the somatosensory cortex (r = 0.34, p<0.04) (see Table 2).

Discussion
Work-aversion after 4 × 2 mg/kg mAMPH treatment

In the present study, we observed an effect of a moderate binge dose of mAMPH on
effortful decision-making; this extends the behavioral effects of this dose beyond
impairments in reversal learning (Izquierdo et al. 2010). It is important to note that these
effects on cognition are separate from the acute effects of the drug—i.e., the work-averse
pattern of reward choices in the mAMPH-treated group occurred approximately 10–11 days
post-treatment when rats encountered the 25- and 30-cm barrier heights. Rats pretreated with
mAMPH increased their choices of the LR as barrier height increased. While there were no
treatment group differences at lower barrier heights, significant work aversion at the two
tallest barrier heights was observed. This work aversion pattern could not be explained by
preexisting group differences. Additionally, motivation to consume the reward was
unaffected by treatment; all rats readily ate food in their home cages and during testing,
indicating appetite was unaffected.

Notably, pretreatment training over barriers resulted in lower frequencies of HR choices
than what is seen post-mAMPH treatment. Presumably, this occurs as a result of a practice
effect: scores hover around 50% HR during initial training over barriers (pre-mAMPH/SAL
treatment) and rise after training on all barrier heights (i.e., after the 30-cm barrier). Upon
resuming testing, post-mAMPH treatment, at the 15 cm height, rats appear to manage the
obstacles with greater ease than during initial training. Only at the two highest barrier
heights do we see mAMPH-treated rats display any aversion to the HR arm, which we
interpret as work aversion, while the SAL rats display no such tendencies.
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After the testing phase, in which mAMPH-treated rats displayed work aversion at the 25-
and 30-cm barrier heights, rats were tested on a “control task,” where work was equalized
for the two options by removing the barrier, allowing free access to both the HR and LR
arms. All rats chose the HR arm 90–100% of the time, and there were no treatment group
differences. This suggests that the performance difference between SAL and mAMPH-
treated rats was due to an aversion to climbing the barrier, and not other factors, such as an
inability to discriminate between the HR and LR. Given equal work, mAMPH- and SAL-
treated rats performed comparably. Long-lasting motor impairments are unlikely following
this modest dose. Wallace et al. (1999) employed a binge regimen fivefold higher than the
present dose regimen (four injections of 10 mg/kg every 2 h) and found only a slight
reduction of spontaneous locomotor activity 1 week after treatment even though the DA
content of the CP and NAc were reduced by 56% and 30%, respectively.

Our findings indicate that pretreatment with mAMPH has the potential to alter choice
behavior away from actions or rewards that require more work, even when the reward
magnitude associated with the more effortful response outweighs the alternative option.
These results suggest that mAMPH-treated animals are able to perform simple, familiar
tasks normally, with the emergence of deficits only in goal-directed, effortful behaviors at
higher response demands. These findings are in accord with the impairments observed by
Izquierdo et al. (2010) where retention of a familiar visual discrimination problem was
unaffected after mAMPH and an impairment observed only when the task became more
difficult (i.e., reversal of reward contingencies). Future studies should investigate if
increasing reward magnitude or enhancing reward palatability affects mAMPH-pretreated
animals’ ability to engage in effortful behavior.

DA Changes and Work Aversion after 4 × 2 mg/kg mAMPH Treatment
Animal studies have clearly established that binge administration of moderate-to-high doses
of mAMPH decreases striatal DA content, DAT protein, and radioligand binding, as well as
other markers of dopaminergic terminal integrity (e.g., tyrosine hydroxylase protein—for
review, see Volz et al. 2007; Yamamoto et al. 2010; Cadet and Krasnova 2009). The dose
regimen employed here (4 × 2 mg/kg) was below the range (3 or 4 × 4–10 mg/kg) typically
used to achieve dopaminergic neurotoxicity. Although small DAT reductions were observed
in NAc and all CP subregions, these were not statistically significant.

Though our present design precludes establishing a causal relationship, we were able to
observe a significant positive correlation of NAc DAT with post-treatment barrier
performance, while finding no such correlation with performance in any other striatal
subregion. The possibility that mAMPH’s effects on effortful responding involve changes in
striatal dopamine is supported by studies using either dopamine receptor ligand or striatal
neurotoxic lesion techniques. Specifically, one recent study showed significant LR, low-
effort preference in rats treated with a DA antagonist while rats treated with a DA agonist
showed a HR, high-effort preference (Bardgett et al. 2009). Additionally, DA levels in the
NAc appear to be a mediating factor in effortful choice behavior: rats with 6-
hydroxydopamineinduced DA depletions in this region show impairments on tasks with high
fixed ratio response requirements, with no significant impairments seen at low fixed ratio
requirements (Aberman and Salamone 1999; Correa et al. 2002). Here, though we cannot
conclude that the changes in behavior occurred as a result of DAT changes in the NAc, there
does appear to be a mild correlation between these two variables.

