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Abstract

Neuroadaptations supporting behavioral sensitization to abused drugs are suggested to underlie
pathological, excessive motivation toward drugs and drug-associated stimuli. Drug-induced
sensitization has also been linked to increased appetitive responses for non-drug, natural
reinforcers. The present research investigated whether ethanol (EtOH)-induced neural changes,
inferred from psychomotor sensitization, can modify consumption and intake dynamics for the
natural reinforcer, sucrose. The effects of EtOH-induced sensitization in mice on the temporal
structure of sucrose intake patterns were measured using a lickometer system. Sucrose intake
dynamics were measured after sensitization for 1 h daily for 7 days and indicated more rapid
initial approach and consumption of sucrose in EtOH-sensitized groups; animals showed a shorter
latency to the first intake bout and an increased number of sucrose bottle licks during the initial 15
min of the 1-h sessions. This effect was associated with increased frequency and size of bouts. For
the total 1-h session, sucrose intake and bout dynamics were not different between groups,
indicating a change in patterns of sucrose intake but not total consumption. When sensitization
was prevented by the GABAR receptor agonist baclofen, the increased rate of approach and
consumption of sucrose were also prevented. Thus, EtOH-induced sensitization, and not the mere
exposure to EtOH, was associated with changes in sucrose intake patterns. These data are
consistent with current literature suggesting an enhancing effect of drug-induced sensitization on
motivational processes involved in reinforcement.
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Introduction

Progressive, long-lasting enhancements of the behavioral-stimulating effects, as well as
significant changes in some neurochemical effects, of abused drugs have been described
after repeated drug administration (Heidbreder, et al., 1996; Kalivas and Stewart, 1991;
Lessov and Phillips, 1998; Xie and Steketee, 2008). Substantial attention has been focused
over the last two decades on the functional relevance and neurobiological basis of this
phenomenon known as behavioral sensitization. This interest has been based largely on data
showing that drug-induced sensitization is accompanied by an enhancement in drug-seeking
and drug-taking behaviors (Nordquist, et al., 2007; Stewart and Badiani, 1993; Vezina,
2004) and in relapse-like behavior (Grimm et al, 2001; Thomas, et al., 2008). Cumulative
evidence suggests that neural circuits supporting functions of attribution of biological
importance to events and stimuli (i.e., incentive salience), which greatly overlap with those
mediating drug-induced behavioral activation, become hypersensitive after repeated drug
exposure (Robinson and Berridge, 1993, 2008). Those systems, including mesolimbic
dopamine (DA) pathways, are critically influenced by associative learning mechanisms, so
that drugs and drug-associated stimuli become increasingly relevant and motivating, which
may facilitate pathological drug pursuit and compulsion characteristic of addiction
(Robinson and Berridge, 1993, 2008; Vezina, 2004). Drug-induced behavioral sensitization,
and especially psychomotor sensitization, has been widely used as an indirect measure of the
presence of neural changes thought to be key for the transition from casual to recurrent drug
use (Sanchis-Segura and Spanagel, 2006).

In addition to the role of sensitization-related neural alterations in drug addiction, it has been
shown that drug-induced sensitization can influence appetitive aspects of behavior directed
toward procurement of natural, positive reinforcers. For example, sexual pursuit of male for
female rats increased after opiate- or psychostimulant-induced sensitization (Fiorino and
Phillips, 1999; Mitchell and Stewart, 1990; Nocjar and Panksepp, 2002); enhanced
responding for stimuli associated with water in fluid-deprived rats was found after cocaine-
induced sensitization (Taylor and Horger, 1999); a sensitizing regimen of morphine
exposure facilitated conditioned feeding of palatable food (Bakshi and Kelley, 1994); and d-
amphetamine-induced sensitization was associated with enhanced acquisition of cue-elicited
approach to sucrose (Harmer and Phillips, 1998) and with cue-triggered operant responding
for stimuli associated with sucrose (Wyvell and Berridge, 2001). These data suggest that
neural changes underlying drug-induced sensitization facilitate learning about drug-
associated cues and alter motivational processes that support increased and potentially
pathological motivation for non-drug reinforcers. This hypothesis has fueled current theories
proposing a potential relationship between drug addiction and disorders involving
consumption of sweet/caloric food or highly concentrated sugar drinks (Avena, et al., 2008;
Carroll, et al., 2008; Holderness, et al., 1994; Kelley, et al., 2005; Lenoir, et al., 2007; Perry
et al., 2006).

