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Abstract
Although extracellular signal-regulated kinase (ERK) activity is essential for the acquisition of a
variety of associative learning tasks, its involvement in the acquisition and extinction of ethanol
(EtOH)-induced conditioned place preference (CPP) remains unknown. Therefore, in these
experiments we examined the effects of the ERK-kinase (MEK)-inhibitor SL327 on acquisition
and expression of EtOH-CPP as well as the dose- and time-dependent effects of SL327 on CPP
extinction. The parametric findings of Experiment 1 showed that three 30-min (but not 15- or 5-
min) non-reinforced trials were required to completely extinguish EtOH-CPP in male, DBA/2J
mice. In Experiments 2 & 3, SL327 (30 and 50 mg/kg), administered 30 or 90 min prior to
extinction trials, was unable to impair EtOH-CPP extinction. Experiment 4 showed that SL327 (50
mg/kg) had no effect on acquisition of EtOH-CPP or the development of EtOH-induced
sensitization during conditioning. When administered prior to testing in Experiments 5 & 6,
SL327 did not alter expression of EtOH-CPP but did reduce test activity. Importantly, SL327
significantly reduced pERK protein levels when assessed in the dorsal striatum and motor cortex
(Experiment 7). Together, these data suggest that EtOH-related learning and EtOH reward in mice,
as assessed with CPP, are not impaired by the systemically administered MEK-inhibitor SL327.
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1. Introduction
Reinstatement procedures such as contextual renewal and spontaneous recovery have
revealed that extinction of associative learning, like acquisition, requires the formation of
new memories (Bouton, 2004). Furthermore, these procedures show that extinction is unique
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in that although it inhibits responding, the original association remains intact. As such, the
processes underlying initial acquisition and subsequent extinction involve both shared, and
unique, neurobiological substrates. For example, NMDA-receptor activation is necessary for
both acquisition (Miserendino et al., 1990) and extinction (Falls et al., 1992), but D-
cycloserine (DCS), a partial agonist of the NMDA-receptor, only facilitates extinction of
conditioned fear (Davis et al., 2006). Interestingly, the extinction-facilitating effects of DCS
are dependent on intracellular signaling through the mitogen-activated protein kinase
(MAPK)-pathway (Yang and Lu, 2005). Signaling via one such MAPK, the extracellular
signal-regulated kinase (ERK), requires phosphorylation of ERK1/2 via MAPK-kinase
(MEK), in order to successfully transmit a range of extracellular signals, including those
involved in learning and memory (Adams and Sweatt, 2002). Accordingly, MEK inhibitors
block acquisition learning in a number of behavioral tasks, including the water maze
(Selcher et al., 1999), cocaine conditioned place preference (Valjent et al., 2000) and cue-
and context-conditioned fear (Atkins et al., 1998). Similarly, the extinction of conditioned
fear is blocked by direct administration of MEK inhibitors into the amygdala, medial
prefrontal cortex, or hippocampus (Herry et al., 2006; Hugues et al., 2004; Szapiro et al.,
2003, respectively). However, few studies have examined the involvement of ERK-signaling
in extinction of appetitive associative behaviors, such as conditioned place preference.

Conditioned place preference (CPP) is an animal model of drug-seeking behavior that
allows for direct manipulations of both acquisition and extinction learning as well as the
rewarding properties of drugs of abuse. Understanding the differences between acquisition
and extinction of CPP could help identify novel targets for pharmacotherapies that could
facilitate the rehabilitation process and reduce the rate of relapse. Thus far, few studies have
examined the involvement of ERK-signaling in drug-induced CPP. Inhibition of ERK-
signaling with SL327, the only systemically administered MEK inhibitor, impairs
acquisition of cocaine-, Δ9-tetrahydrocannabinol (THC)-, and 3,4-
methylenedioxymethamphetamine (MDMA)-induced CPP in mice (Valjent et al., 2000,
2001; Salzmann et al., 2003). The effect of MEK-inhibition on extinction of CPP has
received little attention. Although one study has reported that injection of SL327 before a
single extinction session impaired partial extinction of cocaine-CPP (Valjent et al., 2006), it
remains unclear how experimental parameters including route of administration, dose, and
pre-treatment interval influence the effect of different MEK inhibitors on extinction learning
and whether extinction of fear and CPP are differentially dependent on ERK activity.
Furthermore, the involvement of the ERK pathway in the acquisition, expression, and
extinction of alcohol-seeking behaviors in mice remains undetermined. Therefore, we
performed a series of experiments to examine the dose- and time-dependent effects of
SL327 on the extinction of ethanol (EtOH)-induced CPP in mice. Additionally, we
examined the effects of SL327 on acquisition and expression of EtOH-induced CPP. Finally,
we used western immunoblot analysis of phosphorylated ERK (pERK) levels in multiple
brain regions to confirm that SL327 had crossed the blood-brain-barrier and was actively
inhibiting ERK signaling. These findings further characterize both the shared and unique
biochemical substrates that underlie the acquisition and extinction of drug- and EtOH-
induced associative learning and provide insight to the biochemical substrates of EtOH
reward in mice.

2. Materials and Methods
2.1 Subjects

Adult, male DBA/2J mice (n=432) were obtained from Jackson Laboratory (Sacramento,
CA, USA) at 6 weeks of age and allowed to acclimate to the animal colony for 2 weeks
before experiments commenced. Mice were housed, four to a cage, in cob bedding in a
Thoren rack with water and food available ad libitum throughout each experiment. All

Groblewski et al. Page 2

Behav Brain Res. Author manuscript; available in PMC 2012 March 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



experiments were conducted during the light phase (7:00–19:00). The Oregon Health &
Science University IACUC approved all experimental procedures.