Behavioral changes may occur even without accompanying monoaminergic neurotoxicity
and have been observed using different treatment regimens and testing other realms of
cognitive function. For example, a 3-week sensitizing regimen of mAMPH (3 mg/kg, every
other day) produced impairments in object recognition memory 1 week after the final
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mAMPH dose without producing any loss of CP or NAc DAT or cortical or hippocampal
SERT (Belcher et al. 2006). Additionally, a loss of object recognition memory is seen in rats
that undergo extended (6 h/day for 14 days) mAMPH self-administration and are tested for
memory 1 week after the last mAMPH injection (Rogers et al. 2008), a mAMPH exposure
regimen reported not to produce a loss of dopamine or serotonin in CP, NAc, or prefrontal
cortex (Schwendt et al. 2009). In aggregate, these findings as well as those of Izquierdo et
al. (2010) suggest that mAMPH-induced impairments in memory and executive functions
may occur under conditions of minimal or no damage to dopamine terminals. The animal
model employing binge administration of lower mAMPH doses may be relevant to
understanding the cognitive impairments that can occur even before human abusers
commence long-term, higher-dose use of this psychostimulant drug.

Temporal Discounting, Impulsivity, and SERT
Future studies of performance measures in mAMPH-pretreated rats would benefit by
incorporating a measure of temporal (or delay) discounting. Although the time spent
climbing over the barrier is minimal, an argument could be made that the aversion to the HR
choice seen by the mAMPH rats was due to the additional time required to climb the barrier,
rather than the additional effort. If so, then this task could be interpreted as having measured
delay discounting and impulsivity, not effortful behavior. Impulsivity and increased
sensitivity to delayed reinforcement has been well documented in rats lesioned in such areas
as the NAc (Cardinal et al. 2001) and orbitofrontal cortex (Mobini et al. 2002), both of
which can be affected by mAMPH. Consequently, although the likelihood of this task
measuring delay discounting and not effort is minimal, it cannot be ruled out. Additionally,
higher levels of temporal discounting and impulsivity are seen in individuals with addictions
to a variety of substances, including opioids (Madden et al 1997; Kirby et al 1999), cocaine
(Coffey et al 2003), and alcohol (Richards et al 1999; Petry 2001). It is likely, then, that
delay discounting and impulsivity play a role in addiction, helping to maintain drug-using
behaviors instead of behavioral states that have the effect of supporting reward deferral and
long-term rewards like sobriety (as reviewed in Jentsch and Taylor 1999). It is, of course,
possible that both an aversion to work and delay play independent roles as factors in
mAMPH-treated rats’ choice behavior.

The degree to which frontal cortex can modulate quick, low-effort responses is greatly
related to impulsivity. A single-day of binge mAMPH has been reported to result in cortical
changes, affecting metabolism and gene expression in several cortical areas (Pontieri et al
1990; Belcher et al 2009). Such functional 5-HT changes can occur secondarily to changes
in DA transmission (Marshall et al. 2007; Belcher et al. 2009) and might predispose the
organism to work and/or delay aversion. Serotonin in the frontal cortex is also altered after
mAMPH (Hotchkiss and Gibb 1980). Though we did not observe significant treatment
group differences in SERT in the frontal cortex, we did observe significant correlations of
widespread frontocortical SERT levels with post-treatment barrier performance. The most
interesting association was negative: in cingulate cortex. A previous report established no 5-
HT involvement in effortful decision-making (Denk et al. 2005), yet there is a large body of
data showing that 5-HT is involved in impulsive choice (Robbins 2005) and delay
discounting (Denk et al. 2005).

Conclusions
Ongoing experiments are aimed at comparing the effects of repeated and binge exposure to
mAMPH on decision-making and determining if any impairments are associated with a
differential pattern of DA and 5-HT changes in the brain. A thorough account of the effects
of these dosing regimens would capture profiles of use (both binge and escalating daily use)
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seen in the human mAMPH user and are complementary to self-administration models in
studying neurobiological mechanism and consequences of psychostimulant addiction.
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Fig. 1.
T-Maze apparatus. The effortful t-maze (a) was equipped with one start arm and two goal
arms, each baited with either a high reward, HR (four one half froot loops) or a low reward,
LR (one half froot loop). Wooden blocks (b) of varying heights 15, 20, 25, and 30 cm were
used to increase the effort required to access the high reward arm
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Fig. 2.
Pre- and post-treatment performance over barriers. a Preference scores during pretreatment
phase. Mean±SEM percent high reward (HR) choices by prospective treatment group as a
function of increasing barrier heights (15, 20, 25, and 30 cm). There were no significant pre-
existing group differences on effort (n = 18). b Preference scores during post-treatment
phase. Mean±SEM percent high reward (HR) choices by treatment group as a function of
increasing barrier heights (15, 20, 25, and 30 cm). Significant treatment group differences
emerged only with increasing effort requirement (mAMPH n = 9, SAL n = 6)
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Fig. 3.
Body temperatures of rats during mAMPH treatment. Temperature readings taken after each
of the four methamphetamine or saline injections (designated Temp 1 through Temp 4).
Temperatures (°C) were recorded using a rectal thermocouple 1 h after injections, mAMPH
n = 12, SAL n = 6
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