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Abstract
Methylphenidate (MPH) therapy for attention-deficit hyperactivity disorder is common in children
and adults. Concerns regarding abuse of MPH prompted studies to better understand its
pharmacology. We used an established drug discrimination task to determine if MPH could be
discriminated by C57BL/6J(B6) mice. B6 mice learned to discriminate cues produced by racemic
MPH (dl-MPH 5.0mg/kg), or half the dose of pure d-isomer (2.5mg/kg), and dose-response tests
established appropriate reductions in discrimination with declining dose. Importantly, the two drug
forms generalized to each other completely in substitution tests; consistent with reports that the l-
isomer is pharmacodynamically inactive. An additional experiment indicated that lower doses (1
and 2mg/kg) of dl-MPH did not support acquisition of MPH discrimination despite extensive
training. Mice acquired discrimination of dl-MPH only when the dose was increased to 4mg/kg.
Thus, although these lower doses increased drug lever responding in mice trained on the higher
dose, their stimuli were not sufficient to support acquisition of the discrimination task. These
findings correspond to previous work conducted in our laboratory on threshold doses needed to
produce stimulatory effects of motor activity in B6 mice. These pre-clinical findings provide
insight into the relative potency, and by extension, efficacy of dl-MPH versus d-MPH doses.
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Introduction
The stimulant drug methylphenidate (MPH) has been a first-line treatment for attention-
deficit hyperactivity/disorder (ADHD) since the 1950s. The symptoms of ADHD were once
viewed as being primarily limited to childhood and adolescence. However, the disorder is
increasingly being recognized as persisting into adulthood (Biederman and Faraone, 2002,
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2005; Okie, 2006). Consequently, MPH has become more widely available for abuse
through diversion of this controlled substance (Kroutil et al., 2006; Darredeau et al., 2007),
especially among high school (McCabe et al., 2004) and college students (McCabe et al.,
2006; Godfrey, 2009). The neurochemical basis of MPH abuse liability appears to be based
on the blockade of dopamine and norepinephrine reuptake to induce euphoric effects similar
to that of cocaine (Volkow et al., 2002; Volkow and Swanson, 2003; Patrick et al., 2007).
MPH is primarily prescribed as a racemic mixture, i.e., dl-MPH (Okie, 2006), though pure
d-MPH formulations have more recently become available (Patrick et al., 2009). The l-
isomer appears to exhibit little (Heal and Pierce, 2006) or no pharmacological activity
(Patrick et al., 1987; Williard et al., 2007). Thus, the available evidence indicates that the
therapeutic, reinforcing, as well as other pharmacological effects of MPH are produced only
by the d-isomer.

The positive subjective effects of MPH reported by adult humans (Heil et al., 2002; Stoops
et al., 2005; Patrick et al., 2007; Kollins et al., 2009) likely serve as discriminative stimuli.
For psychoactive drugs, there is a high degree of concordance (Solinas et al., 2006) between
human (Gatley et al., 1999; Kollins et al., 2001) and laboratory animal studies, including rats
(Colpaert, 1999; Grant, 1999; Hodge et al., 2006) and mice (Middaugh et al., 1998; Gatley
et al., 1999), regarding whether the drug will support discrimination. Surprisingly, while the
general pharmacology of MPH has been extensively examined (Patrick et al., 1987;
Markowitz et al., 2006; Askenasy et al., 2007; Markowitz and Patrick, 2008), the
discriminative stimulus properties of MPH have been not been directly examined in many
animal studies. Only two reports using rats indicate that rodents can learn to discriminate the
stimulus cues provided by MPH (Overton and Shen, 1988; Perkins et al., 1991).
Nevertheless, a substantial literature on rats indicates that the discriminative stimulus
properties of MPH generalize to those produced by other psychoactive drugs (e.g. cocaine,
amphetamine, methamphetamine) in substitution tests (Bondareva et al., 2002; Schweri et
al., 2002; Wooters et al., 2008; Desai et al., 2010). Generally, these studies indicate that a
wide range of MPH doses (1.25–10mg/kg) can substitute for cocaine (Kollins et al., 2001;
Bondareva et al., 2002; Schweri et al., 2002; Li et al., 2006) and amphetamine (Bondareva et
al., 2002; Czoty et al., 2004). In contrast, MPH alone did not substitute for the
discriminative cue produced by nicotine, although MPH did amplify the cues provided by
co-administration of a sub-threshold dose of nicotine (Wooters et al., 2008). The available
information suggests that MPH produces a cue that can be discriminated by rodents and that
the pharmacological effects of MPH are similar to other psychostimulants and not simply
psychoactive drugs in general. However, information on discriminable MPH doses and the
contribution of MPH isomers has not been well established.

