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Abstract
Rationale—Extracellular signal-regulated protein kinase (ERK1/2) is a member of the mitogen-
activated protein kinase (MAPK) signaling pathway and a key molecular target for ethanol (EtOH)
and other drugs of abuse.

Objective—The aim of the study was to assess the role of two MAPK pathways, ERK1/2 and c-Jun
N-terminal kinase (JNK), on the modulation of EtOH and sucrose self-administration.

Materials and methods—C57BL/6J mice were trained to lever press on a fixed-ratio 4 schedule
with 9% EtOH/2% sucrose, or 2% sucrose, as the reinforcer. In experiments 1 and 2, mice were
injected with the MEK1/2 inhibitor SL 327 (0–100 mg/kg) and the JNK inhibitor AS 6012452 (0–56
mg/kg) prior to self-administration. In experiment 3, SL 327 (0–100 mg/kg) was administered prior
to performance on a progressive ratio (PR) schedule of EtOH reinforcement. In experiment 4, SL
327 and AS 601245 were injected 2 h before a locomotor test.

Results—SL 327 (30 mg/kg) significantly increased EtOH self-administration without affecting
locomotion. Higher doses of SL 327 and AS 601245 reduced EtOH-reinforced responding and
locomotor activity. Reductions of both ligands on sucrose self-administration were due to decreases
in motor activity. SL 327 pretreatment had no effect on PR responding.

Conclusions—ERK1/2 activity is more directly involved in modulating the reinforcing properties
of EtOH than JNK activity due to its selective potentiation of EtOH-reinforced responding. The
specificity of this effect to EtOH self-administration, rather than sucrose self-administration, suggests
that the mechanism by which ERK1/2 increases EtOH-reinforced responding does not generalize to
all reinforcing solutions and is not due to increased motivation to consume EtOH.
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Introduction
Alcoholism is a physically and psychologically debilitating disease affecting more than 17.6
million people per year in the USA alone (Grant et al. 2004). The gradual transition from
alcohol use to abuse involves escalated intake, increased tolerance and withdrawal symptoms,
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and behavioral impairments. Despite the widespread social and health-related consequences
associated with alcoholism, the molecular neuroadaptations that underlie alcohol self-
administration are poorly understood. Recently, the mitogen-activated protein kinase (MAPK)
intracellular signaling cascades have been implicated in mechanisms thought to be relevant to
dependence and addiction (Chandler 2003; Russo et al. 2008; Zhaiet al. 2008).

MAPKs comprise three distinct signaling pathways, namely, the extracellular signal-regulated
(ERK1/2), the c-Jun N-terminal (JNK), and the p38 protein kinases (Boulton and Cobb 1991;
Krishna and Narang 2008; Robinson and Cobb 1997). When phosphorylated, or “activated”,
MAPK can translocate to the nucleus and facilitate gene transcription (Chen et al. 1992). Of
the three subfamilies, the ERK1/2/MAPK pathway has been the most implicated in addictive
processes by a mounting body of research demonstrating sensitivity of this pathway in neural
plasticity, learning and memory, and drug reinforcement (Adams and Sweatt 2002; Ferguson
et al. 2006; Grewal et al. 1999; Mazzucchelli et al. 2002; Thomas and Huganir 2004). In
addition, ERK1/2 is abundantly expressed in brain regions that modulate addiction such as the
prefrontal cortex, nucleus accumbens, bed nucleus of the stria terminalis and amygdala, and is
generally increased by drugs of abuse, including cocaine, d-amphetamine, nicotine, morphine
and Δ9-tetrahydrocannabinol (Choe et al. 2002; Lu et al. 2006; Ortiz et al. 1995; Valjent et al.
2004).

The effect of ethanol on ERK1/2 activity has been less extensively studied. Consistent with
other abused substances, acute ethanol increases ERK1/2 phosphorylation in the prefrontal
cortex, shell of the nucleus accumbens, central and basolateral nucleus of the amygdala,
paraventricluar nucleus of the hypothalamus and in the Edinger-Westphal nucleus (Bachtell et
al. 2002; Sharko and Hodge 2007). Similarly, ERK1/2 phosphorylation is increased in the
basolateral amygdala and nucleus accumbens shell by response contingent presentation of cues
formerly paired with ethanol reinforcement (Schroeder et al. 2008). Conversely, other studies
have shown have shown a decrease in the phosphorylation of ERK1/2 by acute ethanol
(Chandler and Sutton 2005; Hendrickson et al. 1998; Kalluri and Ticku 2002; Sanna et al.
2002; Tsuji et al. 2003). Together, these studies indicate that the relationship between acute
ethanol and ERK1/2 activity needs to be further elucidated, and it is possible that the ERK1/2/
MAPK pathway functionally regulates ethanol self-administration and other behavioral
impairments associated with alcohol abuse and alcoholism.