2.2 Drugs
Ethanol (20% v/v in isotonic saline) was administered at a dose of 2 g/kg (12.5 ml/kg) in
Experiments 1–6 and 2.5 g/kg (16 ml/kg) in Experiment 7. The MEK inhibitor SL327
(Ascent Scientific, Princeton, NJ, USA) was first dissolved in 100% DMSO then diluted
with dH2O, prepared fresh daily. For Experiment 2, SL327 was prepared in 15% DMSO to
concentrations of 1.5 and 2.5 mg/ml and administered at 20 ml/kg to achieve doses of 30
and 50 mg/kg, respectively. This drug preparation was identical to that used by Faccidomo
et al. (2009). In Experiments 3–7, SL327 was prepared in 50% DMSO to concentrations of 6
and 10 mg/ml and administered at 5 ml/kg to achieve the same doses. This drug preparation
was identical to that used by Mouledous et al. (2007) and Matsuda et al. (2010). Matched
vehicles were administered at identical injection volumes and pre-treatment intervals for
each experiment. All drug and vehicle injections were administered intraperitoneally (IP).

2.3 Place Preference Apparatus
All behavioral procedures were performed in custom made, acrylic and aluminum
conditioning boxes (30 × 15 × 15 cm), each of which was enclosed in a sound-attenuating
chamber (Model E10–20, Colbourn Instruments, Allentown, PA, USA). A set of six infrared
emitters and detectors, mounted 5 cm apart and 2.2 cm above the floor of the box, were used
to obtain spatial location and locomotor activity data throughout conditioning, extinction
and testing. The conditioned stimuli (CSs) consisted of two distinct tactile cues—grid and
hole floors. Grid floors (2.3 mm stainless steel rods, 6.4 mm apart) and hole floors (16-
gauge stainless steel perforated with 6.4-mm round holes) were interchangeable allowing for
either full- or split-cue configurations during conditioning/extinction and testing,
respectively. These cues are unbiased in that naïve DBA/2J mice show equal preference for
the two floors during drug-free preference tests (Cunningham et al., 2003).

2.4 Place Preference Procedure
All CPP experiments consisted of unbiased designs and procedures similar to those
previously described in detail by this laboratory (Cunningham et al., 2006b).

Experiment 1: Effect of trial duration on extinction of EtOH-CPP—On Day 1,
mice (n=96) were given a saline injection (12.5 ml/kg) and habituated to the conditioning
apparatus, equipped with white paper flooring, for 5 min. On Days 2–5, animals received
daily CPP conditioning trials during which EtOH (2 g/kg) was paired with one of the tactile
cues (e.g., Grid) while saline was paired with the other cue (e.g., Hole) on alternating days.
The floor with which EtOH was paired (Conditioning Subgroup) and trial-type order (S-E-
S-E or E-S-E-S) were fully counterbalanced. On Day 6, all animals received a drug-free, 15-
min preference test during which both tactile cues were presented and place preference was
assessed. Animals were matched for preference then divided into 4 groups that differed in
extinction-trial duration: No Extinction, Ext-5 min, Ext-15 min, and Ext-30 min. During the
3 days of extinction (Days 7–9) the Ext-5 min, Ext-15 min, and Ext-30 min groups received
three, non-reinforced exposures to each of the CS+ and CS− cues separately (each preceded
by a saline injection) for their assigned durations. Trials occurred in the morning and
afternoon of each day with order of cue exposure counterbalanced. The No Extinction group
was weighed daily during this phase. On Day 10, all animals received a second, drug-free
15-min preference test.
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Experiments 2 and 3: Effect of SL327 on extinction of EtOH-CPP—Animals
(n=96 for each experiment) received EtOH-CPP conditioning and testing identical to that in
Experiment 1 (see above). After Test 1, mice were matched for preference and assigned to
one of four groups: No Extinction, Vehicle, SL-30, and SL-50. During the 4 days of
extinction (Days 7–10), the Vehicle, SL-30, and SL-50 groups received four, 30-min, non-
reinforced exposures to the CS+ and CS− cues separately. Animals received Vehicle (15%
DMSO), 30 mg/kg SL327 (SL-30), or 50 mg/kg SL327 (SL-50) 30 min before each CS+
trial; saline (5 ml/kg) was injected 30 min before each CS− extinction trial. All mice
received a saline injection (12.5 ml/kg) immediately before each CS+ and CS− trial. In order
to eliminate any possible carry-over effects of SL327, cue exposure order was not
counterbalanced during extinction (i.e., CS+ trials occurred in the afternoon). On Day 11 all
animals received a second, drug-free 15-min preference test. Experiment 3 was identical to
Experiment 2 except that SL327 was administered 90 min prior to the non-reinforced CS+
extinction trials and it was administered in a 50% DMSO vehicle. The pre-trial interval was
increased in Experiment 3 in order to reduce the potential for any aversive effects of SL327
to enter into association with the CS+ cue during extinction (see Figure 2). The vehicle was
changed in order to better reflect the administration parameters of other previously
published studies (e.g. Mouledous et al., 2007).

Experiment 4: Effect of SL327 on acquisition of EtOH-CPP—Mice (n=48) were
randomly assigned to one of two groups: Vehicle or SL-50. All animals received EtOH-CPP
conditioning identical to that in the previous experiments with the exception that each group
received either Vehicle (50% DMSO) or SL327 (50 mg/kg), 90 min before each of the two
EtOH (CS+) conditioning trials. On CS− trials, all animals received pre-injections of saline
90 min before another injection of saline. On Days 6–11, both groups received daily 30-min,
drug-free preference tests with only a saline pre-injection.