Ethyl alcohol (ethanol; EtOH) is one of the most widely used addictive drugs (Hines, et al.,
2005), and significant relationships between alcoholism and eating disorders as well as
sweet preference have been described (Krahn, et al., 2006; Sinha and O’Malley, 2000).
Robust psychomotor sensitization to EtOH has been shown using multiple strains of mice
(Broadbent, et al., 1999; Didone, et al., 2008; Masur and Boerngen, 1980; Meyer and
Phillips, 2007; Lister, 1987; Pastor, et al., 2008; Phillips, et al., 1997), in rats using
intracerebroventricular injections (Correa, et al., 2003) and, although rarely studied, also in
humans (Newlin and Thomson, 1999). However, the behavioral relevance of EtOH-induced
sensitization in the context of natural reinforcers has not been investigated. The use of non-
drug reinforcers to evaluate consequences of drug-induced sensitization presents important
advantages for the study of motivated behavior, as it allows behavior to be investigated in
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the absence of interference by drug effects (i.e., motor activation). The present research
investigated in mice the effects of EtOH-induced sensitization on 10% sucrose consumption.
Due to a lack of studies focusing on dynamics of consummatory aspects of reinforcement
after drug-induced sensitization, we examined the effects of EtOH-induced sensitization on
the temporal structure of sucrose intake patterns. Patterns and amount of sucrose
consumption after the induction of sensitization to EtOH were studied, using a computerized
lickometer system. In addition, the importance of EtOH-induced sensitization, as
differentiated from EtOH exposure, on patterns of sucrose drinking, was examined using a
pharmacological approach. Because prior research showed that the psychomotor sensitizing
effects of EtOH could be blocked by the y-aminobutyric acid (GABA) B receptor agonist
(GABAR), baclofen (Broadbent and Harless, 1999), we predicted that mice pretreated with
baclofen prior to each EtOH treatment would not exhibit behavioral sensitization, and would
show a pattern of sucrose-directed behavior similar to that of mice with no EtOH history.

Materials and Methods

Animals

Genetically heterogeneous WSC-1 male mice (total N = 85; n = 29 in Experiment 1 and n =
56 in Experiment 2) obtained from the Portland Alcohol Research Center colonies were used
in these studies. This line was derived from an 8-way cross of genetically diverse inbred
strains: A/J, AKR/J, BALB/cJ, C3H/HeJ, C57BL/6J, DBA/2J, Is/Bi, and HS/IBG, and
originally used as a non-selected control line for two selected lines (Crabbe, et al., 1985).
Mice were 51-70 days old and weighed between 24 and 32 g at study initiation. They had
free access to food and water in their home cages (3—4 mice per cage) on a 12:12 h light/
dark cycle. Food and water were not available during 1-h sucrose drinking sessions, when
mice were singly housed in lickometer chambers. Consumption of water and food in the
home cage was recorded daily (per cage) during the entire study; all animals within a cage
were assigned to the same treatment group to avoid interaction of mice receiving repeated
EtOH treatments with non-EtOH treated mice. Experimental sessions occurred between
10:00 and 16:00 h (lights on at 7:00). Procedures were approved by the Portland VA animal
care and use committee and conformed to guidelines specified in the NIH Guidelines for the
Care and Use of Laboratory Animals.

Drugs and Drinking Solutions

EtOH was prepared fresh daily by dilution of a 200 proof (100% EtOH v/v) stock (Pharmco
Products, Brookfield, CT) to a 20% v/v solution in physiological saline (0.9%, Baxter
Healthcare Corporation, Deerfield, IL). Sucrose solution was prepared by dissolving >
99.5% sucrose (Sigma-Aldrich, St. Louis, MO) in tap water to a 10% solution (freshly
prepared at least every 3 days). Baclofen (Sigma-Aldrich) was prepared fresh daily at a
concentration of 5 mg/10 ml of saline. EtOH, baclofen and control saline injections were
administered intraperitoneally (i.p.); saline injection volumes were matched to baclofen or
EtOH injection volumes as appropriate. EtOH dosage for induction of sensitization (2 g/kg)
followed previous research using WSC mice (Lessov and Phillips, 2003). The concentration
of 10% sucrose was based on studies investigating the relationship between sugar intake and
drug-induced sensitization (Avena and Hoebel, 2003a,b; Harmer and Phillips, 1998).
Baclofen dose (5 mg/kg) for prevention of EtOH-induced sensitization followed the work of
Broadbent and Harless (1999).

Experimental Procedures

Experiment 1 included three phases: (i) repeated EtOH or saline treatment for locomotor
activity and sensitization acquisition, (ii) sucrose drinking, and (iii) locomotor activity
determination after EtOH or saline challenge for a test of the expression of sensitization and
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of basal activity. For both sucrose drinking and locomotor activity tests, animals were
moved from their colony room to the procedure room at least 45 min before study initiation
to allow for acclimation. Animals were divided into two groups: EtOH (E) and saline (S).
These groups underwent the behavioral sensitization procedure, phase (i), detailed below
(Days 1-12). Then, from days 13-19, phase (ii), animals of both groups were offered
sucrose in 1-h limited access sessions, as described under Sucrose drinking below. Finally,
in phase (iii), locomotor activity after 2 g/kg of EtOH (day 20), and then after saline (day
21), was assessed in all animals. Please see Supplementary Materials for methods of a study
in which sucrose drinking was also measured prior to the induction of EtOH-induced
sensitization.