ERK1/2 is phosphorylated within the activation loop of the kinase on both a threonine and a
tyrosine residue by the MAPK/ERK1/2 kinase (MEK1/2; Crews and Erikson 1992; Seger and
Krebs 1995). This activated form of the protein (pERK1/2) can induce expression of
transcription factors including ELK, CREB, c-fos, and others (Adams et al. 2000; Sgambato
et al. 1998; Treisman 1996; Vanhoutte et al. 1999). PD098059 (IC50=2–7 μM), U0126
(IC50=0.06–0.07 μM), and SL 327 (IC50=0.18–0.22 μM) are ligands that inhibit the
phosphorylation of MEK1/2, which prevents the downstream phosphorylation of ERK1/2
(Atkins et al. 1998; Favata et al. 1998). Systemic injection of SL 327 decreases levels of
pERK1/2 immunoreactivity by 62–91%, in the prefrontal cortex, nucleus accumbens, dorsal
striatum, BNST, and amygdala, and a growing number of studies have shown that this class
of drugs can significantly modulate behavior (Valjent et al. 2006b). For example, SL 327 blocks
acute psychostimulant-induced locomotor activity, the induction of behavioral sensitization to
cocaine and d-amphetamine, the expression of conditioned place preference to several drugs
of abuse, the consolidation of fear memories, memory retention, long-term potentiation, the
parental retrieving behavior of C57BL/6J mice, and cytokine-induced immobility in the forced
swim test (Atkins et al. 1998; Cestari et al. 2006; Davis et al. 2000; Kuroda et al. 2007;
Mazzucchelli and Brambilla 2000; Salzmann et al. 2003; Schafe et al. 2000; Shi and McGinty
2006; Valjent et al. 2006a, b; Wu and Lin 2008). Likewise, site-specific microinjections of
U0126 or PD098059 into the amygdala significantly reduce immobility in the forced swim
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test, cocaine seeking after 30 days of withdrawal, and consolidation of pavlovian fear
conditioning memories (Duvarci et al. 2005; Huang and Lin 2006; Lu et al. 2005; Schafe et al.
2000). Furthermore, intra-ventral tegmental area (VTA) microinjection of U1026 has recently
been shown to prevent glial cell line-derived neurotrophic factor (GDNF)-induced decreases
in ethanol self-administration (Carnicella et al. 2008). This study provides the most convincing
evidence to date to support our central hypothesis that activity of the ERK1/2/MAPK pathway
might be involved in modulating the reinforcing properties of ethanol.

To address this hypothesis, the present series of experiments were designed to (1) functionally
assess the role of the ERK1/2/MAPK pathway on both fixed- and progressive-ratio responding
for ethanol in C57BL/6J mice by inhibiting ERK1/2 phosphorylation with the MEK1/2 inhibitor,
SL 327. We chose this inhibitor for our studies because it is centrally active after systemic
administration (Atkins et al. 1998; Favata et al. 1998); (2) determine if the ERK1/2 pathway
selectively modulates ethanol self-administration by comparing the effects of SL 327 with the
effects of a selective, centrally active JNK inhibitor, AS 601245 (IC50 for JNK1–3=0.07–0.22
μM and for MEK1 >10 μM; Carboni et al. 2004; Gaillard et al. 2005); (3) evaluate whether
these effects are specific to ethanol as a reinforcer by investigating the effects of both of these
ligands on the self-administration of a non-drug reinforcer, sucrose; and (4) determine whether
the observed drug effects are specific to ethanol reinforcement or due to non-specific locomotor
impairment by testing whether these inhibitors alter open field activity.

Materials and methods
Subjects

Subjects were male C57BL6/J mice (n=42) arriving at 8 weeks of age from Jackson Laboratory
(Bar Harbor, ME, USA). Upon arrival, mice were group-housed (four per cage) in clear,
polycarbonate cages (28×17×14 cm). Each cage was covered by a stainless steel wire lid
through which Purina rodent chow and water was available ad libitum. The vivarium was
maintained on a reverse light/dark cycle (lights off at 1000) with temperature at 21±1°C and
23% humidity. All procedures were approved by the Institutional Animal Care and Use
Committee of the University of North Carolina at Chapel Hill, and all mice were cared for in
accordance with the Division of Laboratory Animal Medicine and the Guide for the Care and
Use of Laboratory Animals (National Research Council 1996).

