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The concomitant use of alcohol (EtOH) and the psychotherapeutic agent dl-methylphenidate (MPH) has
risen as a consequence of an increase in ADHD diagnoses within the drinking age population. It was recently
found that the combination of MPH and EtOH increases the self-report of pleasurable feelings relative to
MPH alone. This finding raises concerns regarding the combined abuse liability for these two widely used
drugs. The present behavioral study reports on the development of an adult male C57BL/6] (B6) mouse
model to further characterize this MPH-EtOH interaction. We examined the effects of MPH on EtOH

ﬁgt‘zf;g;enidate consumption in a limited access paradigm and EtOH stimulation of locomotor activity. B6 mice consumed
Alcohol about 2 g/kg EtOH daily and MPH dose-dependently reduced drinking. The most effective dose of MPH was
Stimulation 1.25 mg/kg, which produced a 41% decrease in drinking and had no effect on locomotor activity. However,
Drinking when the 1.25 mg/kg dose of MPH was combined with a stimulatory dose of ethanol (1.75 g/kg) by
Mouse intraperitoneal injection, there was a significantly enhanced stimulation of locomotor activity. The drug

combination increased activity compared to the vehicle or MPH injections by 45% and increased the activity
relative to EtOH alone by an additional 25%. The results of the EtOH and MPH interactions observed with the
mouse model appear to be behaviorally relevant and suggest several converging mechanisms that may

underlie MPH-EtOH interactions.

© 2010 Elsevier Inc. All rights reserved.

1. Introduction

Alcohol drinking frequently occurs in combination with the
administration of other drugs (McCabe et al., 2006), including the
psychostimulant methylphenidate (MPH). Although use of this specific
combination of psychoactive drugs has been reported in the context of
abuse or misuse (Barrett and Pihl, 2002), concomitant use of MPH and
alcohol (ethanol, EtOH) also occurs when MPH is used therapeutically in
adults who consume EtOH. In fact, the use of MPH in patients of legal
drinking age has substantially risen as a consequence of the increasing
recognition that Attention-Deficient/Hyperactivity Disorder (ADHD)
commonly persists into adulthood (Biederman and Faraone, 2005;
Biederman and Spencer, 2002). Additionally, particular health concerns
arise with the frequent experimentation or co-abuse of illicit MPH with
EtOH in high school students and college undergraduates (Godfrey,
2009; Johnston et al., 2008; Mallonee and Calvin, 2005; McCabe et al.,
2004; Teter et al., 2006), as well as in individuals across the lifespan
(Hasin et al., 2007). Approximately one third of prescribed ADHD
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medications are to individuals at least 20 years of age, with the most
common medication being racemic (ie., dl-) MPH (Okie, 2006). In
addition, MPH abuse appears to be in part driven by the “widespread”
belief that ADHD stimulant medications permit the consumption of
more EtOH, thus facilitating late-night partying [see (Godfrey, 2009)].

Although the interactive effects of MPH and EtOH on behavior are
largely unexplored, emerging findings indicate that they deserve further
attention. Previous work established that a MPH and EtOH combination
interacted to increase self-report of pleasurable feelings in normal
subject volunteers when compared to MPH administered alone (Patrick
etal., 2007). Although the study by Patrick et al. (2007) did not examine
the effects of EtOH alone, numerous human studies support the position
that EtOH by itself produces pleasurable effects [e.g. (Gilman et al., 2008;
King et al., 2002; Thomas et al., 2004)]. Therefore, the findings regarding
the enhanced pleasurable feelings of the MPH-EtOH combination carry
implications for abuse liability.

