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Abstract
Exposure to an immunogen results in a constellation of behavioral changes collectively referred to
as “sickness behaviors,” with alterations in cytokine expression previously shown to contribute to
this sickness response. Since behaviors observed during ethanol withdrawal are strikingly similar
to sickness behaviors, we hypothesized that behavioral manifestations of ethanol withdrawal
might be an expression of sickness behaviors induced by ethanol-related changes in peripheral
and/or central cytokine expression. Accordingly, behaviors exhibited during a modified social
investigation test were first characterized in male rats following an acute injection of
lipopolysaccharide (LPS; 100 μg/kg). Subsequently, behavioral changes after either a high (4-g/
kg; Experiment 2) or low dose (0.5 g/kg; Experiment 3) of ethanol were also examined in the
same social investigation test, as well as in the forced-swim test (FST; Experiment 4). Results
from these experiments demonstrated similar reductions in both exploration and social
investigatory behavior during acute illness and ethanol withdrawal, while a seemingly paradoxical
decrease in immobility was observed in the FST during acute ethanol withdrawal. In follow-up
studies, neither indomethacin (Experiment 5) nor interleukin-1 receptor antagonist (Experiment 6)
pre-exposure reversed the ethanol withdrawal-induced behavioral changes observed in this social
investigation test. Taken together, these studies demonstrate that the behavioral sequelae of acute
illness and ethanol withdrawal are similar in nature, while antagonist studies suggest that these
behavioral alterations are not reversed by blockade of IL-1 receptors or inhibition of prostaglandin
synthesis. Though a direct mechanistic link between cytokines and the expression of acute ethanol
withdrawal-related behaviors has yet to be found, future studies examining the involvement of
brain cytokines as potential mediators of ethanol effects are greatly needed.
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1. Introduction
Alcohol abuse and dependence are prominent health issues in our society, with national
survey data indicating that in 2007 approximately 23% of the population aged 12 years or
older had engaged in binge drinking (defined as 5 or more drinks on one occasion) within
the past month (SAMHSA, 2008) and in 2006 a reported 7.9% of the population needing
treatment for alcohol dependence (SAMHSA, 2007). Development of alcohol dependence
has been characterized as spiraling cycle, in which negative consequences following acute
intoxication perpetuate future (increased/excessive) use (e.g., for reviews see Koob, 2003;
2011). In particular, the unpleasant signs and symptoms of acute withdrawal are thought to
serve as a negative-reinforcing mechanism that causes an individual to re-engage in ethanol
consumption in order to alleviate the negative state caused by prior ethanol exposure.
Although examination of acute withdrawal from an acute intoxicating dose of ethanol (often
termed “hangover”) may be far removed from the negative reinforcement mechanisms
driving continued intake in a dependent individual, there is limited evidence to suggest that
hangover severity could serve as a marker for alcohol use disorder risk (Piasecki et al.,
2010). Therefore, identification of the mechanisms underlying the expression of acute
withdrawal symptoms could potentially provide important insight into the contributors to
this part of the addiction process, as well as provide potential targets for the development of
therapeutic strategies and agents.

Physiological symptoms of acute withdrawal following acute ethanol exposure in humans
often include fatigue, headache, nausea, anorexia, diarrhea, and sometimes even tremor
(Bogin et al., 1986; McKinney and Coyle, 2006; Smith and Barnes, 1983; Wiese et al.,
2000). Furthermore, there appears to be a negative affective component to acute alcohol
withdrawal as well, with humans self-reporting anxiety, guilt, and depression (Bogin et al.,
1986; Smith and Barnes, 1983; Swift and Davidson, 1998) or a general “decreased mood”
(see McKinney, 2010) for review). A similar constellation of behavioral changes can also be
observed among rats after a large acute bolus of ethanol. For example, rats experiencing
withdrawal from acute ethanol exposure have been reported to be significantly less active
(Buck et al., 2011; Doremus-Fitzwater and Spear, 2007; Sinclair and Gustafsson, 1987) and
to exhibit reduced social interaction (Doremus-Fitzwater and Spear, 2007; Varlinskaya and
Spear, 2004). Additionally, rats have been shown to form a conditioned place aversion to
acute ethanol withdrawal (Morse et al., 2000), to exhibit significantly increased levels of
anxiety (e.g., Doremus et al., 2003; Gauvin et al., 1997; Zhang et al., 2007) and to
demonstrate brain reward deficits (i.e., increased ICSS thresholds) following acute exposure
to ethanol (Schulteis and Liu, 2006)—behavioral signs which would indicate a negative
affective component to acute ethanol withdrawal in rodents that is similar to that observed
among humans.