Experiments 5 & 6: Effect of SL327 on expression of EtOH-CPP—In Experiment
5, mice (n=48) received conditioning identical to that in previous experiments in that they
received 2 CS+ and 2 CS− trials in an alternating manner over the course of 4 days.
Following conditioning, mice received a 5 ml/kg injection of Vehicle (50% DMSO) or
SL327 (50 mg/kg), 90 min prior to a saline injection (12.5 ml/kg) followed immediately by a
standard, 30-min place preference test. Experiment 6 used mice (n=48) from an unrelated
experiment in which half of the mice had initially been trained using a one-compartment
procedure (similar to that used in Experiments 1–5) or a two-compartment procedure (see
Cunningham et al., 2006b). Consistent with previous findings (Cunningham et al., 2006c),
preliminary statistical analysis showed no difference in the CPP produced by these two
training procedures. Thus, this factor was omitted in the analyses reported here. Mice
received a total of 4 CS+ and 4 CS− conditioning trials, with 30-min preference tests (after
saline pre-injection) on the day after the 4th and 8th days of conditioning. The final
expression test was given one day later, preceded by either a Vehicle or SL327 (50 mg/kg)
injection 90 min before the saline pre-injection.

2.5 Western Blot Procedure
Experiment 7: Effect of SL327 on pERK levels in the dorsal striatum and
motor cortex—Animals from the No Extinction group of Experiment 3 (n=24) were
randomly assigned to one of four groups: Vehicle-Saline, Vehicle-EtOH, SL-Saline, SL-
EtOH. Each group received a pre-injection of Vehicle (50% DMSO) or SL327 (50 mg/kg)
90 min before an injection of Saline or EtOH (2.5 g/kg). Five min later, animals were
euthanized by CO2 asphyxiation, brains were extracted, and dorsal striatum and motor
cortex were dissected from a 1 mm-thick brain slice corresponding to Bregma +0.86mm.
Wet weights were taken and tissue was rapidly frozen in dry ice and stored at −80°C. Tissue
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samples were prepared by sonication in 20x w/v ice cold buffer containing 50 mM Tris HCl,
150 mM NaCl, 1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS, 100 µl/ml phosphatase
inhibitor cocktail and 10 µl/ml protease inhibitor cocktail (Calbiochem, San Diego, CA,
USA). Samples were then incubated for 20 min at 4°C, followed by centrifugation at
14,000g for 15 min at 4°C. The supernatant was collected and stored at −80°C. Protein
content was analyzed by BCA detection (Thermo Fisher Scientific, Rockford, IL, USA) and
samples were incubated in Laemmli’s Sample Loading buffer for 45 min at 37°C. Following
incubation, 20 µg of protein was loaded onto 10% SDS-PAGE gels and run for 2 hr at 100 V
in a running buffer containing 25mM Tris base, 20 mM glycine and 0.1% SDS. Proteins
were then transferred to PVDF membrane at 30 V overnight at 4° C in a transfer buffer
containing 50 mM Tris base, 40 mM glycine, and 20% methanol. Membranes were then
blocked for 1 hr at room temperature in Tris-buffered saline (TBS) containing 5% bovine
serum albumin (BSA) followed by a 1 hr incubation at room temperature with anti-pERK
44/42 or anti-ERK antibody (1:1000; Cell Signaling Technology, Danvers, MA, USA) in
TBS containing 5% BSA. Membranes were washed three times for 10 min in TBS and
incubated for 45 min at room temperature with anti-rabbit IgG-AP secondary (1:2500; Santa
Cruz Biotechnology, Santa Cruz, CA, USA) in TBS containing 5% BSA. Finally,
membranes were washed three times for 10 min in TBS and incubated for 5 min with ECF
substrate (GE Healthcare, Piscataway, NJ, USA). Membranes were scanned using an
Ultralum imaging system and bands were quantified using Ultraquant 6.0 software
(Ultralum, Claremont, CA, USA).

2.6 Statistical Analysis
Place preference data were presented and analyzed using one-way analysis of variance
(ANOVA) of the percentage of each test spent on the EtOH-paired floor (% Time on EtOH-
paired floor). When extinction of EtOH-CPP was assessed, Test was included as a factor in a
repeated-measures ANOVA. Additionally, Table 1 includes the raw-score means and
statistical comparisons between the counterbalanced Conditioning Subgroups (G+ and G−)
within each group (Cunningham et al., 2003). Post-hoc comparisons of G+ and G−
subgroups were Bonferroni-corrected (overall α=.05).

Conditioning and extinction locomotor activity was analyzed using repeated-measures
ANOVAs with Trial and Group as factors. Ethanol-induced sensitization that occurred
during conditioning of EtOH-CPP was analyzed using repeated-measures ANOVA with
Trial, Trial-Type, and Group as factors. Post-hoc within- and between-subject comparisons
were Bonferroni-corrected (overall α=.05).

Because the goal of Experiments 1–3 was to specifically manipulate extinction of an
acquired EtOH-CPP, we decided, a priori, to remove animals that failed to express a place
preference of greater than 50% on Test 1. These experiments revealed that approximately
25% of all subjects failed to express significant preference following the 2-trial conditioning
procedure outlined above (total number of subjects removed from each experiment is
reported in the figure legends). Removal of “non-learners” from analyses in order to
examine the effects of extinction-specific manipulations has previously been reported (e.g.
Bouton et al., 2008; Weber et al., 2007).