The mechanism for these interactive effects is likely multi-faceted
in nature. On the one hand, the altered subjective effects of this drug
combination may be mediated through converging mechanisms of
action of EtOH and MPH on multiple neurotransmitters in the central
nervous system, including the dopaminergic (Pierce and Kumaresan,
2006) and noradrenergic (Markowitz and Patrick, 2008) systems.
Additionally, it is known that the combination of MPH and EtOH leads


mailto:griffinw@musc.edu
http://dx.doi.org/10.1016/j.pbb.2010.01.009
http://www.sciencedirect.com/science/journal/00913057

268 W.C. Griffin Ill et al. / Pharmacology, Biochemistry and Behavior 95 (2010) 267-272

to the production of a transesterification metabolite, ethylphenidate,
in humans (Markowitz et al., 2000; Patrick et al., 2007), with the
preponderance being the pharmacologically inactive l-isomer (Patrick
et al.,, 2007; Patrick et al.,, 2005; Williard et al,, 2007). In contrast, the
pharmacologically active d-isomer of ethylphenidate, although only
detected in the picogram/ml range in humans given a standard EtOH
drink and a therapeutically relevant MPH dose (Patrick et al., 2007), may
be more important in overdose situations when higher levels of both
drugs are present (Markowitz et al, 1999). Importantly, it was
determined that levels of the active d-isomer of MPH were significantly
elevated in human subjects when dI-MPH was combined with EtOH
(Patrick et al., 2007). Thus, the mechanisms underlying the increase in
pleasurable feelings reported following the drug combination are likely to
be complex, involving neurobiological and pharmacokinetic interactions.

Given such complexity, preclinical models become complementary to
human studies allowing more systematic and experimentally controlled
examination of these interactions. In this regard, C57BL/6] (B6) mice
exhibit dose-dependent increases in motor activity when challenged
with MPH (Williard et al., 2007) as previously shown for rats (Patrick
et al., 1987). B6 mice also biotransform MPH into ethylphenidate upon
concomitant administration of MPH and EtOH (Williard et al,, 2007).
Further, B6 mice avidly self-administer EtOH under free access (Belknap
et al, 1993; Middaugh et al,, 1999) and limited access (Griffin et al.,
2009a,b, 2007) conditions. In addition to the increase in activity noted for
MPH (Williard et al., 2007), B6 mice also demonstrate an increase in
activity when challenged with low doses of EtOH (Middaugh et al., 1992;
Phillips and Shen, 1996 ), which may in part model the stimulant effects of
EtOH in humans (Davidson et al., 2002; Martin et al., 1993; Thomas et al.,
2004). Accordingly, this particular mouse strain appears to provide an
appropriate model system for investigating MPH and EtOH interactions.

The present study examined the effect of MPH on motor stimulation
produced by low EtOH doses and on voluntary EtOH consumption.
Taken together, these two well-characterized behaviors in B6 mice
provide a behavioral probe for evaluating potential interactive effects of
MPH and EtOH. We hypothesized MPH would enhance the effects of
EtOH as reflected in enhanced stimulation of motor activity produced by
low doses of ethanol and enhanced reward value of ethanol as reflected
in reduced EtOH consumption in a free access paradigm.

2. Methods
2.1. Subjects

Male C57BL/6] mice (8 weeks of age) were obtained from Jackson
Laboratories (Bar Harbor, ME). Mice were individually housed in
polycarbonate cages (in cm: 17.1 wx 28.3 [ x 12.4 d) with wood shavings
and stainless steel wire lids, and maintained in a temperature- and
humidity-controlled AAALAC accredited animal facility under a 12 hour
light cycle (lights off 0700 h). Mice had free access to food and water at
all times during experimental procedures. All experimental protocols
were approved by the Institutional Animal Care and Use Committee at
the Medical University of South Carolina and were consistent with the
guidelines of the NIH Guide for the Care and Use of Laboratory Animals
(NIH Publication No. 80-23, revised 1996). Mice were acclimated to the
vivarium for a minimum of one week prior to the start of the
experiments. Separate groups of mice were used to examine the effects
of MPH on EtOH consumption (Experiment 1, n=15) and to examine
the effects of MPH on EtOH stimulation (Experiment 2, n=24).