When considering this constellation of behavioral alterations exhibited during acute ethanol
withdrawal, one could note the striking similarities to the behavioral changes observed
during a sickness response. When rodents are acutely administered an endotoxin such as
lipopolysaccharide (LPS; the gram-negative component of the cell wall of bacteria), they
later exhibit typical “sickness behaviors” that include fever, reduced food and water intake,
reduced activity, reduced social and sexual behavior, lethargy, and piloerection (Dantzer,
2004). Though in the past the sickness response was thought to be a maladaptive behavioral
state, more recently sickness itself has been recognized as a recuperative response that is
meant to conserve energy and encourage recovery from an invading pathogen (for reviews
see Dantzer, 2004; 2009). Indeed, other negative affective symptoms of the sickness
response have been observed that are strikingly similar to the behaviors observed during
acute withdrawal, with, for instance, depression cited as a psychological symptom of
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sickness in humans (Dunn and Swiergiel, 2008; Swift and Davidson, 1998) and decreased
brain reward observed among rats exhibiting a sickness response (e.g., Barr et al., 2003).

The initiation and expression of the sickness response has been shown to be coordinated by
the activation of various cytokines (for review see Dantzer, 2004), including the pro-
inflammatory cytokines IL-1, IL-6 and TNFα. In particular, IL-1 appears to play a
prominent role, with, for instance, both peripheral and central administration of IL-1
inducing typical sickness behaviors (e.g., Anforth et al., 1998; Plata-Salaman et al., 1988);
for review see Dantzer, 2009). Furthermore, inhibition of IL-1 activity within the brain
reportedly blocks the sickness response normally exhibited following immune activation
(Kent et al., 1992; Konsman et al., 2008). Mechanistically, several different pathways are
seemingly responsible for communicating peripheral cytokine signals to the brain (for
review see Dantzer, 2009), resulting in increased expression of pro-inflammatory cytokines
within the CNS (e.g., Rivest and Rivier, 1991; Sapolsky et al., 1987).

Given the similarities between behavioral alterations observed during acute ethanol
withdrawal and sickness-related behaviors, and recent data in humans showing increased
circulating cytokines in withdrawing alcoholics (Gonzalez-Quintela et al., 2000; Kim et al.,
2003), it is possible that exposure to acute binge doses of ethanol may result in activation of
inflammatory processes in brain that could be responsible for withdrawal-associated changes
in behavior. Notably, a marked fever response has also been observed during ethanol
withdrawal (Brasser and Spear, 2002; Sinclair and Taira, 1988)—an effect that further
implicates the involvement of cytokines in the expression of acute withdrawal symptoms.
Additional evidence to suggest that immune activation may be involved in expression of
ethanol withdrawal behaviors comes from studies that have used compounds to inhibit
prostaglandin synthesis. Prostaglandins are a final common mediator of sickness behaviors,
being both the cause and consequence of cytokine induction (Dantzer, 2004; Konsman et al.,
2002). Studies have shown that plasma prostaglandins are increased during acute ethanol
withdrawal (Kaivola et al., 1983; Parantainen, 1983), and there is limited evidence to
suggest that nonsteroidal anti-inflammatory drugs (NSAIDS) may in some instances (Dhir et
al., 2005; Hale et al., 1992; Kaivola et al., 1983; Romeo et al., 2000), but not all (e.g.,
Segarnick et al., 1985), attenuate the negative behavioral alterations of withdrawal.