Based on this gap in the literature, the present study characterized the discriminative
stimulus properties of MPH in C57BL/6J (B6) mice, a strain that continues to serve as a
reference strain in many behavioral/neurochemical investigations. Based on limited
evidence that the l-isomer of MPH can influence the action of the d-isomer (Davids et al.,
2002; Teo et al., 2003), we tested the possibility that its presence in the racemic mixture
could influence the discriminative stimulus properties of the active d-isomer. To assess this,
we compared the discriminative stimulus properties of racemic MPH against those of the
pure d-isomer of MPH, with the hypothesis being: equimolar doses of the active d-isomer
would substitute completely in the discrimination task. Further, recent evidence indicates
that low doses of MPH (e.g. <2mg/kg) effectively modulate behaviors (Kuczenski and
Segal, 2001; Berridge et al., 2006) and elevate extracellular levels of the neurotransmitters
dopamine and norepinephrine in rats (Kuczenski and Segal, 1997, 2001; Berridge et al.,
2006). In addition, we recently reported that a 2.5 mg/kg dose of dl-MPH, while producing
no effect on motor activity of B6 mice by itself, did enhance ethanol-induced motor
stimulation in this strain (Griffin et al., 2010). The relatively low MPH doses used in these

McGovern et al. Page 2

Behav Pharmacol. Author manuscript; available in PMC 2012 February 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



studies provide for guarded extrapolation to clinical findings (Kuczenski and Segal, 2005).
Therefore, we also investigated the discriminative effects of MPH using low doses (<5 mg/
kg), to help establish a threshold for producing cues required for discrimination in an
otherwise well-established drug discrimination task in B6 mice (Middaugh et al., 1998).

Methods

Subjects—C57/BL6 mice were obtained from Jackson Laboratories (Bar Harbor, ME) at 7
weeks of age. Animals were singly housed on a 12 hour reverse light cycle (lights on at
20.00h, lights off at 08.00h), with free access to water, and allowed to acclimate to home
cages for ~2 weeks prior to behavioral testing. Animals were maintained at 85–90% of their
free-feeding body weight throughout the studies. All experiments were approved by and
conducted within the guidelines of the Institutional Animal Care and Use Committee
(IACUC) at the Medical University of South Carolina and followed the guidelines of the
NIH Guide for the Care and Use of Laboratory Animals (NIH Publication No. 80–23,
Revised 1996).

Drug Discrimination Apparatus—Drug discrimination was assessed in 8 operant
chambers enclosed in sound and light attenuating cabinets (MedAssociates Inc., St Albans,
VT). The chambers (21.6 cm × 17.8 cm × 12.7 cm) were constructed of aluminum and
Plexiglas with steel grid floors and were equipped with 2 levers located 2.2 cm above the
floor. Lever presses of ~ 2g dead weight activated a microswitch and were recorded as
responses. Animals were reinforced with a 5 second presentation of 0.01 cc of a 15%
sucrose solution in a dipper located between the two levers. The operant chambers were
controlled and responses were recorded by computer using MedPC software
(MedAssociates Inc., St. Albans, Vermont).

Procedure
General—The experiments were conducted similarly to other previously published studies
using other psychoactive drugs from our laboratory (Middaugh et al., 1988, 1998, 1999),
although some differences are noted. Generally, both experiments had 3 phases; 1) lever
acquisition, 2) drug discrimination training and 3) discrimination testing. During lever
acquisition training, drug-free mice were trained to lever press on both levers for sucrose
reinforcement. The number of responses required per reinforcement was gradually increased
to a fixed ratio 15 schedule of reinforcement (FR15). During drug-discrimination training,
mice were reinforced for responses on an assigned injection-appropriate lever (active lever),
with 15 consecutive responses on the active lever producing reinforcement. After reaching
criterion, 2-minute generalization tests were conducted under extinction conditions to
establish dose-response functions and substitution of d- and dl- MPH.