Self-administration apparatus
Self-administration sessions were conducted in 16 operant conditioning chambers (chambers
and all components were from Med Associates, St. Albans, VT, USA) that were each housed
within a sound-attenuating cubicle equipped with a 28-V fan to provide ventilation and to mask
external noise. Opposite walls of the chamber each contained a stainless steel ultra-sensitive
retractable lever (required force=0.02 N) located directly below a cue light. Responding on
only one of the levers (the “active” lever) was reinforced. Responses on the “inactive” lever
were recorded but held no contingencies. A drinking trough was located adjacent to the active
lever and was connected to a syringe pump. A photobeam spanned the entrance of the drinking
trough allowing for quantification of head-poke entries as an index of temporal patterns of self-
administration. Reinforcement delivery was accompanied by a brief illumination of the cue
light (800 ms) and pump sound, both of which served as secondary cues. Responses during
this time were counted but did not contribute towards the response requirement (time-out
period). The chamber and pump were connected to an interface and computer that recorded
the input and behavioral output of each mouse (MED-PC for Windows v.4.1).
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Ethanol self-administration procedure
Initially, mice were trained in three 16-h sessions to lever press for the delivery of a 10% sucrose
(w/v) solution (0.014 ml/reinforcement). To facilitate acquisition of lever pressing, mice were
water restricted for 8 h prior to these sessions. During the first session, each lever press on the
active lever was reinforced by a delivery of 10% sucrose (fixed-ratio 1; FR 1). Within the
second session, the response requirement was increased from FR 1 to FR 2 to FR 4 in increments
of 25 (i.e., after receiving the 25th reinforcement, the response requirement increased to FR
2). An FR 4 schedule of reinforcement was maintained for the remainder of the experiment.

Beginning on the fourth test day, drinking sessions were shortened to 2 h in duration and a
modified sucrose fading procedure was implemented to facilitate self-administration of ethanol
(Samson 1986). Ethanol (v/v) was added in increasing increments (2%–5%–10%) and sucrose
(w/v) was faded out of the solution (10%–8%–5%–2%–0%) with a minimum of 3 days at each
concentration. After 17 days of unsweetened 10% ethanol, we noted that the mice stopped fully
consuming the reinforcer (i.e., fluid remained in the drinking trough at the end of the session).
Accordingly, the concentrations of ethanol and sucrose in the reinforcing solution were titrated
until all subjects reliably and consistently consumed the reinforcer. The final reinforcing
solution was a 9% ethanol/2% sucrose solution. The drinking trough was checked at the end
of each session to ensure that all reinforcements were being consumed. An analysis of the
cumulative number of lever presses over the 2-h session revealed that the majority of the
responses were performed within the 1st half of the session. Thus, on experimental day 32, the
length of the session was shortened to and remained at 1 h for the remainder of the study. The
operant conditioning chambers were not illuminated and all sessions were conducted in the
dark, between 1100 and 1300 h, 6 days/week.

Locomotor activity
Open field activity was measured in Plexiglas activity monitor chambers (27.9 cm2; ENV-510,
Med Associates). Two sets of 16 pulse-modulated infrared photobeams were located on
opposite walls and recorded X–Y ambulatory movements. The mouse’s position in the open
field was assessed every 100 ms to quantify the distance traveled (meter) throughout the
session. Each activity monitor was connected to a computer that collected all data.

Blood alcohol assay
Blood was collected at the end of a maintenance self-administration session to assess blood
alcohol content (BAC). Each mouse was briefly placed into a restraint tube (Braintree
Scientific, Braintree, MA, USA), the tip of the tail was cut (approximately 1 mm) and blood
was collected using a heparinized microcapillary tube. Immediately after sample collection, 5
μl of plasma was injected into an Analox GL-5 analyzer machine to quantify BAC (Analox
Instruments, Lunenburg, MA, USA).

Experiment 1: Effect of MAPK inhibitors on FR responding for ethanol
Twelve out of 16 mice reliably acquired ethanol self-administration (>10 reinforcements/
session). Once stable levels of self-administration were obtained (ca. 73 days; <15% variability
for seven test days), mice were injected with vehicle 2 h prior to the start of the session to
habituate them to the handing and injection protocol. Once stable levels of responding were
obtained after vehicle injection, mice were injected with SL 327 (0, 30, 50, 100 mg/kg) in a
counterbalanced manner. A minimum of two non-drug self-administration sessions preceded
each test day.

After completion of the SL 327 dose–effect curve, maintenance of ethanol self-administration
continued for 3 weeks without drug testing to avoid carryover effects. Next, mice were injected
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with the JNK inhibitor vehicle 2 h prior to the start of the session to habituate them to the novel
vehicle. Once stable levels of responding emerged after vehicle injections, mice were injected
with the JNK inhibitor (0, 3, 10, 30, 56 mg/kg) in a counterbalanced manner. A minimum of
two non-drug self-administration sessions preceded each test day.

Experiment 2: Effect of MAPK inhibitors on FR responding for sucrose
Experimentally naive mice (n=11) were trained to self-administer sucrose using a modified
version of the sucrose fading procedure detailed above. Briefly, mice acquired self-
administration of 10% sucrose (w/v) during three 16-h sessions. Next, during 1-h sessions, the
concentration of sucrose was gradually reduced from 10%–8%–5%–2% (w/v) with a minimum
of 3 days at each concentration. The final solution was maintained at 2% sucrose.

Mice self-administered sucrose for 73 days prior to the initiation of the SL 327 dose–effect
curve. Dose effect curves for both SL 327 and AS 601245 were conducted as previously
described in experiment 1 with the same dose range, injection interval, and session duration.