The purpose of the current experimental series, therefore, was to compare the behavioral
alterations induced by a direct immune challenge with those observed following an acute
administration of ethanol. In order to stimulate a classic sickness response, rats were first
administered LPS (Experiment 1), and then behavior was assessed in a modified social
investigation test (Arakawa et al., 2009; Deak et al., 2009). Subsequently, rats were given
either a high dose (4-g/kg i.p.; Experiment 2) or a low dose of ethanol (0.5 g/kg i.p.;
Experiment 3) and then also tested in the same social investigation test. Experiment 4 then
examined depressive-like behavior in the modified rat forced-swim test (FST) following a
heavy injection of ethanol. Finally, to directly test the hypothesis that these behavioral
consequences of an acute ethanol challenge were due to an immune response induced by
pro-inflammatory cytokines, indomethacin (a COX inhibitor; Experiment 5) and IL-1Ra
(Experiment 6) were administered prior to ethanol exposure in an attempt to attenuate the
behavioral consequences of ethanol exposure.

2. General Methods
2.1 Subjects

Adult male Sprague-Dawley rats (300-350g) were purchased from Harlan Laboratories. All
rats were given 2 weeks to acclimate to the colony conditions before the onset of any
experimentation. Colony conditions were maintained at 22 ± 1°C with 14:10 light:dark cycle
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(lights on 06:00h). Animals were pair-housed in standard Plexiglas bins and provided ad
libitum access to both food and water. In all experiments, rats were handled briefly for 3-5
minutes for 2 days prior to experimentation. In all experiments, animals were maintained
and treated in accordance with the guidelines set forth by the Institute of Laboratory Animal
Resources (1996) and protocols approved by the Binghamton University IACUC committee.

2.2. Behavioral Tests
2.2.1. Social investigation and exploratory activity paradigm—In this paradigm, a
rat was placed individually into modified breeder tub consisting of a clear Plexiglas box (65
cm × 24 cm × 15 cm) lined with bedding (for more details see Bekkedal et al., 1998;
Bekkedal et al., 1999; Deak et al., 2009). In both ends of the apparatus, a 3.2 cm hole was
surrounded by photoelectric cells to detect movement of the animal's head into the opening.
Two of these testing chambers were placed 10 cm apart (end-to-end), such that each
apparatus would have a social (the common hole between the two boxes) and a non-social
hole (on the opposite side of the cage where no social interaction was possible). Activity at
the social hole permitted an animal to investigate a conspecific and provided a measure of
social investigation, whereas activity at the non-social hole provided an index of general
exploratory activity. On the day of testing, each animal was transferred from their home
cage to the dimly lit experimental room and placed in adjacent boxes for a total of 30
minutes (without an experimenter present). In all experiments, rats were placed in a box
such that their social “partner” was a similarly drug-treated, familiar animal, as has been
previously done in other tests of social investigation (e.g. File, 2000; Genn et al., 2003).
Familiar animals were used as social partners in order to avoid the influence of novelty
under these testing circumstances. Given that we have previously demonstrated that sick
animals can influence the social behavior of a healthy partner in this social investigation task
(e.g., Arakawa et al., 2010), we chose to use like-treated animals as social partners and avoid
any potential confound that could have been introduced by the differential influence of the
drug-exposed animal on the testing partner. During the test sessions, the frequency and
duration of photobeam breaks, indicative of head pokes through a hole, were automatically
recorded at both the social and nonsocial holes. Head pokes were scored separately for each
animal in the pair and accumulated across the 30-min test session. Since frequency of head
poking and duration of head poking were highly correlated, only data for number of head
pokes are shown throughout these studies.