Experiment 2 studied the effects of baclofen (5 mg/kg) on EtOH-induced sensitization and
on subsequent sucrose drinking. This experiment included four groups: saline-saline (S-S),
saline-EtOH (S-E), baclofen-saline (B5-S) or baclofen-EtOH (B5-E), and followed the same
general procedures as Experiment 1. However, on days 1-12, saline or baclofen was
administered 30 min prior to saline or EtOH (2 g/kg). Baclofen has been shown to reduce
EtOH-induced stimulation or sensitization when administered 5-30 min prior to EtOH
(Arias, et al., 2009; Broadbent and Harless, 1999; Cott, et al., 1976; Humeniuk, et al., 1993;
Knapp, et al., 2007; Shen, et al., 1998). We used a 30-min pretreatment as the longer
pretreatment interval allowed time for the animals to calm down from handling prior to
treatment with saline or EtOH. Following this induction phase, all animals were exposed to
sucrose drinking in lickometer cages as described for phase (ii) in Experiment 1. After this
one-week sucrose drinking phase, all animals received saline 30 min before EtOH (2 g/kg),
and were then tested for locomotor activity. On the following day, all animals received
saline-saline injections (spaced by 30 min) before locomotor activity measurement.

Sucrose drinking

Intake sessions were conducted using 8 custom-made lickometer chambers similar to those
used in previous studies (Ford, et al., 2008). These four-walled transparent Plexiglas boxes
had an inner floor area of 17.8 x 10.2 cm and a height of 10.2 cm. A stainless steel wire
floor insert (VWR, Tualatin, OR) was placed on the chamber floor. The cages had two small
portholes located along the back wall to permit access to metal sipper tubes. A single tube
per cage was used; the extra hole that was not used was blocked with transparent tape to
reduce exploratory behavior directed toward this aperture that might compete with sucrose-
directed behavior. A perforated Plexiglas lid attached to the top of each chamber by a
Plexiglas hinge allowed for sufficient ventilation. Stainless steel sippers (Ancare, Bellmore,
NY) were adjoined to polystyrene serological pipettes (10 ml reservoir; VWR, Tualatin,
OR) that were mounted on one outside wall. These drinking tubes permitted volume
measurements to the nearest 0.05 ml. Volumes were measured at the time of tube placement
and at the end of 1-h drinking sessions.

The wire chamber floor and the metal sipper formed an open electrical circuit that was
attached to a lickometer device (MED Associates, Inc., St. Albans, VT). The animal closed
the circuit by simultaneously contacting the floor and drinking spout (licking), which
permitted registration of cumulative lick records by MED-PC IV software (MED
Associates, Inc.) via an interface between an IBM-compatible computer and the lickometers.
Independent cumulative sipper contact (lick) records were generated by MED-PC 1V
software and compiled by a custom data analysis program that calculated the following
consumption pattern traits: total sipper contacts (licks), number of bouts, bout size (licks),
bout length (min), inter-bout interval (IBI; min), bout lick rates (licks/min), and latency to
first bout (min). Based upon previous work in mice examining self-administration patterns
of a 10% EtOH solution (Ford et al., 2005, 2008), and our own pilot studies with 10%
sucrose, a bout was defined as a series of at least 20 licks with less than 1 min separating
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each of them. Animals that failed to complete at least one bout during the entire 1-h session
on any sucrose drinking day were removed from the study (n = 2/87).

Behavioral Sensitization

The acquisition and expression of psychomotor sensitization to EtOH was investigated using
a 21-day protocol (Meyer and Phillips, 2003; Mitchell, et al., 2006). Mice were designated
to be in a chronic saline or EtOH group. On days 1-2, all mice received saline before being
placed in the activity chambers for 15 min; this served to familiarize the mice with the test
procedures and provided a measure of baseline activity. On Days 3-12, mice were injected
with saline or 2 g/kg EtOH. On Days 3, 6, 9, and 12, animals were placed in the activity
chamber, immediately following the injection, and locomotor activity was measured (15
min). These tests provided measures of sensitization development. On days 4, 5, 7, 8, 10 and
11, activity was not tested; animals were returned to their home cages following acclimation
and injections in the testing room. From days 13-19, animals were not injected or tested for
locomotor activity but were exposed to sucrose drinking in the lickometer cages. On day 20,
all animals received 2 g/kg EtOH to assess the expression of sensitization. Finally, on day
21, all animals were evaluated for locomotor activity after saline to permit comparison of
drug-free activity levels before and after repeated EtOH.