Lever Acquisition Training: A shaping procedure was used to establish responding for the
sucrose reinforcer (15% solution) with no drug administered. For the first 3 sessions, both
levers were covered with metal panels like those used in the walls of the operant chamber,
and the dipper arm was presented for 10 seconds every minute during the 15 minute sessions
for the first experiment and the 20 minute sessions for the second experiment. Session time
remained unchanged for the duration of each study. Animals were monitored throughout
these sessions to ensure that they approached the dipper. During the fourth session, both
levers were presented and responses on either lever were reinforced on a FR1 schedule of
reinforcement. For the remainder of this phase, responses were restricted to either the left or
right lever on an alternating pattern (L, R, L, R) and were reinforced on an FR1 schedule
until 15 responses were made on each lever for 2 consecutive days. The reinforcement
schedule was increased to FR3, FR5, FR10, and FR15 consecutively after receiving > 10
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reinforcers on each of 4 consecutive days. Upon successful completion of the FR15 schedule
acquisition requirements, mice advanced to the discrimination training phase.

Discrimination Training: To characterize the discriminative properties of MPH, we trained
a group of mice to discriminate 5 mg/kg dl- MPH, a dose which significantly increases
locomotor activity in B6 mice (Williard et al., 2007). Additionally, we trained a second
group to discriminate the active d-isomer using 2.5 mg/kg d-MPH, which also significantly
increases locomotor activity (Williard et al., 2007) and contains an equimolar dose of d-
MPH compared to 5 mg/kg dl-MPH. The inclusion of the group of mice trained on the pure
d-isomer afforded the opportunity to examine whether there were differences in
discriminability of the racemic (i.e. dl-) mixture and the pure d-isomer.

Training was initiated with MPH or saline injected i.p. according to a semi-randomized
schedule that ensured no more than 2 consecutive days of exposure to either MPH or saline
and an equal number of exposures to each condition over a 2 week period. During
discrimination training, mice were injected with MPH or saline 15 minutes prior to being
placed in their assigned operant chamber. We selected this pretreatment time based on
previous studies in our laboratory that showed peak stimulatory activity at 15 minutes post-
injection and peak plasma and brain MPH levels at this time (Williard et al., 2007), and
other studies that show peak elevation in DA levels at this time (Kuczenski and Segal,
1997). For the first 10 days of discrimination training, the mice had access only to the drug-
paired lever after MPH injections or the saline-paired lever after saline injections. After 10
days, both levers were available for the remainder of the experiment. Half of the mice in
each drug training group had the right lever paired with the drug and the left with saline; the
other half of each group had the reverse pairing. After 15 consecutive responses on the
injection appropriate lever, sucrose was presented. In the first experiment, responses on the
inappropriate lever were counted but also reset the FR response counter on the active lever.
However, in the second study, responses on the inappropriate lever were recorded, but had
no consequence. Criteria for acquisition of drug discrimination were two-fold. The first
criterion was that mice make ≥80% of responses on the injection appropriate lever prior to
the first reinforcement (called FFR: First Fixed Ratio) for at least 3 consecutive days.
Additionally, the mice were required to make ≥85% of total responses on the injection
appropriate lever during the session for 3 consecutive days. Upon meeting these criteria,
mice were eligible for MPH discrimination testing.

Discrimination Testing: All tests lasted 2 minutes and were conducted under extinction
conditions. All other procedures were the same as during the training sessions. After every
generalization test, mice resumed training and were required to meet discrimination criteria
during at least 3 consecutive training sessions before another discrimination test session was
conducted. For the dose substitution curves, mice were tested twice at each dose, on an
escalating pattern of dosing, and the average used for data analysis, except there was only
one test for the MPH doses greater than the training dose. Finally, mice were removed from
the analysis if they did not make ≥80% of responses prior to the first reinforcement on the
injection appropriate lever (i.e., FFR ≥80%) and greater than 85% of total responses on the
appropriate lever in at least 5 of 7 test sessions with either the training dose or saline.

Drugs—Methylphenidate • HCl (dl- and d-; Sigma-Aldrich, Inc) was dissolved in 0.9%
saline and administered i.p.at a volume of 0.01ml/g body weight.

Data Analysis—The primary dependent variables for these experiments were the FFR and
the response ratios on the appropriate lever. Other dependent variables included the number
of sessions to meet discrimination criteria and ED50 values. Comparison of group means
was made by using Student’s T-Test and between group comparisons with multiple groups
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was made using Analysis of Variance (ANOVA), with repeated measures, as appropriate.
Finally, GraphPad Prism®Version 4 (GraphPad Software, Inc) was used for non-linear curve
fitting to calculate ED50 values for individual mice as well as for the groups. For all
analyses, significance levels were set at p< 0.05.