2.2.2. Forced swim test—The FST was administered in a similar manner as described
elsewhere (Cryan and Lucki, 2000; Deak et al., 2005b; Porsolt et al., 1978). Briefly, rats
were transported to a separate treatment room and immediately placed in a cylinder of water
(45 cm high, 20 cm diameter) filled to a depth of 30 cm and maintained at 25 ± 1°C. Rats
were forced to swim for 15 min, after which they were quickly towel-dried and returned to
their home cages. Forty-eight hours later, all rats were once again exposed to the swim
apparatus for a 5-min test session. All rats were exposed to the FST in a cylinder that had
been freshly rinsed and filled with clean water. All swim sessions were videotaped from a
side angle using a Canon ZR 800 digital video camcorder, with behavioral assessments
performed by observers that were blind to experimental treatment. Behavioral categorization
of immobility (defined as the absence of all movement except that which was necessary to
stay afloat) was as previously described (Cryan et al., 2002; Detke et al., 1995), with
videotapes were scored on an interval-based system (5 s each). Five-second intervals were
indicated by a remote beep governed by a computer. Previous results from our laboratory
have validated our FST paradigm, since desipramine was shown to significantly reduce the
immobility that is normally seen on the test day (Deak et al., 2005b).
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2.2.3. Open field test—Thirty minutes after the test swim, rats were placed individually
into an open field apparatus for 10 min in order to detect nonspecific locomotor activity
resulting from prior drug administration. Each test chamber (40 cm × 40 cm × 30 cm)
consisted of a Plexiglas box equipped with infrared beams. A computer-recorded beam
breaks, with total distance moved (cm), vertical activity (counts), and rest time (sec)
analyzed.

2.3. Drugs
LPS (from E. coli serotype 0111:B4) was purchased from Sigma Chemical Co. (St. Louis,
MO). LPS was initially diluted in sterile, pyrogen free saline (0.9%) and aliquots were
stored at -20°C until needed. On the day of experimentation, a frozen aliquot was thawed
and diluted to 100 μg/ml in pyrogen-free physiological saline. LPS injections were
administered at a dose of 100 μg/kg (i.p.) and all experiments were conducted using aliquots
from a single lot of LPS. In all experiments, ethanol (95%) was diluted fresh daily with
pyrogen-free physiological saline in order to make a 20% solution (v/v). Ethanol injections
were administered at a dose of either 0.5 or 4.0 g/kg (i.p.). Indomethacin (Sigma; i.p. at 10
mg/kg) was mixed fresh daily in 0.1 M NaHCO3 and gently heated prior to administration.
IL-1ra (Kinaret) was initially diluted in sterile pyrogen-free saline and stored at 4°C until
needed. On the day of experimentation, the smaller dose was diluted further from the
concentrated stock with saline in order to maintain a constant volume of administration.
IL-1ra was administered ICV (10 or 100 μg) at a volume of 1.34 μl. In all experiments,
vehicle-injected controls were given pyrogen-free physiological saline isovolumetric to the
largest ethanol (or other drug) dose.

2.4. ICV cannulation and microinjection procedure
Rats were anesthetized with isoflurane (dose to effect) and implanted with a 23-gauge
stainless steel guide cannula (AP = –1.0 mm, ML = 0, DV = –6.0, relative to bregma) that
terminated 1 mm above the third ventricle. Sterile stainless steel stylettes were inserted into
each cannula in order to maintain patency. Each cannula was secured to the skull with dental
acrylic and stainless steel screws inserted into the surrounding skull using standard aseptic
technique. Rats were given 2–3 weeks of recovery prior to experimentation. IL-1ra was
administered with a microinjection pump at a flow rate of 1.34 μl/1.5 min while gently
restraining the rat in a towel. Injections were given an additional 1 min to diffuse prior to
removal of the microinjection needle. Verification of guide cannula placement was
performed within a few days of the conclusion of the experiment via a dipsogenic response
to angiotensin (Kitiyakara et al., 2002). Briefly, all rats were microinjected with 30 μg of
angiotensin II (Sigma) in sterile saline and returned to their home cages. Water bottles were
weighed immediately prior to injection and then again 30 min later to determine the quantity
of water consumed. Consumption of 10 g or more of water in the 30-min period was
considered a successful placement of the cannula, with no rats failing to achieve this
criterion (average intake = 17.73 ± 5.45 g of water in 30 min). There were a few rats whose
cannulae were not patent (n = 8 rats, 13.3% of total) for behavioral testing, which then
served as procedural controls for the angiotensin test. These rats drank only a few grams of
water during the 30-min test period (average consumption = 6.00 ± 2.78g), likely reflecting
slight spillage and dripping during bottle placement/removal, as virtually no consummatory
behavior was observed in these rats.