Statistical Analyses and Data Treatment

Results

Results were analyzed with one-, two- or three-way ANOVAs with repeated measures when
appropriate. Significant interactions were examined for simple effects, and Newman-Keuls
tests were used for mean comparisons. Statistica 6.1 (StatSoft, Inc., Tulsa, OK), SotCR™
4.0 Cumulative Record Graphical Software (MED Associates, Inc.) and the “R” Project for
Statistical Computing (Free Software under the Foundation’s GNU General Public License)
software packages were used.

Experiment 1

EtOH-induced locomotor sensitization (Fig 1)—A repeated measures 2-way
ANOVA (EtOH history x test day) for day 1 and 2 data identified no differences between
the groups in baseline activity level prior to the EtOH sensitization phase. EtOH produced
significant acute stimulation and sensitization to its initial locomotor-stimulating response.
Behavioral data registered during days 3-12 (the acquisition of sensitization phase), were
analyzed using a two-way ANOVA with repeated measures (EtOH dose x test day), which
identified an EtOH dose X test day interaction [F3 g1 = 5.3; p < 0.01]. There was a
significant acute stimulant response on day 3, and significant sensitization was present as
early as the second EtOH test day (see Fig 1). Statistical analysis of the day 20 data to
determine whether EtOH sensitization was expressed identified a main effect of previous
repeated EtOH administration [F1 26 = 7.63; p < 0.05]. This indicates that sensitization to
EtOH persisted for at least 7 days after the last EtOH administration. In addition, the
similarity of the stimulant responses of the EtOH group on days 12 and 20 indicate that
sucrose drinking did not alter the expression of sensitization. Further, the similarity of the
acute EtOH stimulant responses of the EtOH group on day 3 and of the saline group on day
20 indicate that sucrose drinking did not cross-sensitize the mice to EtOH. Finally,
locomotor activity measured after saline at the conclusion of all testing (day 21) showed no
differences between groups, indicating no effects of sucrose or EtOH exposure on levels of
baseline activity. EtOH stimulation and sensitization results in animals that had previous
sucrose experience were similar and are described in the Supplementary Materials (Fig S1),
along with a discussion of previous investigations of the effects of natural reinforcers on
drug-induced sensitization.
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Consumption of sucrose: Total 1-h period (Fig 2)—Sucrose consumption increased
with experience across days; there was a significant effect of test day from a two-way EtOH
dose x test day ANOVA [Fg 162 = 3.47; p < 0.01], but no saline vs. EtOH group difference
or group by day interaction for total sucrose consumption. Statistical results were
comparable for number of licks (see Fig 2, inset), which strongly correlated with ml of
sucrose consumed (r2 = 0.97, p < 0.01 across all days of the study).

Consumption of sucrose: First 15 min (Fig 3A)—Analysis of the total 1-h sucrose
consumption data suggested that there was no effect of prior EtOH treatment and
sensitization on sucrose consumption (or licks). However, when data were scrutinized for
time-dependent effects, a different conclusion was reached. Fig 3A shows the number of
licks accumulated during the first 15 min of the total 1-h session. A two-way ANOVA with
repeated measures (EtOH dose x test day) revealed a significant interaction of previous
repeated saline vs. EtOH administration and test day [Feg, 162 = 2.38; p < 0.05]. Significant
increases in sucrose drinking in animals that had been previously exposed to EtOH
compared to those that had received saline were found on days 14-18. No significant effect
of EtOH dose or interaction of EtOH dose and test day was found for the time periods (data
not shown).

Latency to the first bout of sucrose consumption (Fig 3B)—The increase in
number of licks during early time periods of the drinking sessions led us to speculate that
EtOH-exposed mice might be approaching the sucrose sipper, or initiating the first drinking
bout, more rapidly. When time to initiate the first bout of sucrose drinking was examined, it
was found to be shorter in EtOH-sensitized animals (Fig 3B). A repeated measures two-way
ANOVA (EtOH dose x test day) showed main effects of EtOH dose [F1 27 = 13.96; p <
0.01] and test day [Fg, 162 = 18.46; p < 0.01], but no interaction of these two factors. We
also found that time between the first lick of the session and the first lick that was part of the
first bout (Fig 3B, inset) was significantly shorter in EtOH-treated animals [Fy 7 = 13.91; p
< 0.01]. General effects of EtOH treatment on the microstructure of sucrose drinking could
be seen by comparing the cumulative lick patterns of saline- vs. EtOH-treated animals; the
different patterns for two animals with nearly identical numbers of total licks are shown in
Fig S4 of the Supplementary Materials.