Results
MPH Discrimination Training

We found that mice readily acquired discrimination of 5 mg/kg dl-MPH (12 of 14) and 2.5
mg/kg d-MPH (13 of 16), with mice meeting criteria to begin testing in an average of 16.2 ±
3.2 and 17.3 ± 2.8 sessions, respectively. The number of training sessions required to reach
the discrimination criteria did not differ for d- vs. dl-MPH (t = 0.9, NS). To confirm that
mice had learned the discrimination task, we conducted a total of 7 (4 drug, 3 saline)
discrimination tests throughout the course of the experiment, with either the training
compound or saline. Mice were included in all subsequent analysis if they met
discrimination criteria on at least 5 out of 7 tests. This left n = 6 in the dl-MPH group and n
= 6 in the d-MPH group for MPH dose substitution testing. These final groups of mice met
criteria to begin the testing phase of the study within 15.8 ± 1.9 sessions for the dl-MPH
group and 17.8 ± 0.6 sessions for the d-MPH group (t = 1.2, NS).

MPH Dose Response Testing
The results of the MPH dose-response study are summarized in Figure 1 and the response
ratios on the injection appropriate lever are shown in Figure 1A. As expected, mice readily
discriminated their training dose of MPH (dl- or d-) and saline on test sessions. Additionally,
the percentage of responses on the MPH-paired lever declined with lower doses for each
form. For doses greater than the training dose, there were slight differences between the d-
and dl-forms. In the d-MPH trained group, a higher dose of d-MPH (3.75 mg/kg)
generalized completely. For the dl-MPH group, the highest dl-MPH dose tested (8.75 mg/
kg) produced a slight decrease in correct responding that fell short of criterion performance
levels (74%) for the group. This was due primarily to 2 of the 6 mice having quite low (0%
and 58%) total responses on the drug-paired lever versus >90% responding for the other 4
mice. Further, the dose-response functions were parallel as can be seen by the average non-
linear curve fit estimates that are superimposed on the data in Figure 1A. As expected based
on the use of lower doses, the dose-response curve for the d-MPH trained mice was shifted
to the left relative to the dl-MPH trained mice. The mean ED50 values were 3.2 ± 0.3 and 1.5
± 0.09 mg/kg for the dl- and d-MPH trained groups, respectively (t = 5.1, p < 0.001),
supporting the idea of a leftward shift in the dose-response data for the d-MPH trained mice
compared to the dl-MPH mice.

Finally, as shown in Figure 1B, response rates during testing generally declined with
increasing dose, albeit there was an increase in both groups on tests with the training dose,
producing response levels similar to those observed during testing with saline. The decline
in response rates is not an uncommon finding in discrimination studies with psychoactive
drugs (Middaugh et al., 1988). A repeated measures, 2-way ANOVA on the response rates
from this experiment found only a significant main effect of Dose [F (5,50) = 21, p<0.001]
consistent with the systematic decrease in responses, but neither the main effect of Group [F
(1, 10) <3] nor the Group × Dose interaction [F (5,50)<1] were significant. Overall, the data
shown in Figure 1 indicate that mice can readily discriminatedl-MPH and d-MPH from
saline, in a dose-dependent manner, when the training doses are in a range associated with
significant increases in locomotor activity (Williard et al., 2007).
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Cross Substitution of dl- and d-MPH
Visual inspection of Figure 1A indicates that equivalent mg d-MPH doses of dl-MPH and d-
MPH (e.g. 2.5 and 1.25 mg/kg, respectively, based on d-isomer content) produce similar
response ratios, suggesting that the discriminative cue of the racemic mixture and the pure d-
isomer are similar. The similarities are further supported by the parallel dose-response
functions and the ED50 values of d-MPH being almost exactly one-half that of dl-MPH. We
tested this hypothesis directly by administering an equivalent dose of d-MPH (i.e. 2.5 mg/
kg) to mice trained to discriminate 5 mg/kg dl-MPH and likewise for mice trained to
discriminate 2.5 mg/kg d-MPH (i.e., 5 mg/kg dl- MPH). We also administered one lower
equivalent d-MPH dose of each compound in the respective groups. As can be seen in
Figure 2, equivalent mg doses of the d-isomer produced nearly identical discrimination
dose-effect curves, an observation supported by a repeated measures ANOVA that found
only a significant effect of Dose [F (2,20) = 37, p<0.001] and no significant effects of Group
or Group × Dose (both F<1). Interestingly, the lower equivalent doses of the d-isomer nearly
reached criterion level responding (~75%) in both groups and this level of responding is
higher than expected based on the doses given (note response levels in Figure 1A). Response
rates in the cross-substitution experiment for the mice trained to discriminate d-MPH from
saline were 43.6 ± 9.6 and 35.5 ± 14.2 when tested with 5 mg/kg dl-MPH and 2.5 mg/kg dl-
MPH, respectively. For the mice trained to discriminate racemic MPH from saline, the
response rates were 21.2 ± 5.1 and 35.1 ± 13.2 when tested with 2.5 mg/kg dl-MPH and 1.25
mg/kg dl-MPH, respectively. Therefore, the response rates were variable during cross-
substitution testing, but generally were lower compared to tests with the training drug
(compare to Figure 1B). The cross-substitution response rates and the relevant response rates
from Figure 1B were analyzed using a 3-way, repeated-measures ANOVA, with Test
Session (original test vs substituted test) as the within-subjects repeated measure and Dose
(training dose vs. lower dose) and Group (d-isomer vs. racemic) as the between groups
factors. The only significant finding was a main effect of Test Session [F (1,20) = 17,
p<0.001], confirming that response rates during the cross-substitution test were lower than
response rates during previous tests with the training drug. The 3-way factor interaction and
2-way factor interactions were not significant [all F<3.21, and all p>0.088]. Overall, these
data are consistent with previous work indicating that the l-isomer is behaviorally inactive,
because of the complete substitution using the appropriate concentrations of d-isomer in dl-
MPH and d-MPH trained mice.