For western blot analysis, pERK immunoreactivity was first normalized to ERK levels and
presented and analyzed after being normalized to the Vehicle-Saline group for each gel.
Separate two-way ANOVAs, with Pre-injection (Vehicle or SL327) and Injection (Saline or
EtOH) as factors, were initially used for dorsal striatum and motor cortex analyses.
However, following initial analysis, injection groups were collapsed, normalized to the
Vehicle group, and the effect of SL327 was further analyzed by independent t-tests
comparing the Pre-injection groups for each brain region.
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3. Results
3.1 Effect of trial duration on extinction of EtOH-CPP (Exp 1)

Experiment 1 was performed in order to determine the optimal extinction parameters in our
procedure by varying extinction-trial durations. Figure 1 shows that on Test 1 following
conditioning, all four groups showed significant preference for the EtOH-paired floor.
However, after extinction (Test 2) only the group that had received the 30 min trial duration
(Ext-30 min) showed significant extinction of EtOH-CPP. A two-way ANOVA revealed a
significant Test × Group interaction [F(3,67) = 4.8, p < .01] and subsequent paired t-tests for
each group revealed that only the Ext-30 min group showed significant extinction [t(16) =
4.0 p < .005]. As Table 1 shows, including the Conditioning Subgroups (G+ and G−) in the
analysis further confirmed these findings. Therefore, Experiment 1 revealed that a trial
duration of 30 min is necessary to completely extinguish EtOH-CPP. As such, all
subsequent extinction experiments utilized a 30-min trial duration.

3.2 Effect of systemic administration of the MEK inhibitor, SL327, on extinction of EtOH-
CPP (Exps 2 & 3)

In order to determine the involvement of ERK activity in extinction of EtOH-CPP, the MEK
inhibitor SL327 was administered prior to the 30-min, non-reinforced CS+ cue exposures
during each extinction trial. As Figure 2a shows, SL327 did not impair extinction of EtOH-
CPP—that is, all groups that underwent extinction showed a significant decrease in
preference on Test 2. These findings were supported by a significant Test × Group
interaction [F(3,67) = 12.4, p < .001] and significant main effects of Test [F(1,67) = 88.4, p
< .001] and Group [F(3,67) = 5.5, p < .005]. Paired t-tests comparing preference on Tests 1
and 2 revealed significant extinction in all but the No Extinction group (p’s < .05). Further
analysis revealed a simple main effect of Group only on Test 2 [F(3,67) = 16.5, p < .001].
Post-hoc comparisons of Test 2 preferences showed that the SL-50, but not SL-30, group
differed significantly from the Vehicle group (p < .05). Therefore, the highest dose of SL327
appeared to be aversive and, when administered 30 min before cue exposure, resulted in a
decrease in preference below the indifference point (50% preference) on Test 2. This finding
suggested that a dose of 50 mg/kg SL327 possessed aversive properties that may have
actually counter-conditioned the initial EtOH-CPP, resulting in a significant avoidance of,
not just an indifference for, the previously EtOH-paired cue.

As Figure 2b shows, CS+-trial locomotor activity decreased over the course of extinction
(significant main effect of Trial [F(3,144) = 34.5, p < .001]), but did not differ between drug
treatment groups (no significant Group × Trial interaction, p > .05).

Because the SL-50 group in Experiment 2 developed a place aversion during extinction, the
parameters of SL327 administration in Experiment 3 were changed in hopes of eliminating
this effect. By extending the pre-trial interval to 90 min, we hoped to reduce the aversive
properties of SL327 and/or weaken the ability of any aversive properties to enter into an
association with the CS+ cue during extinction (i.e., prevent counter-conditioning a place
aversion). The vehicle was also changed to 50% DMSO in order to better reflect the SL327
administration parameters used in previous experiments (e.g. Mouledous et al., 2007). As
seen in Figure 3a, the results showed that although these manipulations eliminated the place
aversion seen in Experiment 2, neither dose of SL327 interfered with normal extinction of
EtOH-CPP. Analysis revealed a significant Test × Group interaction [F(3,67) = 4.6, p < .01]
as well as main effects of both Test [F(1,67) = 31.0, p < .001] and Group [F(3,67) = 4.4, p
< .01]. Paired t-tests comparing preference on Tests 1 and 2 revealed significant extinction
in all but the No Extinction group (p’s < .05). Further analysis revealed a simple main effect
of Group only on Test 2 [F(3,67) = 8.9, p < .001]. Subsequent post-hoc comparisons of Test
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2 preferences revealed that neither the Ext-30 nor Ext-50 group differed from the Vehicle
group (p’s > .05). Therefore, when administered at 30- or 90-min pre-trial intervals, neither
dose of SL327 impaired extinction of EtOH-CPP in mice.

In contrast to Experiment 2, however, both doses of SL327 reduced locomotor activity
during extinction trials when compared to vehicle-treated animals (Figure 3b). A one-way
ANOVA revealed significant main effects of Group [F(2,50) = 8.3, p < .005] and Trial
[F(3,150) = 127.8, p < .001]. Subsequent post-hoc analysis showed that the Vehicle group
exhibited higher locomotor activity than both the SL327 groups (p’s < .01). These data
suggest that although CS+-trial locomotor activity decreased over the course of extinction,
both doses of SL327 caused a general reduction in activity.

The combined results of Experiments 2 and 3 showed that inhibition of ERK-signaling with
the systemic MEK inhibitor, SL327, did not impair extinction learning. This effect was
evident at two doses that were administered in two vehicles, at two pre-trial intervals.
However, despite failing to prevent extinction, these doses of SL327 did reduce locomotor
activity when administered 90 min before the non-reinforced extinction trials.