Experiment 3: Effect of SL 327 on progressive ratio responding for ethanol
Experimentally naive mice (n=16) were trained to self-administer ethanol as described above.
Once stable levels of self-administration were obtained (ca. 62 days), mice were tested for
performance on a progressive ratio (PR) schedule of reinforcement, which provides a measure
of motivation or reinforcing strength (Markou et al. 1993; Richardson and Roberts 1996;
Stafford et al. 1998). The steepness of the PR schedule was first varied over test days with the
goal of identifying an optimal PR schedule for testing the effect of SL 327. All of the PR
schedules began with an initial response requirement of FR 4 after which the response
requirement ascended arithmetically ranging from +1 to +20 (i.e., for a PR +6 schedule the
response requirement increased as follows: 4, 10, 16, 22, etc.). Sessions were terminated when
15 min elapsed without obtaining a reinforcer. The breakpoint was defined as the final
completed response requirement. A minimum of 4 days separated each PR test to avoid
extinction and on intervening days, standard FR sessions were conducted.

Based on the results from the first phase of the experiment, the PR +6 schedule was chosen for
testing the effect of SL 327. This PR schedule was chosen because it engendered an
intermediate level of responding and breakpoint such that bidirectional drug effects could be
observed. Once stable levels of responding were obtained after vehicle injection, mice were
injected with SL 327 (0, 10, 30, 50 mg/kg) in a counterbalanced manner. A minimum of four
non-drug FR sessions preceded each test.

Experiment 4: Effect of MAPK inhibitors on locomotor activity
Locomotor tests were conducted in ethanol and sucrose self-administering mice (from
experiments 1 and 2) to evaluate the behavioral specificity of SL 327 and AS 601245 after
completion of both dose–effect curves. Mice were habituated to the locomotor chambers for
2 h, 7–10 days prior to the initiation of the first dose–effect curve. Next, ethanol self-
administering mice were injected with SL 327 (0–100 mg/kg; n=12) or AS 601245 (0–56 mg/
kg; n=11) 2 h before being placed into the open field. Likewise, sucrose self-administering
mice were injected with SL 327 (0–100 mg/kg; n=11) or AS 601245 (0–30 mg/kg, n=10). All
tests were initiated at the same time that the self-administration session usually began, and
lasted for 1 h. Mice continued to self-administer either ethanol or sucrose on non-test days (5
days/week). A minimum of 1 week separated each test to avoid habituation to the chamber
such that a repeated measures design could be utilized. Doses were administered in a
counterbalanced manner.
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Drugs
All ethanol solutions (v/v) were prepared by diluting 95% ethanol (Pharmco Products Inc.,
Brookfield, CT, USA) with tap water. The MEK1/2 inhibitor, SL 327 (α-[amino[(4-
aminophenyl)thio]methylene]-2-(trifluoromet hyl) benzeneacetonitrile; Tocris Bioscience;
Ellisville, MO, USA) was freshly dissolved in 100% dimethlysulfoxide (DMSO; Mallinckrodt
Baker, Inc., Phillipsburg, NJ, USA) and was then diluted to 15% DMSO with distilled H2O.
Because of solubility concerns at the higher concentrations of SL 327, the injection volume
for this dose–effect curve was 2 ml/100 g BW. The c-Jun N-terminal kinase (JNK) inhibitor,
AS 601245 (1,3-benzothiazol-2-yl-(2-((2-(3-pyridinyl)ethyl)amino)-4-pyrimidinyl)
acetonitrile; EMD Biosciences, San Diego, CA, USA) was freshly suspended in 0.5%
carboxymethylcellulose (CMC; Sigma-Aldrich, St. Louis, MO, USA), 0.25% Tween 20
(Sigma-Aldrich), and dH2O. The injection volume for AS 601245 was 1 ml/100 g BW. All
drugs were administered via an intra-peritoneal injection (i.p.) with a 27-gauge needle.

Statistical analysis
For each dose–effect curve, a one-way repeated measured analyses of variance (RM ANOVA)
was conducted on multiple measures of self-administration including number of
reinforcements, number of active and inactive lever responses, number of active headpokes,
percent of lever responses on the active lever, and dose consumed (for ethanol self-
administering mice). In Figs. 3 and 4, dose consumed and number of reinforcements,
respectively, were transformed to percent change from vehicle levels and a RM ANOVA was
conducted on the transformed data. A RM ANOVA was also used to analyze the effect of
manipulating the PR schedule on subsequent responding. Data from the PR +20 schedules were
not included in this analysis because the majority of mice at this schedule received only one
reinforcement (i.e., breakpoint = 4). For analysis of open field activity, one-way RM ANOVAs
were conducted for each dose–effect curve on total distance traveled. To investigate if there
was a dose by time interaction, additional two-way RM ANOVAs (dose × time) were
conducted. For post hoc analyses, Dunnett’s test was conducted using the vehicle condition as
the common control. A Pearson product moment correlation was conducted for dose consumed
(gram per kilogram) and blood alcohol content in a 1-hr session. α was set at 0.05 for all
comparisons.