Discrimination training with low MPH Doses
In our second experiment, we tested whether low doses of racemic MPH (1.0 and 2.0 mg/
kg) would produce discriminative cues that could effectively support acquisition of drug
discrimination. The results of this study are summarized in Figure 3. In this study, naive
mice (n=24) began training in our paradigm to discriminate 1 mg/kg dl-MPH from vehicle
(0.9% saline) and, after consistently failing to meet criteria for advancing to the Testing
phase, were systematically advanced to two higher doses until there was evidence of
discrimination. As can be seen in Figure 3A, the total responding for sucrose reinforcement
was quite high, averaging between 450 and 500 responses across the entire experiment,
suggesting the mice were motivated to press for the sucrose reinforcement. Furthermore,
total responding was similar during the last eight days the mice were maintained on each of
the three MPH doses, again supporting the absence of a drug effect on a behavioral response
(mean responses across the eight day period for each dose (F (2, 69) = 0.6, NS). However, as
shown in Figure 3B, the First Fixed Ratio (FFR), our primary measure of MPH
discrimination during training, indicated that after 37 sessions of training with the 1.0 mg/kg
against saline, the mice were responding slightly below chance, 43 ± 1.6%, on the correct
lever. At this point, the MPH dose was doubled to 2.0 mg/kg and training continued as
before. After 20 sessions of training with the 2.0 mg/kg dose against saline, FFR
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performance increased slightly to 54 ± 2.3% during the last 8 sessions, still far below the
desired performance level. Further, the overall response ratio (% of responses on the drug-
paired lever) on the correct lever during the last 8 sessions of either 1.0 or 2.0 mg/kg MPH
doses indicated failure to meet the performance standards on this measure also (data not
shown). The last 8 sessions of training with the 1.0 and 2.0 mg/kg MPH doses resulted in
mean overall correct response ratios of 70 ± 0.8% and 78 ± 0.6%, respectively, when
averaged across drug and saline levers. Collectively, the FFR and overall response ratio data
suggest that the 1.0 and 2.0 mg/kg doses of MPH did not provide an adequate discriminative
cue to support discrimination against saline.

Training of the same mice was continued with a 4.0 mg/kg MPH dose. After 25 sessions of
training with this dose, there was clear evidence of MPH discrimination. The average FFR
across the last 8 sessions increased to 83 ± 1.6% (Figure 3B) indicating that B6 mice could
indeed discriminate the 4.0 mg/kg MPH, a dose slightly less than that used in the above
experiment. This observation was supported by a significant, repeated measures one-way
ANOVA on the FFR data from the last 8 days of all three doses (F (2,69) = 117, p<0.001),
indicating that performance increased with increasing dose. Similarly, the overall correct
lever response ratio averaged 90 ± 0.4% across the last 8 sessions of training with 4mg/kg
against saline, and a one-way ANOVA on these data over the 3 doses was also significant (F
(2,69) = 74, p<0.001). Collectively, these data indicate that dl-MPH doses near 4.0 mg/kg
are required for B6 mice to acquire drug discrimination.