2.2. Limited access to EtOH

Mice were given limited access to ethanol in the home cage five days
per week, Monday through Friday, similar to methods previously
described (Griffin et al., 2007, 2009a,b) although access to EtOH was
given later in the dark cycle than the previous studies. It should also be
noted that sucrose or saccharin fading procedures were not used. At

1300 h, water bottles were removed from the home cage and replaced
with 15 ml graduated bottles, one containing EtOH (15% v/v) and the
other tap water. Following the 2 hour access period, the graduated
bottles were removed from the home cage and replaced with water
bottles. The volume consumed over the 2 hour period was recorded and
converted to g/kg amounts based on a weekly body weight measure-
ment of the mouse. Spillage and evaporation were accounted for in the
calculations by subtracting fluid loss measured from bottles placed on
empty cages. The position of the water and EtOH bottles was alternated
daily to avoid potential side preferences exhibited by the mice.

2.3. Locomotor activity monitoring

Locomotor activity was assessed with a Digiscan Animal Activity
Monitor system, model RXYZCM(8) TAO with a two-animal option
(Accuscan Instruments, Columbus, OH). Each activity chamber contained
2 arrays of 16 photobeams spaced 5 cm apart, one array was located
1.5 cm above floor level to capture horizontal activity and the other was
located 6.5 cm above the floor to capture vertical activity (i.e. rearing
behavior) of the mice. The Versamax Analyser (Version 4.00-1375E)
recorded the interruption of each beam during testing. Each activity
chamber was partitioned into 20 x 20 cm quadrants with acrylic dividers
to allow two mice to be tested together; however, in these studies only a
single mouse was tested within an activity chamber at one time. Each of
the activity chambers were enclosed in 90 x 54 x 35 cm sound-attenuated
boxes.

2.4. Drug administration

d,l-MPH°HCl was purchased from Sigma, Inc.,, d,I-ethylphenidatesHCl
was synthesized in-house (Patrick et al., 2005) and EtOH was purchased
from Pharmaco-Aaper, Inc. MPH and ethylphenidate doses are
expressed as their hydrochloride salts and administered by intraperi-
toneal (ip) injection using 0.9% saline as the vehicle. For the EtOH
consumption experiment, the injection volume was 0.01 ml/kg. For the
EtOH stimulation experiment, EtOH and MPH were injected simulta-
neously (ip.) using a volume of 0.02 ml/kg. EtOH (95%) was diluted with
0.9% saline prior to injection to a concentration of 12.17% (v/v).

2.5. Experiment 1: effects of MPH on EtOH consumption

This experiment evaluated the effects of MPH on EtOH consumption
while mice were maintained on the limited access paradigm. In order
to habituate the mice to the injection procedure, saline injections
[0.01 ml/kg] began several days prior to the introduction of limited
access drinking and continued prior to each drinking session throughout
the remainder of the study. The injections were given 15min prior to
EtOH access which was based on ongoing MPH discrimination studies
indicating this pretreatment time supports the interoceptive cue of MPH
(Griffin and Patrick, unpublished). The experiment began after 8 weeks
of limited access sessions and MPH was administered each Wednesday,
according to a Latin-square design such that each mouse experienced all
MPH doses and vehicle (Bradley, 1958).

After the MPH portion of the experiment, mice continued drinking on
the same schedule but received only vehicle injections Monday through
Friday for 1 week. Following this washout period, mice were randomly
assigned to be challenged with a single dose of 2.5 mg/kg ethylphenidate
or vehicle each Wednesday for 2 weeks, using a procedure similar to that
described above for MPH. This dose of ethylphenidate was chosen based
on previous work indicating that it did not increase locomotor activity in
C57BL/6] mice (Williard et al., 2007).

2.6. Experiment 2: effects of MPH on EtOH stimulation

This experiment evaluated the effects of MPH, EtOH and their
combination on locomotor activity. In order to approximate the
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conditions of the first experiment in which mice were drinking
ethanol in the 2 hour limited access paradigm, mice in Experiment 2
were also given access to ethanol in the limited access paradigm for
3 weeks and experienced daily saline injections for habituation to the
injection procedure. It should be noted that the stimulatory effects of
EtOH in B6 mice have been observed whether mice are maintained
with access to ethanol for consumption or not (Middaugh et al., 1987,
1989, 1992). After this period of EtOH drinking, on Monday and
Thursday of each week, mice were exposed to the locomotor activity
chambers for 20 minute sessions, but were not given access to ethanol
for drinking. The mice resumed drinking on Tuesday, Wednesday and
Friday in the limited access paradigm as usual. The testing design was
modeled after a previous study (Middaugh et al., 1992), although food
restriction was not used in the present study.