Results
Experiment 1: Effect of MAPK inhibitors on ethanol self-administration

During the week preceding the start of the SL 327 dose–effect curve, the average number of
reinforcements was 26.2±2.4, active lever responses was 114.2±10.1, and 77.7±4.3% of
responding occurred on the active lever. Blood alcohol content was measured after completion
of the AS 601245 dose–effect curve at the end of a 1-h drinking session. An average ethanol
intake of 1.31±0.13 g/kg resulted in an average BAC of 92.2±15.5 mg/dl. These data reveal
individual variability in dose consumed during a single session and a significant positive
correlation between intake and BAC (r2=0.77; Fig. 1).

SL 327—Administration of the MEK1/2 inhibitor, SL 327 produced a biphasic effect on
multiple measures of self-administration including the number of reinforcements obtained (F
(11, 33)=13.4, p<0.001), dose-consumed (F(11, 33)=13.9, p<0.001), number of active lever
responses (F(11, 33)=11.2, p<0.001), number of headpokes (F(11, 33)=4.4, p=0.01), and
number of inactive lever responses (F(11, 33)=4.2, p=0.01). Post hoc analyses revealed that
30 mg/kg significantly increased the number of reinforcements, number of active lever
responses, and dose consumed, while 100 mg/kg significantly decreased all of these measures
(Fig. 2; Table 1).
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AS 601245—A reduction in responding for ethanol was seen after systemic administration
of the JNK inhibitor, AS 601245. Specifically, the dose-consumed (F(11, 44)=6.1, p<0.001),
number of active lever responses (F(11, 44)=5.6, p<0.001), and number of inactive lever
responses (F(11, 44)=4.5, p=0.004) were significantly attenuated after administration of the
two highest doses, 30 and 56 mg/kg (Fig. 2, Table 1). The number of reinforcements obtained
(F(11, 44)=3.07, p=0.026) was similarly reduced by administration of 56 mg/kg AS 601245
and headpoke entries (F(11, 44)=6.1, p<0.001) were significantly reduced by all doses of AS
601245 except for 10 mg/kg.

Experiment 2: Effect of MAPK inhibitors on sucrose self-administration
SL 327—Two mice were excluded from the SL 327 dose–effect curve because they did not
demonstrate stable levels of responding for sucrose. Administration of SL 327 dose-
dependently decreased several measures of responding including the number of reinforcements
obtained (F(8, 24)=8.1, p<0.001), number of active lever responses (F(8, 24)=7.3, p=0.001),
number of inactive responses (F(8, 24)=3.3, p=0.036), and number of headpokes (F(8, 24)
=5.3, p=0.006). Reduction of these measures was only evident after administration of 100 mg/
kg SL 327 (Fig. 3, Table 1).

AS 601245—A reduction in responding for 2% sucrose was observed after administration of
AS 601245. Specifically, the number of reinforcements obtained (F(10, 40)=5.1, p=0.002),
number of active lever responses (F(10, 40)=4.9, p=0.002), number of inactive lever responses
(F(10, 40)=3.3, p=0.019), and number of headpokes (F(10, 40)=4.3, p=0.005) were all
significantly lower after administration of the two highest doses, 30 and 56 mg/kg (Fig. 3,
Table 1).

Experiment 3: Effect of SL 327 on PR responding for ethanol
As the steepness of the PR schedule increased, the average breakpoint increased and was
significantly higher at +5, +6, +8, and +12 PR schedules than for the +1 PR schedule of
reinforcement (F(7, 105)=5.74, p<0.001; Fig. 4a). Additionally, the duration of each session
varied across PR schedules, ranging from a minimum of 26.3±1.5 min (PR +6) to a maximum
of 37.9±1.7 min (PR +3). These values are comparable to those reported in other ethanol
studies, which showed pharmacological manipulation of breakpoint, but are lower than
breakpoints for other drugs of abuse (Besheer et al. 2008;Brown and Stephens
2002;Czachowski et al. 2003;Economidou et al. 2006;Oster et al. 2006;Richardson and Roberts
1996;Rodd et al. 2003;Stafford et al. 1998;Zghoul et al. 2007).

The PR +6 schedule of reinforcement was used to test the effect of SL 327 on PR responding.
Baseline levels of responding under vehicle conditions were as follows: breakpoint (Fig. 4b),
number of active lever responses (47.8±8.5), number of reinforcements obtained (3.1±0.3),
dose consumed (0.1±0.01 g/kg), number of active headpokes (17.5±1.8), number of inactive
lever responses (14.6±8.1), percent responding on the active lever (83.1±4.9), rate of active
lever responding (1.58±.26 lever presses/min), and session duration (29.4±2.4 min).
Administration of SL 327 (0–50 mg/kg) did not significantly alter any of these measures of
PR responding.