2.5. Data Analysis
Before analysis, data sets were first examined for possible outliers (a score of more than 2
standard deviations from the mean of a particular group was considered an outlier), with any
animals identified as outliers mentioned within an experiment and removed from all
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analyses. Data were then analyzed according to the experimental design described in each
individual experiment, with Fisher's Least Significant Difference (LSD) post hoc test
generally used to explore the locus of significant effects.

3. Experiment 1: Behavioral alterations in the social investigation paradigm
following LPS
3. 1. Method

To determine whether the social interaction paradigm would reliably detect sickness
behavior induced by a direct immunological challenge, adult male Sprague-Dawley rats
(n=4 per group; N=8) were injected (i.p.) with 100 μg/kg LPS or saline and then returned to
their home cages. Rats were then placed in the social investigation boxes for a 30-min test
session at 3, 6, and 24 hr after injection. Data were analyzed using a 2 (Drug Exposure) × 3
(Testing Time) mixed ANOVA, with post hoc tests performed using Fishers LSD in order to
explore the locus of significant main effects and interactions (p ≤ 0.05).

3.2. Results
Pretreatment with LPS significantly suppressed investigation at the nonsocial hole [F(1,6) =
31.43, p ≤ 0.01] at all of the time points tested (see Figure 1b). A main effect of Drug
Exposure for pokes at the social hole [F(1,6) = 68.23, p ≤ 0.001], as well as a significant
interaction between Drug Exposure and Testing Time [F(2,12) = 5.63, p ≤ 0.05] revealed
significant reductions in social pokes at all testing time points for LPS-exposed rats
compared to controls (Figure 1a). Though social pokes showed a trend towards recovery at
the 24 hr test session, post hoc tests demonstrated that the impact of LPS treatment was still
significant at this time point.

4. Experiment 2: Alterations in social behavior and exploratory activity
following a 4-g/kg acute ethanol challenge
4.1. Method

Since behavioral alterations typical of an acute immune challenge (Dantzer, 2004) were also
observed in this modified social investigation paradigm, including reduced social and
exploratory activity, Experiment 2 determined whether similar changes in behavior would
be detected during withdrawal from acute ethanol exposure. Therefore, adult male Sprague-
Dawley rats (n=8 per group; N=16) were injected (i.p.) with 4-g/kg ethanol or saline and
then tested in the social investigation chambers for 30 min both 18 (peak withdrawal) and 42
hrs (recovery period) later. Previous studies have demonstrated that the 18 hr time point
represents the approximately 3 hours post-clearance of ethanol challenge, with other
withdrawal behaviors readily observable at this time (e.g., Doremus et al., 2003; Doremus-
Fitzwater and Spear, 2007; Varlinskaya and Spear, 2004). Additionally, on the day prior to
ethanol administration, rats in this study were pre-exposed to the social investigation boxes
for a 30-min period of baseline testing. This extra day of baseline testing was included since
rats were given a large bolus of fluid and it was unknown as to how such an injection might
impact behavior in this paradigm. Data were analyzed using 2 (Drug Exposure) × 3 (Testing
Time) mixed ANOVA, with Fisher's LSD selected for post hoc tests.