Locomotor activity was assessed in the mice under 4 conditions
according to a Latin-square design. The 4 conditions were: 1) Vehicle, 2)
1.25 mg/kg MPH, 3)1.75 g/kg EtOH and 4) 1.25 mg/kg MPH + 1.75 g/kg
EtOH. Each condition was represented during each activity session
except the first session in which all mice received vehicle injections in
order to habituate them to the testing equipment. Injections were given
5 min prior to being placed into the chamber because this pretreatment
interval consistently produces an increase in locomotor activity in
C57BL/6] mice (Middaugh et al, 1987, 1989, 1992). The activity
assessments occurred at the time when mice would have been given
EtOH to drink in the limited access paradigm. The dose of MPH
(1.25 mg/kg) for this study was chosen based on results from the first
study showing it substantially reduced EtOH consumption and was not
expected to increase locomotor activity based on our previous work
(Williard et al., 2007). The EtOH dose (1.75 g/kg) was chosen based on
previous studies indicating it increases locomotion (Jerlhag, 2008;
Middaugh et al, 1987, 1992) and supports expression of place
preference (Middaugh and Bandy, 2000; Nocjar et al, 1999) in B6
mice, consistent with the stimulant and pleasurable effects of low
ethanol doses in humans (Gilman et al., 2008; King et al., 2002; Martin
et al., 1993; Thomas et al., 2004).

2.7. Data analysis

The primary data for the EtOH consumption study was g/kg and data
from the active drug day (Wednesday) were analyzed by one-way
Repeated measures Analysis of Variance (ANOVA) using Dose as a
grouping factor. For the EtOH stimulation study, horizontal and vertical
activity measures were analyzed using two-way ANOVA with Group as a
between-subjects factor and Time Bin as a repeated measure. Body-
weights from both studies were analyzed using one-way ANOVA using
experimental day as a grouping factor. In both experiments, post-hoc
comparisons of significant main effects or factor interactions were made
using pairwise comparisons with Bonferroni's correction, when appro-
priate. For all analyses, significance levels were set at p<0.05.

3. Results
3.1. Experiment 1: effects of MPH on EtOH consumption

Before beginning the experiment, mice were trained to drinking
ethanol in the limited access paradigm and habituated to the injection
procedure. As can be seen in the inset of Fig. 1, ethanol intake during
the last week of baseline drinking was quite consistent across days
and averaged 2.040.14 g/kg for the 5days of access. Two mice
showed a steady decline in drinking over 2-3 weeks after completing
baseline to daily ethanol intake consistently below 1.5 g/kg and were
excluded, leaving n =13 for all analyses.

The results of Study 1 are summarized in Fig. 1. The data show that
MPH, given each Wednesday, dose-dependently reduced EtOH intake
(g/kg) during the limited access procedure. This observation was
supported by a one-way (5 Doses) repeated measures ANOVA which
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Fig. 1. Methylphenidate (MPH) dose-dependently reduced ethanol (EtOH) consump-
tion in EtOH-preferring C57BL/6] mice (n=13) in a 2 hour, 2 bottle-choice limited
access procedure. The inset of the figure shows the last week of baseline drinking before
the experiment began. Average drinking during this week was 2.04-0.14 g/kg and is
indicated by the dashed line in the main figure. MPH significantly reduced ethanol
drinking at the 3 highest doses (*p<0.05) and there was a trend for a reduction in
drinking the day after MPH challenge. Values are means + S.E.M.