Discussion
Consistent with earlier reports in rats (Overton and Shen, 1988; Perkins et al., 1991), mice
reliably discriminated the cues of MPH from saline. Additionally, when low doses (1.0 or
2.0 mg/kg) were substituted for a 5.0 mg/kg training dose of MPH, total responses on the
drug-paired lever, although greater than for saline, were less than 50%. Furthermore, the
presence of the l-isomer in the racemic mixture of MPH did not contribute to the
discriminative stimulus properties of dl-MPH as evidenced by complete cross substitution
between the pure d-isomer and twice the mg/kg dose of the racemic mixture in mice trained
to discriminate dl-MPH and d-MPH, respectively. This finding is consistent with the
generally reported lack of pharmacological activity of the l-isomer (Patrick et al., 1987;
Markowitz et al., 2006). The study also indicates that for B6 mice, doses of MPH (<2 mg/
kg), although perhaps being detected, as noted by intermediate response levels on the drug-
paired lever in our first experiment, did not support acquisition of the discrimination task,
even with extensive training. Although evidence from other studies indicates
pharmacological activity for these low MPH doses (Kuczenski and Segal, 1997, 2001;
Berridge et al., 2006), they did not produce cues sufficient to allow B6 mice to acquire the
ability to discriminate MPH from saline. Thus, the current experiments indicate that B6 mice
can discriminate MPH at doses known to increase locomotor activity, 2.5 to 5mg/kg, but not
at lower doses, and that the presence of the l-isomer does not influence the discriminability
of MPH.

Both in vivo and in vitro studies indicate that the l-isomer component of racemic MPH is
inactive (Patrick et al., 1987; Williard et al., 2007; Markowitz and Patrick, 2008) and the
present results support this position for MPH discrimination. First, the dose-response
function for the mice trained to discriminate d-MPH was simply shifted to the left in
parallel, with an ED50 approximately half that of dl-MPH trained mice when given d-MPH
doses. Further, the inactivity of the l-isomer was evidenced in the cross-substitution tests, in
which MPH discrimination was similar when mice were given either the d-isomer or the
racemate dosed at equivalent amounts of the d-isomer. Since the racemic mixture of MPH
contains 50% each of d-MPH and l-MPH, titrating MPH doses based on the active d-isomer
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component was expected to produce substitution, given the anticipated pharmacological
inactivity of the l-isomer. Consistent with this hypothesis, we found that doses of d-MPH
substituted completely in mice trained to discriminate twice the dose of dl-MPH. Likewise,
there was a complete substitution using equivalent dl-MPH (based on the d-isomer) in mice
trained to discriminate d-MPH from saline. Thus, consistent with many previous studies
indicating inactivity of the l-isomer, our experiments indicate that the l-isomer has no role in
the discriminative stimulus cues that support MPH discrimination. This outcome contrasts,
however, with some limited lines of evidence that l-MPH influences the pharmacology of d-
MPH [for review, (Heal and Pierce, 2006; Patrick et al., 2009)]. Further, additional studies
indicate that the l-isomer interferes with the metabolism of the d-isomer, but only when co-
administered with ethanol (Patrick et al., 2007; Zhu et al., 2008). Although we did not test
the l-isomer directly in mice trained to discriminate dl-MPH, it is highly unlikely the l-
isomer could support discrimination because a large number of in vitro and in vivo studies
indicate it is simply a passive component of the racemate [for review, (Markowitz and
Patrick, 2008)].