Other changes in patterns of sucrose drinking after EtOH-induced
sensitization (Table 1)—Results for additional drinking pattern variables are included in
Table 1, which summarizes data collected during the post-EtOH drinking phase (days 13—
19) for the entire 1 h and the first 15 min of each session. There were no statistically
significant group differences for these drinking pattern variables, when the entire 1-h period
was considered, although there was a trend for a main effect of EtOH (p = 0.067) for number
of bouts. However, similar to the results for sucrose consumption, effects of prior EtOH-
induced sensitization on bout dynamics were found for the initial 15-min period of the
sucrose drinking sessions. During this time, an increase in the size and number of bouts were
found in the EtOH-sensitized mice (see Table 1). Two-way ANOVAs with repeated
measures (EtOH dose x test day) identified a significant interaction of EtOH dose and test
day for size [Fg 162 = 9.33; p < 0.05] and number of bouts [Fg 162 = 16.18; p < 0.01]. Other
bout dynamic variables were not found to differ between groups in this first 15-min period.
During the second 15-min period (data not shown), a significant EtOH dose x test day
interaction was found only for number of bouts [Fg 162 = 6.37; p < 0.05]; there was an
increased frequency of bouts in EtOH sensitized animals on days 15 and 17 (p < 0.05).
There were no significant group differences or interactions with day for the remaining time
periods.
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Experiment 2

Effect of baclofen on the development of EtOH-induced psychomotor
sensitization (Fig 4)—The administration of 5 mg/kg of baclofen prior to each EtOH
treatment prevented acquisition of EtOH-induced locomotor sensitization. A three-way
ANOVA with repeated measures (EtOH dose x baclofen dose X test day) for data from the
baclofen pre-treatment/EtOH sensitization phase (days 3—-12) revealed a significant 3-way
interaction [F3 129 = 3.6; p < 0.01]. Further analyses revealed significant EtOH dose x
baclofen dose interactions on each of the treatment phase days (3, 6, 9 and 12). Mean
comparisons showed that the S-E group had significantly greater activity levels compared to
the B5-E group across the entire treatment phase. No significant effect of baclofen
pretreatment was found in the B5-S compared to the S-S group. The blocking effect of
baclofen on EtOH-induced psychomotor sensitization was also present in the post-sucrose
drinking expression test (day 20), again indicating that baclofen blocked the acquisition of
sensitization to EtOH. A two-way ANOVA (EtOH dose x baclofen dose) identified a
significant interaction effect [F1 43 = 4.1; p < 0.05], and pairwise comparisons confirmed
significant sensitization in the S-E group, compared to the other three treatment groups. No
differences among groups were found on saline test day 21.

Effects of the prevention of EtOH-induced sensitization by baclofen on the
consumption of sucrose: Total 1 h period—Similar to what was found in our initial
study (Fig 2), animals showed stable sucrose intake when it was offered after the
sensitization phase (sucrose consumption data not shown). This intake followed a time-
dependent course, showing an average (mean of all groups) of 0.4 £ 0.08 ml in 1 h on the
first sucrose drinking day and of 1.2 £ 0.1, 1.4 £ 0.09 and 1.3 + 0.09 ml in 1 h on the last
three days of sucrose intake. Also consistent with our initial study, previous EtOH exposure
had no significant effect on total sucrose consumption. There was no effect of previous
blaclofen on total sucrose consumption either. Analysis of this data set with a 3-way
ANOVA with repeated measures (previous EtOH dose x previous baclofen x test day) only
showed a significant effect of test day [Fg 264 = 6.2; p < 0.01]. These results are similar to
those of the initial study for the accumulated 1-h session data. Bout pattern traits of sucrose
drinking after EtOH and baclofen treatments are shown in Table S2 of the Supplementary
Materials.

Effects of the prevention of EtOH-induced sensitization by baclofen on the
consumption of sucrose: First 15 min (Fig 5A)—When data for the first 15 min of
the 1-h session were examined, a different outcome was obtained. EtOH sensitized mice
again showed an increase in sucrose intake during this time period and prior baclofen
treatment prevented that increase. A 3-way ANOVA with repeated measures (baclofen dose
x EtOH dose x test day) revealed a significant 3-way interaction [Fg 256 = 3.7; p < 0.01].
Further analyses explored the baclofen dose x EtOH dose interaction on each day. This
interaction was significant on days 14 [F1 43 = 4.2, p < 0.05], 15 [F1 43 =3.7; p < 0.05] and
17 [F1 43 = 11.4; p < 0.01]. On those days, the S-E group had a higher number of sucrose
tube licks compared to the S-S group, but mice treated with baclofen prior to EtOH
treatment did not show this elevation in sucrose drinking.

Effects of the prevention of EtOH-induced sensitization by baclofen on
latency to the first bout of sucrose drinking (Fig 5B)—Prior baclofen treatment also
prevented the reduction in latency to initiate the first sucrose bout seen in EtOH-sensitized
mice that had not received baclofen. A 3-way ANOVA with repeated measures (baclofen
dose x EtOH dose x test day) detected a significant 3-way interaction [Fg o5 = 2.2; p <
0.05]. Additional analyses that focused on drug effects on each day identified a baclofen
dose x EtOH dose interaction on day 14 [Fq 43 = 5.5; p < 0.05] and day 15 [F1 43=4.7, p <
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0.05]. On both days, a significant difference was found between the S-E and the B5-E
groups, with baclofen preventing the reduction in time to first bout associated with previous
EtOH treatment. Time elapsed between the first lick of the session and the first lick that was
part of the first bout (data not shown) was also significantly shorter in EtOH-treated animals,
compared to all other groups including the B5-E group.