indicated a significant effect of MPH dose on EtOH consumption on
Wednesdays (F(4,48)=3.6, p=0.012). Post-hoc analysis indicated
that consumption, relative to the vehicle injection, was significantly
reduced at the four highest doses (all ps<0.05) but not at the lowest
dose tested (0.625 mg/kg; p=0.06). Additionally, visual inspection of
the data in Fig. 1 suggests that EtOH consumption appeared to be
suppressed on Thursdays, particularly after the 1.25 mg/kg dose was
administered. However, one-way repeated measures analysis on
these data did not substantiate this effect (F(5,60) =1.24, p=0.302)
of MPH on EtOH drinking on the day after active drug administration.
The lowest effective dose of MPH (1.25 mg/kg) which tended to have
the greatest effect on drinking (41% reduction) was not expected to be
behaviorally active based on previous locomotor activity studies
(Williard et al., 2007).

Following the washout period (see methods), the effect of a single
ethylphenidate dose (2.5 mg/kg) was evaluated similarly to MPH using
the Latin-square design. After ethylphenidate was administered, mice
consumed 1.9 £ 0.2 g/kg EtOH compared with 2.2 4-0.2 g/kg EtOH after
vehicle injection. Although there appeared to be a trend for ethylphe-
nidate to reduce drinking, this was not statistically significant (¢-test:
t=0.995, df=26, p=0.329). Thus, we found that 2.5 mg/kg ethylphe-
nidate did not affect drinking under these conditions. Further doses were
not tested in this experiment due to limited availability of ethylphenidate.

Consistent with a previous report (Griffin et al., 2009b), mice directed
nearly all of their consummatory behavior to the ethanol bottle because
water intake during the 2 hour period was quite low (generally <0.2 ml).
Thus, the effects of MPH or ethylphenidate on water intake were not
evaluated.

3.2. Experiment 2: effects of MPH on EtOH stimulation

Prior to locomotor activity testing, mice consumed an average of
1.94+0.1 g/kg EtOH during the limited access procedure for the last
5 days of the baseline period. During the active period of locomotor
testing, mice drank on average 2.040.1 g/kg, essentially the same
amount of EtOH, when given access to EtOH on the limited access
schedule (see methods). As noted for the first study, mice drank little
water during the limited access sessions (<0.3 ml).

Initial analysis of total horizontal activity measures from this study
indicates that the combination of MPH and EtOH increased locomotion
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compared to either drug administered alone. Vehicle and MPH admin-
istration produced similar total activity measures of 5927 4223 and
57714446, respectively, indicating that MPH at this dose did not
stimulate locomotor activity. On the other hand, EtOH increased total
activity to 6903 +£452 (16% greater than vehicle) and the drug
combination further increased total activity to 8632 + 422 (45% greater
than vehicle and 25% greater than EtOH).

The horizontal activity data were further analyzed by examining
changes in activity across time for the different treatment groups and
are summarized in Fig. 2. Fig. 2A shows horizontal activity in 4 minute
bins for the mice after vehicle, EtOH 1.75 g/kg, MPH 1.25 mg/kg and
the drug combination with the same doses. When administered alone,
1.25 mg/kg MPH did not alter horizontal activity relative to treatment
with vehicle. On the other hand, 1.75 g/kg EtOH increased horizontal
activity compared to the vehicle injection, consistent with previous
reports (Jerlhag, 2008; Middaugh et al., 1987, 1992). The combination
of 1.25 mg/kg MPH and 1.75 mg/kg EtOH significantly increased
activity compared to EtOH alone. These observations were supported
by a significant factor interaction in the 4 (Group)x5 (Time Bin)
repeated measures ANOVA (F(12,368) =6.895, p<0.001). As shown
in Fig. 2A, post-hoc analysis indicated a significant EtOH stimulation
effect which resolved by approximately 10min into the test session.
Post-hoc analysis also indicated a significant increase in locomotor
activity when the MPH and EtOH combination was administered,
which declined over time, but activity was still elevated relative to
MPH alone and saline by the end of the test session.