Experiment 4: Effect of MAPK inhibitors on locomotor activity
Ethanol self-administering mice—In the mice that had been trained to self-administer
ethanol from experiment 1, SL 327 dose-dependently reduced locomotor activity during a 1-
h open field test (F(3, 33)=35.2, p<0.001; Fig. 5a). This reduction was evident after injection
of 50 and 100 mg/kg SL 327. An additional timecourse analysis did not reveal an interaction
between dose and time indicating that the reduction in open field activity by SL 327 (50 and
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100 mg/kg) persisted throughout the entire hour. The dose of SL 327 (30 mg/kg) that increased
ethanol self-administration did not alter locomotor activity.

Similarly, administration of AS 601245 significantly reduced open field activity of mice that
had been trained to self-administer ethanol (F(3, 30)=4.4, p=0.001; Fig. 5b). This reduction
was evident after administration of 30 and 56 mg/kg AS 601245 and persisted throughout the
entire hour.

Sucrose self-administering mice—Administration of SL 327 significantly reduced the
locomotor activity of mice that had been trained to self-administer 2% sucrose (F(3, 30)=7.3,
p<0.001; Fig. 5c). This reduction was observed after injection of 100 mg/kg SL 327 throughout
the entire hour.

AS 601245 dose-dependently reduced the locomotor activity of mice that had been trained to
self-administer 2% sucrose (F(2, 18)=4.5, p=0.03; Fig. 5d). Post hoc tests revealed that this
effect was due to reduced open field activity after administration of 30 mg/kg AS 601245 and
was evident throughout the entire hour.

Discussion
The goal of these experiments was to determine whether the ERK/MAPK pathway is
functionally involved in modulating the reinforcing properties of ethanol in male C57BL/6J
mice. Inhibition of ERK1/2 phosphorylation by the MEK1/2 inhibitor SL 327 led to a biphasic
effect on ethanol self-administration; the low dose of SL 327 (30 mg/kg) significantly increased
while the higher dose (100 mg/kg) significantly decreased ethanol-reinforced responding. The
potentiation of ethanol self-administration by SL 327 appears to be specifically related to a
reduction in ERK1/2 activity rather than to MAPK activity in general, because inhibition of the
JNK/MAPK pathway by AS 601245 did not increase responding. Rather, AS 601245 dose-
dependently reduced operant responding for ethanol. Both inhibitors also reduced sucrose self-
administration in a similar, dose-dependent manner although, notably, increased responding
was not evident after injection of 30 mg/kg SL 327.

The behavioral implications of modulating MAPK activity are largely unknown. A handful of
studies have shown that the MEK1/2 inhibitors SL 327 and U0126 block cue-induced
reinstatement, locomotor sensitization to psychostimulants, memory consolidation, LTP, and
parental care (Atkins et al. 1998; Cestari et al. 2006; Davis et al. 2000; Kuroda et al. 2007; Lu
et al. 2005; Valjent et al. 2006a, b). A recent study by Carnicella et al.( 2008) found that intra-
VTA GDNF infusion inhibits ethanol, but not sucrose, self-administration and that this effect
is mediated by MAPK signaling since pretreatment with U1026 prevented the GDNF-induced
reduction in drinking. Together with our series of experiments, these studies are some of the
first to demonstrate that ethanol self-administration is altered due to MEK1/2 inhibition.
Furthermore, the effect of SL 327 on ethanol self-administration is intriguing because it
suggests that MEK1/2 inhibition can functionally alter behavior by potentiating self-
administration behavior. Increases in ethanol self-administration have been found after
administration of a wide variety of compounds including allopregnanolone, estradiol, μ opioid
agonists, κ opioid antagonists, A2 antagonists and intra-raphe muscimol (Arolfo et al. 2004;
Ford et al. 2004, 2005; Hodge et al. 1995; Janak et al. 1998; Mitchell et al. 2005; Quirarte et
al. 2007; Reid et al. 2002; Sabino et al. 2007; Sinnott et al. 2002; Tomkins et al. 1994; Ulm et
al. 1995; Vacca et al. 2002; Zhang and Kelley 2002). Despite the diverse nature of these ligands,
they all have a biphasic effect on self-administration; low doses increase and high doses
decrease drinking. This further suggests that there may be a singular common mechanism that
underlies escalations in ethanol self-administration, perhaps via an intracellular mechanism
such as pERK1/2.
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Conceptually, increases in drug-reinforced responding are difficult to interpret because they
can result from either increased motivation to self-administer or blockade of the
pharmacological effects of ethanol (i.e., requiring more reinforcements to achieve the same
subjective effect). In this study, we characterized mouse performance on a variety of PR
schedules of alcohol reinforcement as one index of motivation. PR responding was found to
be stable across repeated testing and insensitive to a range of SL 327 doses. Importantly, mice
were not consuming pharmacologically active amounts of ethanol under this schedule so it is
unlikely that the subjective effects of the consumed ethanol or satiety were interacting with
their performance. These results on PR responding for ethanol argue against the hypothesis
that inhibition of pERK1/2 increased the motivation to consume ethanol. Instead, it is possible
that SL 327 (30 mg/kg) might have antagonized the acute pharmacological effects of ethanol
to increase ERK1/2 activity, leading to increased ethanol self-administration. The latter
interpretation is consistent with a wide body of literature regarding mechanisms of drug self-
administration. For instance, a primary pharmacological effect of cocaine is to block the
dopamine transporter, which increases synaptic dopamine and activates dopamine receptors.
Accordingly, administration of low doses of D1-like or D2-like receptor antagonists has been
shown to increase cocaine self-administration (Ettenberg et al. 1982; Koob et al. 1987;
Woolverton 1986). Analogous evidence shows that low to moderate doses of the opiate
antagonist naloxone increase morphine (Weeks and Collins 1976; Woods et al. 1975) and
heroin (Ettenberg et al. 1982; Koob et al. 1984) self-administration. Higher doses of antagonists
generally reduce drug self-administration. Thus, one plausible interpretation of the increase in
self-administration observed in this study following pretreatment with SL 327 is that ERK1/2
activation is a primary pharmacological effect of ethanol that supports its reinforcing
properties.