3.3 Effect of SL327 on acquisition of EtOH-CPP (Exp 4)
Although SL327 did not prevent extinction of EtOH-CPP, previously published experiments
have reported that SL327 impairs acquisition of CPP (e.g., Valjent et al., 2000). Thus,
Experiment 4 was performed to extend these previous findings by examining the effects of
SL327 on acquisition of EtOH-CPP in mice. The results of Experiment 4 showed that SL327
(50 mg/kg) administered 90 min prior to CS+ conditioning trials did not impair acquisition
of EtOH-CPP (Figure 4, Test 1). In order to assess the persistence of CPP, both groups
received five additional drug-free preference tests. Analysis of the preference across all six
tests revealed no group differences in EtOH-CPP. This was confirmed by the absence of
either a Test × Group interaction or main effect of Group (p’s > .05). These data showed that
SL327 was unable to impair either EtOH reward or the memory formation necessary for
acquisition of EtOH-CPP in mice. Furthermore, this finding persisted across multiple, drug-
free preference tests.

Analysis of the locomotor activity during conditioning revealed that, similar to Experiment
3, SL327 reduced locomotor activity. However, SL327 did not prevent the development of
EtOH-induced sensitization that normally occurs during EtOH-CPP conditioning trials
(Figure 4b). These findings were supported by significant interactions of Trial × Trial Type
[F(1,46) = 111.5, p < .001] and Group × Trial Type [F(1,46) = 25.0, p < .001] as well as
significant main effects of Group [F(1,46) = 23.4, p < .001], Trial [F(1,46) = 34.2, p < .001],
and Trial Type [F(1,46) = 578.7, p < .001], but no significant Group × Trial × Trial Type
interaction (p > .05). Paired t-tests comparing EtOH-induced activity levels on Trials 1 and 2
revealed significant increases for both the Vehicle [t(23) = 6.5, p < .001] and SL-50 [t(23) =
7.6, p < .001] groups. Furthermore, the Vehicle group showed significantly greater levels of
EtOH-induced activity than the SL-50 group on both Trial 1 [t(46) = 5.2, p < .001] and Trial
2 [t(46) = 4.5, p < .001]. These data showed that although SL327 reduced locomotor
activity, it did not interfere with development of EtOH-induced sensitization.

3.4 Effect of SL327 on expression of EtOH-CPP following 2- and 4-trial conditioning
procedures (Exps 5 & 6)

Experiments 5 and 6 were performed in order to assess the effect of SL327 on expression of
EtOH-CPP following normal 2-trial, and extended 4-trial, conditioning. The results of
Experiment 5 showed that both the Vehicle- and SL327-treated groups showed similar
levels of preference for the EtOH-paired floor as confirmed by an independent t-test (p > .
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05). SL327 did, however, significantly reduce test activity [t(45) = 6.8, p < .001]. These
effects were replicated when animals that had received extended CPP conditioning (4 trials)
were tested in that SL327 had no effect on expression of EtOH-CPP (p > .05) while
significantly reducing test activity [t(46) = 5.5, p < .001]. These results suggest that
inhibiting ERK activity with SL327 does not interfere with the conditioned motivational
effects of EtOH or its retrieval from memory as assessed during a drug-free CPP test.

3.5 Effect of SL327 on pERK levels in the dorsal striatum and motor cortex (Exp 7)
Experiment 7 was performed in order to confirm that SL327 had crossed the blood-brain-
barrier and was reducing ERK activity. Western immunoblot analysis of pERK protein
levels in the dorsal striatum and motor cortex were examined as these regions have shown
EtOH-induced activation (Asyyed et al., 2006) while the dorsal striatum has repeatedly been
used to assess MEK-inhibition by SL327 in previous CPP experiments (Valjent et al., 2000
& 2001; Salzmann et al., 2003). As shown in Figure 6, although levels of pERK were not
significantly increased 5 min after an EtOH injection, pre-treatment with SL327 caused a
significant reduction in both the dorsal striatum and motor cortex. Because the initial Pre-
treatment × Injection ANOVA for each region revealed only a significant main effect of Pre-
treatment (Dorsal Striatum: [F(1,20) = 5.1, p < .05], Motor Cortex: [F(1,20) = 6.3, p < .05])
and no significant interaction or main effect of EtOH injection (p’s > .05), the EtOH and
Saline injection groups were collapsed for further analysis of the SL327 effect. Subsequent
independent t-tests comparing SL327 and Vehicle pre-treated animals revealed that SL327
significantly reduced pERK levels in both the dorsal striatum [t(22) = 2.3, p < .05] and
motor cortex [t(22) = 2.7, p < .05] (Figure 6, insets). Specifically, SL327 administration
resulted in a reduction of approximately 40% of the pERK levels in both brain regions.
Therefore, despite having no effect on learning behavior in Experiments 2–4, or on
expression of CPP in Experiments 5–6, SL327 was, in fact, crossing the blood-brain-barrier
and significantly reducing pERK levels in multiple brain regions.