Also shown in Fig. 2B is vertical activity, which reflects rearing
behavior by the mice during the activity session. Not unexpectedly,
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Fig. 2. Methylphenidate (MPH) enhanced the locomotor stimulating effects of EtOH in
C57BL/6] mice (n = 24). Mice were administered vehicle (0.9% saline) EtOH (1.75 g/kg),
MPH (1.25 mg/kg) or the combination in a Latin-square design. A) EtOH increased
horizontal activity but MPH did not. The drug combination significantly enhanced
horizontal activity relative to the increase caused by EtOH alone, indicating a significant
interaction between EtOH and MPH. B) EtOH treatment reduced vertical activity,
consistent with known ataxic effects of EtOH at this dose. However, the drug
combination did not further enhance this effect. (*p<0.05 versus vehicle; "p<0.05
versus MPH; $p<0.05 versus EtOH). Values are means + S.E.M.

vertical activity was reduced by 1.75g/kg EtOH compared with
vehicle exposure, consistent with the known ataxic effects of EtOH at
this dose (Linsenbardt et al., 2009; Middaugh et al., 1992). Acute
exposure to MPH did not alter vertical activity and the effects of EtOH
on vertical activity were not additive when combined with MPH
under these conditions. The 4 (Group)x5 (Time Bin) repeated
measures ANOVA did not indicate a significant factor interaction (F
(12,368) =1.241, p=0.253) but did indicate significant effects of
Group (F(3,92)=5.035, p=0.003) and Time Bin (F(4,368)=9.514,
p<0.001). Taken together, the data from the EtOH stimulation study
(Fig. 2) indicate that the drug combination of EtOH and MPH increases
locomotion relative to either drug given alone.

3.3. Subject bodyweights

In clinical studies, treatment with MPH has been associated with
reduced weight and height gain in children under chronic therapy
regimens (Mattes and Gittelman, 1983; Poulton and Cowell, 2003),
suggesting reduced caloric intake during a rapid growth phase. Because
the B6 mice in our experiments were challenged multiple times with
MPH, albeit with different doses on widely spaced intervals, we
examined bodyweights on testing days for both experiments. For
Experiment 1, the mean bodyweights (in grams, +S.E.M.) across
consecutive weeks of testing were as follows: 28.8 +0.6, 30.1+0.7,
29.940.7,30.0£0.7 and 29.94-0.7. Likewise, bodyweights (in grams,
4 S.E.M.) across the consecutive weeks of testing for Experiment 2 were:
28.140.5,27.84+0.5,28.3+£0.5, 2844 0.5 and 28.8 4-0.5. Inspection of
the data for both experiments shows there was not a systematic change
in bodyweight in either case, which was supported by separate one-way
ANOVA's on these two data sets [Experiment 1: F(4,60)=0.576,
p=0.681; Experiment 2: F(4,115) = 0.565, p = 0.689]. Thus, bodyweights
were not affected by MPH administered once per week in these
experiments.

4. Discussion

In the present study, MPH altered both EtOH consumption and EtOH
stimulation of locomotor activity in B6 mice suggesting an interaction of
the two drugs. MPH dose-dependently reduced voluntary EtOH con-
sumption by mice in a 2 bottle-choice, limited access procedure. The
lowest effective dose (1.25 mg/kg) of MPH did not increase locomotor
activity, yet this dose was slightly more effective in reducing EtOH
intake than the highest MPH dose tested (5 mg/kg). Importantly, the
effect of MPH on EtOH motor stimulation was examined using the same
B6 mouse strain, and maintained on the same limited access drinking
paradigm used for the EtOH drinking experiment. In these EtOH-
experienced mice, MPH significantly enhanced the motor stimulation
produced by EtOH alone. Taken together, these experiments indicate
that MPH and EtOH interact in a behaviorally relevant and potentiated
manner.