A secondary behavioral consequence of MEK1/2 inhibition was decreased locomotor behavior
after high dose administration of SL 327. Consistent with the literature, open field activity was
significantly reduced in ethanol self-administering mice by 50–100 mg/kg SL 327 (Valjent et
al. 2006b). However, behaviors during the ethanol self-administration session were unaffected
by 50 mg/kg indicating that the motor activation that occurs during a self-administration session
is sufficient to overcome the mildly sedative effects of SL 327 at this dose. Interestingly, this
context-dependent locomotor-suppressant effect of 50 mg/kg SL 327 was not observed in mice
that had been trained to self-administer sucrose (i.e., 50 mg/kg SL 327 did not reduce the
frequency of duration of any behavior). Importantly, both ethanol and sucrose mice showed a
significantly greater degree of sedation after injection of 100 mg/kg SL 327 in both basal (open
field) and stimulated (behavior in the operant conditioning chamber) motor activity. It is known
that voluntary home-cage ethanol drinking (Spanos and Hodge 2008) and forced exposure to
high doses of ethanol by vapor inhalation (Sanna et al. 2002) leads to a downregulation of
pERK1/2 expression. While the effect of daily ethanol intake on pERK1/2 under operant self-
administration conditions is not known, the differential response of the ethanol self-
administering mice to SL 327 suggests that modest levels of ethanol self-administration might
also reduce pERK1/2, which could lead to heightened locomotor sensitivity to ERK1/2
inhibition.

The role of a second MAPK subfamily, JNK, in the regulation of behavior has been less
extensively studied but shares many common characteristics with ERK1/2. JNK is widely
recognized for its activation in response to neuronal cell death and oxidative stress, and it has
recently been shown to be an important downstream effector of glutamate activity (Borsello
et al. 2003; Carboni et al. 2008; Herdegen et al. 1998; Mukherjee et al. 1999; Schwarzschild
et al. 1997). In striatal tissue, the group 1 metabotropic glutamate receptor (mGluR) agonist
DHPG has been shown to cause a threefold increase in JNK and pERK1/2 phosphorylation.
This increase is blocked by the group 1 mGluR5 antagonist MPEP, but not the group 1 mGluR1
antagonist CPCCOEt, indicating that this effect is mGluR5 but not mGluR1 dependent (Choe
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and Wang 2001; Yang et al. 2006). This connection between mGluR5 and JNK activity is
relevant because it (1) links JNK phosphorylation to a receptor system that is known to
modulate ethanol drinking and (2) suggests that ERK1/2 and JNK can be both activated by the
same pharmacological ligands and thus may regulate common processes (Backstrom et al.
2004; Besheer et al. 2006; Hodge et al. 2006; Lominac et al. 2006; McMillen et al. 2005;
Schroeder et al. 2005). Because of this relationship, we were interested in investigating whether
inhibition of JNK activity by AS 601245 would produce a similar behavioral consequence as
ERK1/2 inhibition. At high doses (30 and 56 mg/kg), reductions in both ethanol self-
administration and locomotor activity were observed after injection of AS 601245; low doses
(3–10 mg/kg) were ineffective. Thus, the potentiation of ethanol self-administration appears
to be ERK1/2-specific. This finding is in accordance with an earlier study showing that intra-
accumbal amphetamine-conditioned place preference can be blocked by a MEK but not JNK
inhibitor (Gerdjikov et al. 2004). Together, these data support the hypothesis that ERK1/2
signaling may be critical for mediating reward-related learning and reinforcement.