Discussion

The present experiments show that repeated injections of EtOH, resulting in psychomotor
sensitization, modified sugar (10% sucrose) intake patterns, as indicated by an increase in
the number and amplitude of drinking bouts, and a reduced latency to initiate the first
drinking bout. These effects were most profound during the initial 15-min period of 1-h
sucrose drinking sessions. Interestingly, prior induction of sensitization to EtOH did not
affect subsequent total sucrose intake, indicating a change in the dynamics of sucrose
drinking, and a temporal reorganization of that drinking, rather than an overall increase in
intake.

We hypothesized that any change in sucrose intake or intake patterns found after repeated
EtOH treatment would be a consequence of sensitization-related neural changes, rather than
a general effect of a history of exposure to repeated EtOH. The effects of baclofen treatment
found here strongly support this hypothesis. Baclofen was able to prevent the development
of sensitization to EtOH and also prevented the changes in sucrose drinking patterns that
were associated with EtOH-induced sensitization. Together with previous research (Boehm,
et al., 2002; Broadbent and Harless, 1999; Holstein, et al., 2009), these results indicate that
GABAg receptors are critically involved in EtOH-induced stimulation and sensitization, and
that sensitization might be necessary for the changes in sucrose drinking pattern seen here. It
is noteworthy to mention that these effects of baclofen were found in the absence of an
effect of baclofen on locomotor activity in saline-treated animals. Also, no effects of prior
baclofen treatment alone on later sucrose intake were found. That baclofen was able to
prevent both EtOH-induced sensitization and the effect of EtOH exposure on sucrose
drinking dynamics rules out certain alternative explanations. For instance, it could be
speculated that EtOH had dehydrating actions or effects on sugar metabolism (Wiese, et al.,
2000) that might alter motivation for sucrose intake in the direction of the results found here.
If that was the case, however, all EtOH-treated animals should have shown similar effects
on sucrose drinking regardless of baclofen administration. Also, the records of home cage
water and food intake (data not shown) during the EtOH sensitization phase did not show
any significant effects of EtOH on these variables. We did find a small, insignificant
reduction (15%) in home cage water intake during the sucrose drinking phases that was seen
regardless of the treatment condition, probably as a result of the consumption of water in the
sucrose solution.

Mice did not require previous experience with sucrose to show post-EtOH changes in
sucrose drinking. Visual inspection of the data suggests that previous sucrose consumption
may have facilitated re-acquisition of sucrose intake (see Supplementary Materials Figs S2
and S3); however, a robust effect of sensitization to EtOH on sucrose drinking patterns was
found regardless of previous sucrose drinking. A memory of the experience with the
reinforcer, then, does not seem to be a requirement for EtOH to produce changes in sucrose
drinking patterns. It seems reasonable to hypothesize, therefore, that EtOH-induced
sensitization altered the experience of drinking sucrose in a way that promoted the changes
in consumption patterns seen here. As discussed in a recent review (Anselme, 2009), there
are several theories about the effect of drug exposure on the processing of natural rewards,
including increased DA function, allostatic mechanisms, and incentive-sensitization views.
A critical factor that might explain our results is a sensitization-related increase in salience
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or in sensitivity to the motivational effects of sucrose. Previous studies evaluating
motivation with operant responding procedures have found that prior drug-induced
sensitization increased pursuit of both natural reinforcers and their associated stimuli
(Bakshi and Kelley, 1994; Fiorino and Phillips, 1999; Harmer and Phillips, 1998; Mitchell
and Stewart, 1990; Nocjar and Panksepp, 2002; Taylor and Horger, 1999; Wyvell and
Berridge, 2001). Our study did not include an operant task; however, the temporal
reorganization of drinking dynamics found after sensitization suggests an enhanced
motivational value of sucrose due to sensitization-related neural changes. We found that
EtOH-sensitized animals showed a reduced latency to start the first sucrose drinking bout.
EtOH sensitization also resulted in increases in frequency and amplitude of bouts during the
initial part of the 1-h session. In addition, when we examined the time interval between the
first lick of the session and the first lick that was part of the first bout, we found that
sensitized mice invested an average of 40% less time between those two licks than did saline
treated animals; once sucrose was experienced, drinking behavior was more rapidly engaged
in sensitized animals (see cumulative licking records in Fig S4). This increased motivation
toward sucrose drinking in EtOH-sensitized animals may more effectively compete with
other biologically relevant, time consuming activities such as exploration-associated
behaviors. However, consistent with our previous observations (Phillips, et al., 1997; Pastor,
et al, 2008), sensitized and saline treated animals showed comparable levels of locomotor
activity, when tested in a drug-free state (see day 21, Fig 1); thus, effects of sensitization on
sucrose drinking are not likely due to altered general activity levels. In addition, we tested a
set of animals (n = 7 sensitized, n = 6 non-sensitized; data not shown) in the lickometer
cages with water tubes instead of sucrose for 5 days post-sensitization. Animals consumed
very little water under these conditions (mean = 0.2 £ 0.05 ml for the 5 d of the study; likely
because they were not fluid deprived), and we found no differences between these two
groups in any measure of volume, dynamics of drinking, or timing for the occurrence of first
licks, suggesting that exploration of the drinking tube was not different after sensitization.
Therefore, increased motivation, and not an enhancement in general exploratory behavior
due to sensitization, is a more likely explanation for our current results.