In the first study, acute administration of MPH dose-dependently
reduced voluntary EtOH consumption in B6 mice. This reduced EtOH
consumption after MPH treatment is consistent with reports indicating
that MPH reduces consumption of sucrose (Bello and Hajnal, 2006;
Wayner et al,, 1979; Wooters et al., 2008) and condensed milk (Eckerman
etal., 1991) in rats and palatable foods in humans (Goldfield et al., 2007).
The combined results of these studies suggest that acute MPH may
generally reduce consumption of reinforcers (i.e. rewarding substances).
The mechanism of action for the reduced EtOH consumption is unclear;
however, our experiment indicating that the reduction in EtOH
consumption produced by MPH was most robust at 1.25 mg/kg, a dose
that does not alter locomotor activity (Fig. 2), suggests that the effect of
MPH on consumption of EtOH is not likely related to changes in locomotor
activity. However, the possibility of increased activity cannot be
completely ruled out since some EtOH consumption did occur and both
drugs were probably present together, at least in small concentrations.
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Nevertheless, reduced EtOH consumption appeared to persist to the day
after MPH challenge, although this was statistically non-significant, again
suggesting that acute locomotor activating effects of MPH does not play a
major role in its effects on EtOH consumption. Rather, substantial evi-
dence suggests that B6 mice and other EtOH-preferring rodents consume
EtOH for its post-ingestive, rewarding effects (Middaugh et al., 1999;
Samson et al., 2004); consistent with EtOH interacting with neurobio-
logical systems related to reward functions. Because MPH has rewarding
properties in its own right, as indicated by the fact it supports reinforced
behaviors (Botly et al., 2008; Nielsen et al., 1984), the results of our study
suggest that pretreatment with low doses of MPH may promote satiation
from less EtOH (or palatable foods). This interpretation is also consistent
with our previous human study indicating that adding a single EtOH drink
(0.6 g/kg) to a typical therapeutic dose of MPH (0.3 mg/kg) significantly
increased the subjective feelings of pleasure compared with the dose of
MPH alone (Patrick et al., 2007). This interactive effects of the two drugs
could imply that the two drugs interact with similar neurobiological
systems relevant to reinforcement and suggests that in the presence of
MPH, less EtOH is required to produce similar effects. The extent of the
interactive effects of the two drugs remains an area of active investigation.

It is important to note that at the doses used in the present study,
MPH did not eliminate, but did lower EtOH consumption, leaving
open the possibility of pharmacodynamic or pharmacokinetic inter-
actions between MPH and EtOH accounting for the altered behavioral
effect of drug combination. This possibility was further investigated in
the second experiment which determined the effects of the 1.25 mg/
kg MPH dose on a stimulating dose of EtOH in B6 mice maintained in
the limited access drinking paradigm. At the doses tested, injected
EtOH increased motor activity, while MPH did not. Both findings are
consistent with the known stimulatory effects of EtOH in mice
(Jerlhag, 2008; Middaugh et al., 1987, 1992), and our previous study
with MPH in which the lowest dose tested (2.5 mg/kg) only modestly
increased locomotion (Williard et al, 2007). Most importantly,
however, the MPH dose that was without effect on locomotor activity
markedly potentiated the stimulating effects of EtOH. This finding is
consistent with MPH and EtOH interacting in a functionally important
manner to alter behavior. It should be noted that these observations
were obtained from EtOH-experienced mice, leaving open the
possibility of qualitative or quantitative differences in the interactive
effects of the two drugs on EtOH-naive mice. Although the influence of
EtOH drinking history remains to be tested, our results provide clear
evidence of an interactive effect of these two psychoactive drugs.