A major role of the MAPK pathways in the adult central nervous system is the regulation of
neural and behavioral plasticity, including memory processes (Chandler 2003; Impey et al.
1999; Sweatt 2004). For example, SL 327 (100 mg/kg) has been shown to block cued and
contextual fear conditioning in a manner that is dissociated from motor effects in rats (Atkins
et al. 1998). Similarly, JNK inhibition blocks memory formation and retrieval of an inhibitory
avoidance task (Bevilaqua et al. 2003). Thus, it is plausible that the non-specific reductions in
ethanol and sucrose self-administration observed after the high doses of the MEK1/2 and JNK
inhibitors in this study reflect memory disruption. However, several factors seem to preclude
this interpretation. First, it is important to reiterate that doses of the MAPK inhibitors that
reduced operant responding also produced significant decreases in spontaneous locomotor
activity in both ethanol- and sucrose-exposed mice, which indicates pleiotropic behavioral
effects at high doses of these compounds and complicates interpretations related specifically
to memory. Second, although SL 327 (30 mg/kg) inhibits spatial memory in mice (Selcher et
al. 1999), this dose specifically enhanced ethanol self-administration without effect on sucrose
self-administration in the present study, which is inconsistent with memory disruption. Thus,
the apparent lack of effect of SL 327 on memory in this study may reflect differential functional
regulation or procedural differences between tests of operant conditioned behavior as compared
to tests that are commonly used to assess ERK1/2 regulation of memory (e.g., Morris water
maze, fear conditioning). Alternatively, the enhancement of ethanol-reinforced responding by
SL 327 may reflect neuroplasticity in ERK1/2 function recruited away from memory processes
toward regulation of drug reinforcement, which is consistent with other evidence showing that
a long history of ethanol self-administration can usurp the function of homeostatic regulatory
systems (Kelley et al. 2001).

In sum, the results of this study show that inhibition of ERK1/2 phosphorylation caused a dose-
dependent biphasic effect on ethanol-reinforced responding. Systemic administration of a low
dose of the MEK1/2 inhibitor SL 327, which crosses the blood–brain barrier and inhibits
ERK1/2 phosphorylation, selectively increased ethanol-, but not sucrose-reinforced
responding, whereas higher doses were either ineffective or produced non-specific reductions
likely due to motor impairments. Importantly, this effect was specific to the ERK1/2/MAPK
pathway and to ethanol reinforcement. Since acute ethanol increases ERK1/2 phosphorylation
in brain regions that regulate ethanol self-administration (Hodge et al. 1992; Sharko and Hodge
2007), these data are consistent with the hypothesis that ERK1/2 phosphorylation is a primary
pharmacological effect of ethanol that supports its reinforcing properties. It will be of interest
to examine the functional neuroanatomy of ethanol self-administration to determine if brain
regions that show ethanol-induced ERK1/2 activation also regulate its reinforcing properties.
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Fig. 1.
Blood alcohol content after a 1-h self-administration session. Filled circles represent the dose
consumed and corresponding blood alcohol content for each individual (n=14). There was a
significant positive correlation (r2=0.77) and the average blood alcohol content for the group
was 92.2±15.5 mg/dl
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Fig. 2.
Modulation of ethanol self-administration by MAPK inhibitors. Filled triangles represent the
dose–effect curve for SL 327 and filled circles represent the dose–effect curve for AS 601245.
Open symbols reflect the vehicle values for SL 327 (triangle) and AS 601245 (circle). Data
are presented as a percent change from vehicle levels of means ± SEM (vertical lines) for dose
consumed. Regression lines are shown that fit the effects of both ligands for this behavior.
Asterisks denote significance as compared to vehicle (p<0.05)
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Fig. 3.
Modulation of 2% sucrose self-administration by MAPK inhibitors. Filled triangles represent
the dose–effect curve for SL 327 and filled circles represent the dose–effect curve for AS
601245. Open symbols reflect the vehicle values for SL 327 (triangle) and AS 601245
(circle). Data are presented as a percent change from vehicle levels of means ± SEM (vertical
lines) for number of reinforcements. Regression lines are shown that fit the effects of both
ligands for this behavior. Asterisks denote significance as compared to vehicle (p<0.05)
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Fig. 4.
Effect of SL 327 on the modulation of PR responding for ethanol. a Effect of increasing the
PR response requirement on breakpoint (gray bars). b Effect of Veh (white circles) and 10–
50 mg/kg SL 327 (gray circles) on PR responding using the PR +6 response requirement
schedule. The data reflect the mean (vertical bars) ± SEM. Asterisks denote significance as
compared to the +1 PR schedule of reinforcement (a) or to vehicle (b)(p<0.05)
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Fig. 5.
Effect of MAPK Inhibitors on open field locomotor activity. a Effect of Veh (white), 30 (light
gray), 50 (dark grey), and 100 mg/kg SL 327 (black) on the locomotor activity of mice with
ethanol self-administration experience. b Effect of Veh (white), 10 (light gray), 30 (dark
gray), and 56 mg/kg AS 601245 (black)on the locomotor activity of mice with ethanol self-
administration experience. c Effect of Veh (white), 30 (light gray), 50 (dark gray), and 100
mg/kg SL 327 (black) on the locomotor activity of mice with sucrose self-administration
experience. d Effect of Veh (white), 10 (light gray), and 30 mg/kg AS 601245 (dark gray) on
the locomotor activity of mice with sucrose self-administration experience. The data reflect
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the mean (vertical bars) ± SEM (vertical lines) of total distance traveled in a 1-h session.
Asterisks denote significance as compared to vehicle (p<0.05)
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