The effects of EtOH-induced sensitization on sucrose drinking were limited to the first 15
min of the 1-h test sessions. The animals were not fluid- or food-deprived, so satiation
factors (i.e., a ceiling effect) might have contributed to the timing of the EtOH effect.
Increased avidity for sucrose in sensitized animals may have lasted only until satiation
factors inhibited drinking. The transient nature of sensitization-induced effects was also seen
across sessions, as experience with sucrose was gained. Sensitized and non-sensitized
animals showed comparable dynamics of drinking by the end of the 7-day sucrose exposure.
We cannot definitively say that these differences in sucrose drinking patterns across days are
due to different learning curves between the two groups. However, if the motivational
impact of sucrose was amplified by EtOH-induced sensitization, memories about the
increased salience of sucrose and its properties could have increased rate of initial approach
and consumption of sucrose. Others have argued that reinforcers change the probability of
behavior by facilitating acquisition and retention of information and by promoting increased
motivation toward them (White and Milner, 1992). Whether or not sensitization facilitated
learning about sucrose as a reinforcer is a question that will need to be explored with
additional research. However, sensitization-induced increases in motivation for sucrose have
been seen previously. Some studies have indicated that drug-induced sensitization does not
change the hedonic impact of sweet taste reinforcers, as measured by systematic
examinations of positive facial “liking” reactions (Berridge, et al., 2009; Wyvell and
Berridge, 2001), but does increase motivation for them. In this regard, it may also be
important that, although associative conditioning has been shown to impact drug-induced
sensitization, the results of the present study indicate that sensitization can impact behavior
toward reinforcers that are not conditioned or associated with the drug itself. This has also
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been seen in humans. Chronic prodopaminergic drug medication given to some patients, for
instance, has been seen to produce sensitized ventral striatal DA neurotransmission and
enhanced behavioral manifestations such as food bingeing, compulsive sexual behavior,
gambling and increased drug taking (Evans, et al., 2006). The answer to whether or not
sensitization-associated neural changes contribute to the explanation for comorbidity
between drug abuse and disorders involving consumption of sweet/caloric food or highly
concentrated sugar drinks (Avena, et al., 2008; Carroll, et al., 2008; Holderness, et al., 1994;
Kelley, et al., 2005; Lenoir, et al., 2007; Perry et al., 2006) will require further research.

A logical direction for the current research would be to expand investigation of the
neurochemical factors underlying EtOH sensitization-induced effects on behavior directed
toward natural reinforcers. Our results with baclofen suggest a role for GABAg receptor-
mediated processes, but their role should be more specifically explored. Strong evidence
supports the involvement of striatal DA in drug-induced effects on learning/memory and,
particularly, in motivational processes (Berke and Hyman, 2000; Berridge, et al., 2009;
Everitt, et al., 2001; Salamone, 1992, 2005). Repeated EtOH treatment, resulting in
psychomotor sensitization and cross-sensitization with other drugs, is associated with
increased dopaminergic activity in both dorsal and ventral striatal areas (Nestby, et al., 1997;
Szumlinski, et al., 2005). DA signaling, especially of mesolimbic structures such as the
nucleus accumbens, has been shown to be critical in providing salience (i.e., attractiveness)
to reinforcers and stimuli associated with them, as well as in supporting energized and
guided behavior toward reinforcers (Berridge, et al., 2009; Salamone, et al., 2005). This
analysis of the role of mesolimbic DA function and its enhancement after sensitization might
be consistent with our findings and with previous data showing increased pursuit for both
natural reinforcers and associated stimuli after drug sensitization (Bakshi and Kelley, 1994;
Fiorino and Phillips, 1999; Harmer and Phillips, 1998; Mitchell and Stewart, 1990; Nocjar
and Panksepp, 2002; Taylor and Horger, 1999; Wyvell and Berridge, 2001). In this regard,
evidence indicates that EtOH-induced GABAg receptor-mediated signaling influences
striatal DA activity (Federici, et al., 2009). In the current work, it is possible that baclofen
prevented EtOH-induced neuroadaptations in striatal regions, and thus prevented the DA
system sensitization necessary to support increased motivation towards sucrose.