4. Discussion
These experiments showed that systemic administration of the MEK-inhibitor SL327 had no
effect on acquisition, expression, or extinction of EtOH-induced CPP in mice. Specifically,
the results of Experiment 2 and 3 showed no effect of two doses of SL327 (30 and 50 mg/
kg) on extinction of EtOH-CPP. This outcome was replicated when two different vehicles
and pre-trial intervals were used. Additionally, Experiment 4 showed that SL327 (50 mg/kg)
did not impair acquisition of EtOH-CPP or development of EtOH-induced sensitization
when administered before each of two CS+ conditioning trials. Furthermore, when
administered only before the CPP test, SL327 did not alter expression of EtOH-CPP after
either 2- or 4-trial conditioning procedures. Importantly, these outcomes were not simply
due to a lack of ERK-activity inhibition by SL327, as Experiment 7 showed that SL327
significantly reduced pERK levels in both the dorsal striatum and motor cortex by
approximately 40%. Taken together, these data suggest that the initial memory formation
involved in acquisition, as well as the inhibitory learning unique to extinction, of EtOH-
seeking behavior in mice did not require intact ERK signaling. Additionally, these
experiments showed that neither EtOH reward nor the conditioned rewarding effects of
EtOH were altered by inhibition of ERK signaling with SL327.

The lack of an effect of SL327 on these different stages of EtOH-CPP is not easily attributed
to insensitivity of our procedure and parameters to pharmacological and neurobiological
manipulations. Indeed, our laboratory has previously reported many studies showing
significant effects of various treatments on the acquisition (Boyce-Rustay & Cunningham,
2004; Chester & Cunningham, 1999; Cunningham & Gremel, 2006a; Gremel &
Cunningham, 2008), expression (Bechtholt & Cunningham, 2005; Gremel & Cunningham,
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2007, 2008, 2009, 2010) and extinction (e.g., Cunningham et al., 1995, 1998) of EtOH-CPP
using the same mouse strain, equipment and procedures described here. Thus, we are
confident that the procedures used in the current set of experiments were appropriate for
detecting potential effects of SL327 on EtOH-CPP.

4.1 ERK-signaling and extinction
Our findings are consistent with a previous study that showed that injection of SL327 (30
mg/kg IP) before 15 non-reinforced CS exposures had no impact on extinction of
conditioned fear in mice (Matsuda et al., 2010). In contrast, Valjent et al. (2006) reported
that injection of SL327 (50 mg/kg IP) before a single non-reinforced CS exposure impaired
extinction of cocaine CPP in mice. However, because the control group in the Valjent et al.
(2006) study showed only partial extinction, it is unclear whether the effects of SL327
would have persisted had the experiment included more trials that resulted in complete
extinction in the control group. Nevertheless, the finding that extinction of EtOH-CPP does
not depend on ERK signaling is consistent with previous studies (Groblewski et al., 2009)
showing that extinction of EtOH-CPP was not altered by DCS, which has been reported to
facilitate extinction of conditioned fear via the ERK pathway (Yang and Lu, 2005). Taken
together, such findings suggest that extinction learning may not depend on ERK signaling.

However, several previous studies have shown that extinction of conditioned fear is
impaired by direct injection of the MEK inhibitors U0126 or PD98059 into the
hippocampus, medial prefrontal cortex or basolateral amygdala (BLA) (Szapiro et al., 2003;
Hugues et al., 2004; Herry et al., 2006). The discrepancy between these findings and the
more recent finding that systemically administered SL327 had no effect on fear extinction
(Matsuda et al., 2010) might be due to unknown differences in the impact of these various
MEK inhibitors on ERK-signal transduction pathways or in the level of MEK inhibition
produced by systemically administered SL327 in brain areas critical for fear extinction.
Unfortunately, Matsuda et al. did not measure pERK levels in brain following SL327
injection, preventing direct comparison to the changes produced by SL327 in our study or
previous studies. Nevertheless, those investigators found that SL327 reversed the extinction-
enhancing effect of systemically administered D-serine, an effect that was attributed to a
reduction of ERK phosphorylation in brain.

It is important to note that subjects received only a single exposure to the MEK inhibitor
during extinction in all of the aforementioned studies. In contrast, Experiments 2 and 3 of
the current manuscript included an SL327 injection before each of four consecutive
extinction trials. This procedural difference raises the possibility that repeatedly
administering SL327 could have diminished its extinction-impairing effects (i.e., SL327
might have impaired extinction on the first or second trial, but did not prevent extinction on
later trials). It would be difficult to evaluate this hypothesis in the EtOH-CPP procedure
because a single extinction trial yields little to no extinction in control mice (unpublished
findings), reducing the ability to detect impairment by SL327 exposure. Nevertheless, the
finding that a single exposure to SL327 had no effect on fear extinction (Matsuda et al.,
2010) suggests that SL327’s inability to impair extinction is not unique to procedures that
involve repeated drug exposure.

Future studies should address whether the inability of systemically administered SL327 to
impact extinction is unique to this MEK inhibitor or can be explained by insufficient
reduction in ERK phosphorylation in critical brain areas. Additionally, it would be important
to know whether site-specific injections of SL327 into hippocampus, medial prefrontal
cortex or BLA impair fear extinction and if these effects diminish following repeated
exposures.
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4.2 ERK-independent EtOH-related acquisition learning
A more general explanation for the lack of an SL327 effect on extinction of EtOH-CPP
might be that ERK activation is not required for formation of any ethanol-related learned
memories. This hypothesis receives support from the results of Experiment 4, which showed
that administration of SL327 during conditioning did not impair acquisition of EtOH-CPP.
This idea is further supported by data showing no effect of SL327 on development of EtOH-
induced sensitization (see Fig. 4b), which has previously been reported to involve an
associative learning component in our procedure (Cunningham and Noble, 1992).