The underlying mechanism for this interactive effect of MPH and
EtOH was not addressed in the current studies but is the subject of
ongoing investigations. The present findings indicate that MPH doses
having no effect on motor activity of mice, can engage central
neurotransmitter systems thereby enhancing the stimulant effects of
EtOH. This interpretation is consistent with a recent report that low
doses of MPH (0.5 to 1 mg/kg) injected into rats improved cognitive task
performance without increasing locomotor activity, yet, increased
extracellular dopamine and norepinephrine in the nucleus accumbens,
prefrontal cortex and medial septal brain regions (Berridge et al., 2006).
Indeed, it is established that MPH injected into B6 mice blocks dopamine
and norepinephrine transporters (Williard et al, 2007) leading to
elevated levels of these neurotransmitters. Although the specific
mechanism of action differs, EtOH likewise increases extracellular
dopamine in the nucleus accumbens (Yim and Gonzales, 2000), and
there is some evidence that it increases norepinephrine in the prefrontal
cortex (Rossetti et al., 1992), but not the nucleus accumbens (Marinelli
et al,, 2003). Particularly relevant to the current study is that dopamine
plays an important role in reward processes including those associated
with MPH and EtOH intake (Pierce and Kumaresan, 2006; Vengeliene
et al,, 2008) as well as EtOH stimulation (Phillips and Shen, 1996).
Accordingly, dopamine may assume a pivotal and common neurophar-
macological substrate that underlies the interactive effects of these two
drugs on behavior.

In addition to neurobiological systems accounting for the interaction
effects of EtOH and MPH, pharmacokinetic interactions may also be
accountable. We have identified a transesterification metabolite of MPH,
ethylphenidate, which forms in the presence of EtOH in both humans
(Patrick et al., 2007) and B6 mice (Williard et al., 2007). Furthermore,
like in humans, mice enantioselectively form [-ethylphenidate, although
only the d-isomer increases locomotor activity (Williard et al., 2007).
The significance of ethylphenidate formation is not yet fully understood
since the majority produced is the inactive [-isomer and only a small
portion is the active d-isomer (Patrick et al., 2007). In the present study,
a single dose of ethylphenidate chosen on the basis of the absence of its
effect on locomotor activity of B6 mice (Williard et al., 2007) also had no
effect on EtOH consumption. Because only a single dose was tested, we
cannot rule out the possibility that higher ethylphenidate doses may
affect drinking. In fact, the formation of ethylphenidate could be an
important factor in the toxicological sequelae following concomitant
high doses of EtOH and MPH (Markowitz et al., 1999).

Furthermore, the combination of EtOH and MPH was reported to
increase the maximum plasma concentrations of d-MPH in human
volunteers by 40% (Patrick et al., 2007). The increase in d-MPH may
occur by competitive inhibition by EtOH of the MPH hydrolysis pathway
which produces the inactive metabolite ritalinic acid, essentially
“sparing” d-MPH from its primary metabolic fate and leading to
increased plasma levels of d-MPH (Patrick et al, 2009; Zhu et al.,
2008). Importantly, if this elevation of d-MPH also occurs in B6 mice, this
might contribute to the enhanced stimulatory effects observed for B6
mice exposed to the drug combination because there is more of the
active isomer available to interact with the target neurotransmitter
systems. Studies are underway to further examine the pharmacokinetic
interactions of MPH and EtOH that lead to the formation of
ethylphenidate as well as increased plasma levels of d-MPH.

In summary, we have demonstrated that low doses of MPH can
significantly reduce EtOH consumption and enhance EtOH stimulation
of locomotor activity. These results in combination with our previous
reports of studies in B6 mice (Williard et al, 2007) and humans
(Markowitz et al., 2000; Patrick et al., 2007), indicate significant
interactions between MPH and EtOH. The underlying mechanisms for
these interactive effects likely involve a complex interplay of neurobi-
ological and pharmacokinetic mechanisms. The relative degree to which
each of these components contributes to the interactive effects observed
for the two drugs in the current experiments is currently unknown.
Further, as has recently been reviewed (Kuczenski and Segal, 2005),
attention to tissue levels of MPH (and EtOH), as well as the route of
administration, will be critical extensions of our present studies. To this
end, studies are aimed at tissue measurement of MPH and ethylphe-
nidate levels, after oral and topical administrations of MPH [MPH
Transdermal System (Daytrana®) see Patrick et al., 2009] in combina-
tion with EtOH as well as measuring behavioral and neurobiological
changes in mice and humans. Ultimately, growing evidence indicates
that the interactive effects of MPH and EtOH deserve increased attention
by clinicians who prescribe MPH or who may be involved in the
treatment of substance abuse.
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