In conclusion, evidence from the current research indicates that psychomotor sensitization to
EtOH can produce changes in the temporal structure of sucrose intake patterns. GABAg
receptor-mediated processes appear to play a role in EtOH sensitization-induced facilitation
of initial approach toward and consumption of sucrose. These results are speculatively
interpreted as a consequence of sensitization-induced enhancement in motivational
processes.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

EtOH produces sensitization to its initial locomotor activating effects; the expression of
locomotor sensitization to EtOH is not altered by sucrose drinking. Horizontal distance
traveled (cm; mean = SEM) after saline (S) or 2 g/kg EtOH (E) is shown in mice without
previous sucrose drinking experience. Testing occurred on the days listed along the x-axis
after treatment with S or E (n=14-15 per group). On days 1-2, the habituation phase, all
animals received S. Mice were injected daily with saline or E on days 3-12, which served as
the sensitization acquisition phase. On days 13-19, all mice were offered access to sucrose
in 1-h sessions. They were all then tested for locomotor activity after E (day 20) and S (day
21) for evaluation of expression of sensitization and basal levels of activity, respectively.
Mice showed significant sensitization (increased response to E on days 6-12, compared to
day 3). Seven days after the last E administration, animals continued to express
sensitization, and sucrose drinking did not alter this expression of E sensitization (day 20).
There were no significant effects of sucrose drinking or prior E exposure on final locomotor
response after saline treatment (day 21). *p < 0.01 for the difference between E and S
groups (simple effect analysis). # p < 0.01 for the difference between E treated mice on day
6 and 12 vs. day 3, indicating significant sensitization (Newman-Keuls mean comparisons).
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Figure 2.

Total sucrose intake in 1 h is not altered by EtOH-induced sensitization. Sucrose intake (ml;
mean + SEM) after saline (S) or EtOH (E) administration for sensitization induction in the
same animals described for Fig. 1. There was a main effect of time but no effect of E.
Comparable results were found for number of licks (mean + SEM; Fig 2 inset). A strong
positive correlation was found between ml and licks.
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Figure 3.

Consumption of sucrose, indexed as number of licks from the sucrose bottle, is increased in
EtOH sensitized mice during the initial 15 min of the session. Sucrose was offered on the
days listed along the x-axis. The top panel (A) shows number of sucrose licks (mean +
SEM) during the first 15 min of the 1-h test. *p < 0.05: significantly different from saline on
that particular day (simple effect analysis). The bottom panel (B) shows latency (in min) to
start the first sucrose bout (mean + SEM) after EtOH sensitization; EtOH sensitized mice
presented a reduced latency to initiate the first bout of sucrose drinking (#p < 0.05 for the
main effect of EtOH). Time elapsed between the first lick and the first lick that initiated the
first bout is shown in Fig 3B inset. Time (mean + SEM) was found to be significantly
reduced in EtOH-treated animals (#p < 0.05 for the main effect of EtOH). E: EtOH, S:
Saline.
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Figure 4.

Baclofen blocks the acute locomotor stimulant response, as well as acquisition of locomotor
sensitization to EtOH. Distance traveled (cm; mean £ SEM) after saline (S) or 2 g/kg EtOH
(E) is shown following pretreatment with saline or 5 mg/kg baclofen (B5) 30 min prior to
activity tests on days 1-12 (n=13-15 per group). * p < 0.01 for the comparison of S-E vs.
B5-E on days 3, 6, 9 and 12, # p < 0.01 for the comparison of S-E day 12 vs. day 3. t p <

0.01 for the comparison of S-E vs. the rest of the groups on day 20.
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Figure 5.

Baclofen prevents the increase in sucrose consumption and decreased latency to initiate
sucrose consumption seen in EtOH-sensitized mice. Panel A: number of licks (mean +
SEM) during the initial 15 min of the 1-h sucrose session in animals sensitized to EtOH (E)
or injected with saline (S), with or without baclofen 5 mg/kg (B5) pretreatment for the same
animals described for Fig 4. Baclofen prevented the increased number of sucrose licks seen
in S-E mice on some test days. * p < 0.05 for the comparison of the S-E and B5-E groups on
days 14, 15 and 17 (simple effect analysis). Panel B: Time (min) to first bout (mean + SEM)
of sucrose drinking. Baclofen prevented the reduced latency to initiate the first bout of
sucrose drinking seen in S-E mice on days 14 and 15. * p < 0.05 for the comparison of the
S-E and B5-E groups on the indicated days (simple effect analysis).
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