As an additional observation, during the cross-substitution experiment we found that
accuracy of MPH discrimination for the low, equimolar d-MPH doses approached that of the
training doses (Figure 2). However, this was not observed when the mice were tested, to
establish the dose-response curve, using the drug they were trained to discriminate (Figure
1). The reason for this unexpected increase in response accuracy during cross-substitution
testing is not clear. It is possible that these two observations simply reflect of the amount of
variance normally seen at borderline discriminative doses under our experimental
conditions. This explanation, while plausible, is complicated by the fact that these two
observations (Figure 1 and Figure 2) are not independent, but rather were made sequentially
within the same group of mice. An alternative explanation could relate to the development
of a sensitized locomotor response, specifically to the d-isomer of MPH, as has been
previously described for MPH (Gaytan et al., 1997;McDougall et al., 1999;Valvassori et al.,
2007). However, this appears unlikely because the overall response rate of these mice during
the cross-substitution tests was actually reduced compared to response rates at equimolar
doses in previous test sessions with the training drug. Finally, the increased response
accuracy during cross-substitution testing could simply reflect improvement in testing
performance over time, as the mice of both groups gained experience with the discriminative
stimulus of the active isomer, d-MPH. Interestingly, the improved performance could be
supported, at least in part, by the development of a sensitized response to the discriminative
stimulus of d-MPH. This interpretation is consistent with a recent report demonstrating that
pre-exposure to 2 mg/kg methamphetamine in comparison to saline, prior to discrimination
training for 1 mg/kg methamphetamine produced a long-lasting, left-ward shift in the
discriminative stimulus dose-response function (Suzuki et al., 2004). Note that a sensitized
response, in the context of discriminative stimuli, can be detected only with drug doses
lower than that used for training, since higher doses typically yield response ratios at or
greater than established discrimination criteria. Thus, it is possible that sensitization to the
discriminative stimulus effects of d-MPH could have occurred in the B6 mice and
contributed to greater responding on the drug-paired lever when tested with low, equimolar
d-MPH doses during cross-substitution testing. This intriguing possibility requires
systematic experimentation to confirm, but suggests that the discriminative stimuli of d-
MPH may be susceptible to sensitization processes.

The B6 mice in our second experiment did not acquire discrimination of MPH doses less
than 4 mg/kg, even with extensive training. This was in spite of reports that lower doses
impact behavior and elevate extracellular levels of neurotransmitters. For example, it was
recently reported that MPH doses of 0.5 to 1.0 mg/kg, administered i.p. to rats, improved
cognitive task performance, and elevated extracellular dopamine and norepinephrine by
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several-fold in the nucleus accumbens, prefrontal cortex and medial septal brain regions
(Berridge et al., 2006). Although species difference might account for this difference, we
recently reported that a 1.25 mg/kg dl-MPH dose enhanced EtOH-stimulated locomotor
activity, although not when administered alone (Griffin et al., 2010). Therefore, doses of
MPH less than 2.0 mg/kg, although behaviorally and neurochemically active in rats, and
likely in B6 mice as evidenced by a reduction in EtOH consumption and an enhancement of
ethanol stimulation (Griffin et al., 2010), did not produce cues sufficient for acquisition of
the discrimination task by B6 mice. However, increasing the MPH dose into a range that
produces greater stimulation of locomotor activity in B6 mice (e.g. 5 mg/kg) did result in a
discriminable MPH cue, which is consistent with reports of MPH discrimination by rats
(Overton and Shen, 1988; Perkins et al., 1991). Accordingly, the threshold dose of dl-MPH
B6 mice required to support acquisition of discriminating its stimulus cues exceeds 2 mg/kg
in this particular discrimination task.

The neurobiological mechanisms generating the discriminative stimulus cue of MPH in all
likelihood is based on the activity of the MPH d-isomer on the inhibition of dopamine (DA)
and norepinephrine (NE) transporters (Williard et al., 2007; Desai et al., 2010). The effects
of MPH on these neurotransmitter systems in vivo appear to differ according to brain region
as well as dose. For example, i.p. injections of low MPH doses produce larger increases in
NE and DA in the prefrontal cortex than the nucleus accumbens (Berridge et al., 2006).
Similarly, low MPH doses given orally were reported to increase NE in the hippocampus,
while no increase in DA in the nucleus accumbens was observed (Kuczenski and Segal,
2001). Although the brain region supporting MPH discrimination is unknown, evidence
from two microinjection studies indicate that the nucleus accumbens mediates cocaine
discrimination (Wood and Emmett-Oglesby, 1989) and, further, that dopaminergic
neurotransmission in the nucleus accumbens is critical for cocaine discrimination (Callahan
et al., 1994). In B6 mice, the selective dopamine transporter inhibitor nomifensine (but not
the selective norepinephrine transporter inhibitor nisoxetine) generalizes to the
discriminative cues produced by cocaine (Middaugh et al., 1998), underscoring the
importance of the dopaminergic system in the discriminative stimulus of cocaine. Given the
pharmacological similarities between MPH and cocaine (Williard et al., 2007), it is likely
that MPH discrimination is supported, at least in part, by dopaminergic neurotransmission in
the nucleus accumbens. Thus, it is possible that the low MPH doses (<2 mg/kg) used in our
studies simply did not engage the dopaminergic system to the extent required to generate an
effective discriminative stimulus which resulted in poor discrimination of MPH versus
saline. It is noted that the doses required for effectively acquiring MPH discrimination in
these experiments are also those doses required to stimulate locomotor activity in B6 mice,
which is also influenced by dopaminergic neurotransmission (Halberda et al., 1997). In
previous studies, significant increases in locomotor activity were observed at 5 and 2.5 mg/
kg for the dl- and d-forms, respectively, but not lower doses (Williard et al., 2007; Griffin et
al., 2010). Thus, the MPH discrimination and MPH locomotor activation paradigms appear
to be based on a common neurobiological substrate that may not be relevant at lower MPH
doses, possibly explaining the requirement for higher MPH doses to evoke behavioral
activity.