These findings contrast with previous studies showing that systemic pretreatment with
similar doses of SL327 interfered with acquisition of cocaine-, THC- and MDMA-induced
CPP (Valjent et al., 2000, 2001; Salzmann et al., 2003) and with development of cocaine-
and d-amphetamine-induced locomotor sensitization (Valjent et al., 2006). Although the
discrepancy between these findings and the present studies might be explained by
differences in mouse genotype or various procedural variables, our overall pattern of
findings suggests that the formation of ethanol-related memories, unlike those involving
other drugs of abuse, occurs independently of the ERK signaling pathway. This conclusion
is seemingly at odds with a recent study by Spina et al. (2010) who showed that
intracerebroventricular (ICV) administration of the MEK inhibitor PD98059 impaired CPP
induced by intragastric acetaldehyde, the primary metabolite of EtOH, in rats. However,
although acetaldehyde and EtOH share some behavioral effects, studies suggest that the
underlying pharmacological mechanisms are unique, and the presence of acetaldehyde in the
central nervous system following EtOH consumption remains controversial (for review see
Quertemont et al., 2005).

Additional evidence of the unique neurobiological mechanisms of EtOH-CPP comes from
previously published data from our laboratory showing that acquisition of EtOH-CPP was
not impaired by the NMDA-receptor antagonist MK-801 (Boyce-Rustay & Cunningham,
2004) despite reports that MK-801 prevented cocaine-CPP (Kim et al., 1996). Furthermore,
Kim et al. (1996) also showed that MK-801 blocked cocaine-induced locomotor
sensitization, whereas Meyer and Phillips (2003) reported no such effect on EtOH-induced
sensitization. Thus, it appears that EtOH-CPP and other EtOH-related behaviors, including
sensitization, may depend upon signaling mechanisms and receptor systems that are distinct
from those involved with other drugs of abuse including cocaine.

4.3 Involvement of ERK in EtOH reward and reinforcement
Not only was SL327 unable to interfere with acquisition and extinction learning, but it also
did not alter the direct rewarding effects of EtOH. Specifically, if ERK signaling were
necessary for EtOH reward, mice that received SL327 before EtOH-conditioning trials
would have shown a weaker CPP on Test 1 of Experiment 4. Because both groups showed
equally strong CPP, it can be concluded that inhibition of ERK signaling with SL327 altered
neither the learning-component of EtOH-CPP acquisition nor the rewarding effects of EtOH.
Additionally, our results showed that the conditioned rewarding effects of EtOH do not
require ERK signaling as SL327 did not impair expression of EtOH-CPP in Experiments 5
and 6. These results are in agreement with a previous study showing that intra-BLA MEK
inhibition did not alter the expression of cocaine-CPP despite causing a 40–50% reduction in
BLA-pERK levels (Lai et al., 2008).

Recently, it was observed that SL327 biphasically altered expression of EtOH-self
administration in mice—a result that the authors suggested supported a role of ERK
signaling in EtOH reinforcement (Faccidomo et al., 2009). Additionally, Radwanska et al.
(2008) reported that presentation of relapse-inducing cues in an EtOH self-administration
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paradigm resulted in a significant increase in pERK levels in the BLA of rats. In contrast to
these findings that link EtOH reinforcement with ERK signaling, Carnicella et al. (2008)
showed that the MEK inhibitor U0126, when administered directly into the ventral
tegmental area, failed to alter expression of EtOH self-administration in rats. Although these
reports provide mixed support of our current data showing that MEK inhibition does not
interfere with the direct- or conditioned-rewarding effects of EtOH, it is important to note
that self-administration and CPP involve distinct neural mechanisms and learning processes
while incorporating different aspects of drug reinforcement and reward (Bardo and Bevins,
2000). Thus, it remains possible that these two behaviors are differentially dependent upon
the ERK pathway.

4.4 Reduction in subcortical and cortical pERK levels by SL327
Although the results of the current behavioral experiments show that SL327 was unable to
impair acquisition, expression, and extinction of EtOH-CPP in mice, the doses and pre-
treatment intervals used were sufficient to significantly reduce pERK levels in the two brain
regions examined. Specifically, Experiment 7 showed that SL327 (50 mg/kg) caused a
substantial (40%) reduction of pERK levels in both the dorsal striatum and motor cortex.
Contrary to expectation, EtOH (2.5 g/kg) did not result in a significant increase in pERK
levels in either the dorsal striatum or motor cortex, which is in disagreement with the study
by Asyyed et al. (2006) that showed significant activation of the cAMP response element
binding protein (CREB) pathway, a downstream effector of ERK, in both regions following
an acute EtOH (3.2 g/kg) injection. Although it is not clear why this dose of EtOH did not
alter pERK levels, it is clear that pre-treatment with SL327 significantly reduced pERK
levels in these subcortical and cortical regions, regardless of whether or not animals received
EtOH. Furthermore, these data are in complete agreement with those of Atkins et al. (1998)
who showed that the same dose of SL327 (50 mg/kg) caused an approximately 40–50%
reduction in hippocampal pERK levels at 60 min post-injection—a reduction that was
sufficient to impair acquisition of conditioned fear. Additionally, a previous examination of
the time-course of MEK inhibition showed that SL327 caused a significant, and equivalent,
reduction of pERK levels at all time points between 30 and 100 min post injection (Selcher
et al., 1999). Therefore, given the biochemical results of Experiment 7 in conjunction with
the aforementioned published studies, we are confident that SL327 crossed the blood-brain-
barrier and significantly reduced ERK activity during the extinction trials of Experiments 2
and 3 as well as the conditioning trials of Experiment 4 and preference tests of Experiments
5 and 6. This interpretation is further supported by the behavioral findings that SL327 pre-
treatment resulted in a general depression of activity during extinction and preference tests,
as well as a reduction in EtOH-induced locomotor activity during conditioning trials.
Although we cannot rule out that the suppression of activity by SL327 was due to a
peripheral effect of the drug, it is more likely that this effect corresponds to a reduction in
pERK levels in the brain, in particular the dorsal striatum as this area has been shown to be
involved in control of movement (Kreitzer & Malenka, 2008).