In summary, the current study revealed that the dose of MPH required for B6 mice to learn
to discriminate cues was above 2.0 mg/kg and approximates the dose required to stimulate
motor activity of this mouse strain. Additionally, our data indicate that the dl- and d-forms
of MPH can be directly substituted, i.e., when used in equivalent doses of d-MPH, in mice
trained to discriminate the other isomeric form. This finding supports numerous reports
indicating that the l-isomer is behaviorally inactive. There are at least two implications of
our findings for translational lines of research. First, if our animal model of MPH behavioral
effects holds for humans, MPH abusers may ingest supra-therapeutic MPH doses in pursuit
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of euphoria; a scenario which predisposes the individual to adverse events. Second,
emerging evidence indicates that low doses of MPH can potentiate the response to other
psychoactive compounds. For example, in humans a typical therapeutic dose of MPH
interacts with ethanol to potentiate pleasurable subjective effects (Patrick et al., 2007).
Similarly, animal models have demonstrated that low doses of MPH interact with ethanol
(Griffin et al., 2010) and nicotine (Wooters et al., 2008) to increase behavioral responses
greater than that of either drug alone. Thus, the abuse liability of a low MPH dose may be
accentuated by concomitant psychotropic substance(s).
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Figure 1.
Discrimination testing in mice trained to discriminate 5 mg/kg dl-MPH (n = 7) or 2.5 mg/kg
d-MPH (n = 6). A) The dose substitution curves of dl-MPH and d-MPH are parallel and the
d-MPH curve is shifted to the left, consistent with the use of lower, albeit equimolar, doses
compared to the dl-MPH curve. The ED50 values are 3.2 ± 0.3 and 1.5 ± 0.09 mg/kg for the
dose response functions of dl-MPH and d-MPH, respectively. B) Response rates for both
compounds declined slightly with increasing dose. However, responses were higher when
mice were tested on their training dose for both compounds, indicated by arrows (▲) Values
are means ± S.E.M.
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Figure 2.
Cross substitution of dl-MPH and d-MPH in mice trained to discriminate 5 mg/kg dl-MPH
(n = 7) or 2.5 mg/kg d-MPH (n = 6).. The same mice shown in Figure 2 were used to test
whether dl-MPH and d-MPH would substitute in mice trained to discriminate the other
form. Essentially, the data show that equivalent doses of either compound (based on the d-
isomer) directly substitute for the other compound as anticipated. The data indicate that the
presence of the l-isomer does not appear to contribute to the discriminative cue of dl-MPH.
Values are means ± S.E.M.

McGovern et al. Page 15

Behav Pharmacol. Author manuscript; available in PMC 2012 February 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3.
Training in the discrimination task with 1, 2 or 4 mg/kg dl-MPH (n = 24). Mice began
training with 1 mg/kg, progressed to 2 mg/kg, and then finally were trained using 4 mg/kg.
A) Total responses during the last 8 sessions on each dose on the appropriate lever (MPH or
Saline) were similar across the entire experiment, regardless of dose. B) First Fixed Ratio
(FFR) responses during the same sessions noted in panel A. Performance on the FFR for
MPH or saline improved as the dose increased.. Thus, performance improved with
increasing dose and mice reached criterion level responding (>80%) when the dose reached
4 mg/kg. In Panels A & B, the dotted lines indicate the mean responding for MPH and saline
at each dose. Values are means ± S.E.M.
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