In conclusion, the findings of the behavioral and biochemical experiments of this study
showed that SL327 had no affect on acquisition, expression, or extinction of EtOH-induced
CPP in mice despite causing significant reduction of pERK levels in multiple brain regions.
Additionally, although SL327 caused a generalized depression of locomotor activity, it did
not prevent the development of EtOH-sensitization. In light of the current data, as well as
previously published data from our laboratory and others, it appears that extinction-specific
learning may be insensitive to inhibition of ERK-signaling via systemically administered
SL327. Furthermore, our data also suggest that unlike other drugs of abuse, the EtOH-
related associative learning components of EtOH-CPP, as well as the direct and conditioned
rewarding properties of EtOH, may not require activation of the ERK pathway.

Groblewski et al. Page 11

Behav Brain Res. Author manuscript; available in PMC 2012 March 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Abbreviations

CPP conditioned place preference

DCS d-cycloserine

ERK extracellular signal-regulated kinase

EtOH ethanol

MAPK mitogen-activated protein kinase

MEK mitogen-activated protein kinase-kinase

NMDA n-methyl d-aspartic acid

pERK phosphorylated extracellular signal-regulated kinase
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Figure 1. Extinction of EtOH-CPP was determined by trial duration
All groups showed significant preference for the EtOH-paired floor following acquisition
(Test 1). Following extinction, however, the group that received a 30-min (but not 15- or 5-
min) extinction trial duration showed complete extinction of EtOH-CPP (Test 2). Error bars
indicate standard error of the mean. A total of 23 subjects (24%) were removed because of
failure to express >50% preference on Test 1. An additional two subjects were removed
because of procedural errors.
* denotes a significant decrease in preference on Test 2 compared to Test 1 (p < .05).
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Figure 2. The systemic MEK inhibitor SL327 was unable to impair extinction of EtOH-CPP
(A) All groups showed significant preference for the EtOH-paired floor following
acquisition (Test 1). Administration of 30 mg/kg SL327 (SL-30) or 50 mg/kg SL327
(SL-50) 30-min before extinction trials did not impair normal extinction as seen in the
Vehicle group (Test 2). The SL-50 group showed a significant place aversion following
extinction. (B) All groups showed a decrease in activity over the course of extinction trials
in Experiment 2. Pre-treatment with SL327 did not significantly reduce extinction activity as
compared to the Vehicle group. Error bars indicate standard error of the mean. A total of 24
subjects (25%) were removed because of failure to express >50% preference on Test 1. An
additional two subjects were removed because of procedural errors.
* denotes a significant decrease in preference on Test 2 compared to Test 1 (p < .05).
# denotes a significant difference in preference from Vehicle group on Test 2 (p < .05).
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Figure 3. SL327, administered 90-min prior to trials, did not impair extinction of EtOH-CPP
(A) All groups showed significant preference for the EtOH-paired floor following
acquisition (Test 1). Administration of SL327 (30 or 50 mg/kg) did not impair the normal
extinction apparent in the Vehicle group (Test 2). (B) Extending the pre-treatment interval to
90 min unmasked a general activity-suppressing effect of both doses of SL327 as compared
to the Vehicle group. Error bars indicate standard error of the mean. A total of 22 subjects
(23%) were removed because of failure to express >50% preference on Test 1. An additional
three subjects were removed because of procedural errors.
* denotes a significant decrease in preference on Test 2 compared to Test 1 (p < .05).
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@ denotes a significant difference in extinction activity as compared to the Vehicle group (p
< .05).
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Figure 4. SL327 had no effect on acquisition of EtOH-CPP
(A) SL327 (50 mg/kg) did not prevent the development of EtOH-CPP as both groups
showed significant preference for the EtOH-paired floor following acquisition (Test 1).
Significant EtOH-CPP of both the Vehicle and SL-50 groups persisted across five
subsequent tests for both groups. (B) When administered during CPP acquisition, SL327 (50
mg/kg) caused a general reduction in EtOH-induced activity. However, SL327 did not
impair the development of EtOH-induced sensitization across the two acquisition trials.
Error bars indicate standard error of the mean.
* denotes a significant increase in EtOH-induced activity from CS+-trial 1 to 2 (p < .05).
# denotes a significant difference in EtOH-induced activity between the Vehicle and SL-50
group (p < .05).
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Figure 5. SL327 did not alter expression of EtOH-CPP following both 2- and 4-trial conditioning
(A) SL327 (50 mg/kg), when administered prior to the CPP test did not alter expression of
EtOH-CPP but did significantly reduce test activity (inset). (B) SL327 also failed to alter
expression of EtOH-CPP following an extended conditioning (4-trials) procedure. As in 5A,
SL327 significantly reduced test activity (inset). Error bars indicate standard error of the
mean.
* denotes a significant decrease in activity as compared to the Vehicle-treated group (p < .
05).
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Figure 6. SL327 significantly reduced pERK levels in the motor cortex and dorsal striatum
(A) Although EtOH pre-treatment did not significantly increase pERK levels in the motor
cortex, SL327 (50 mg/kg) caused an approximate 40% decrease in pERK levels (inset). (B)
As in the motor cortex, EtOH did not enhance pERK levels but SL327 caused an
approximate 40% inhibition of pERK levels in the dorsal striatum (inset). Error bars indicate
standard error of the mean.
* denotes a significant decrease in pERK/ERK levels as compared to the Vehicle-treated
group (p < .05).
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