4.2. Results
Outlier tests determined that one ethanol-exposed animal met the criterion for exclusion,
with this rat not included in any of the analyses for this study. In the analysis of both social
(Figure 2a) and non-social pokes (Figure 2b), a significant Drug Exposure × Testing Time
interaction was observed [F(2,26) = 8.08, p ≤ 0.01 and F(2,26) = 6.14, p ≤ 0.01,
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respectively], with this interaction revealing no significant group differences for either social
or exploratory behavior at baseline. At the 18 hr time point, however, prior ethanol
administration was shown to have significantly reduced both social and non-social hole
pokes relative to their baseline levels, as well as in comparison to saline-exposed animals at
the same test time. By 42 hr post-drug exposure, behavioral differences between saline- and
ethanol-injected animals were no longer apparent.

5. Experiment 3: Alterations in social behavior and exploratory activity
following a 0.5-g/kg acute ethanol challenge
5.1. Method

The results of Experiment 2 demonstrated that an acute 4-g/kg dose of ethanol was sufficient
to suppress both social and exploratory-like behaviors during withdrawal in this social
investigation test. In order to determine that these behavioral alterations are specific to
withdrawal following a heavy ethanol challenge, Experiment 3 was conducted to examine
social investigation and exploratory activity at several time points after a dose of ethanol
that results in mild intoxicating effects, but fails to produce a robust acute withdrawal
response. On the first day of experimentation, all rats (n=8 per group; N=16) were given a
30-min baseline test in the social investigation boxes and were then returned to their home
cages. The following day, rats were injected (i.p.) with 0.5 g/kg ethanol (20%) or
equivolume saline and tested in the social investigation chambers both 30 min and 4 hr post-
injection [i.e. 3 hr post-ethanol clearance]. Data were analyzed using 2 (Drug Exposure) × 3
(Testing Time) mixed ANOVA, with Fisher's LSD selected for post hoc tests.

5.2. Results
Regardless of time of test, administration of this low dose of ethanol altered neither social
nor non-social pokes (Figure 3a and 3b). A significant main effect of Testing Time,
however, was observed for both behavioral measures [non-social pokes: F(2,28) = 4.85, p ≤
0.05; social pokes: F(2,28) = 14.54, p ≤ 0.0001], indicating that, regardless of drug
exposure, non-social pokes significantly decreased from baseline to the 4 hr testing time. In
contrast, social pokes were significantly increased at the 30 min time point relative to both
the baseline and 4 hr test time points.

6. Experiment 4: Behavioral alterations in the forced swim test following an
acute 4-g/kg ethanol challenge
6.1. Method

An acute large (4-g/kg) dose of ethanol was sufficient to induce reductions in exploratory
and social investigative behavior during withdrawal in Experiment 2. Since these behaviors
parallel the behavioral changes observed following an acute immune challenge in
Experiment 1, we hypothesized that ethanol withdrawal-related behavioral symptoms might
be an expression of a sickness-like response. Previous studies have reported evidence to
suggest that sickness is a motivational state (e.g., Aubert et al., 1997; for review see Dantzer,
2001), which can be overcome by environmentally challenging conditions. If rats are indeed
experiencing a sickness response during withdrawal from acute ethanol, it would then be
expected that exposure to a threatening context, such as exposure to the forced swim test,
would fail to reveal significant behavioral differences between ethanol withdrawn and
control rats.

In Experiment 4, therefore, rats (N=24) were injected with either 4-g/kg ethanol (i.p.) or
saline and then examined in the FST. As mentioned above, all rats were first given a

Richey et al. Page 7

Pharmacol Biochem Behav. Author manuscript; available in PMC 2013 December 01.

$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text



baseline (15-min) exposure to the FST. Since prior ethanol exposure would likely impact
initial experience in the FST, rats were given their first (15-min) exposure to the FST in a
drug-naïve state. In order to keep day-1 testing free from possible intoxication/withdrawal
effects, we were forced to deviate from the typical design of a 24 interval between baseline
and test-day FST sessions. Specifically, for the ethanol-exposed animals (n=16), one group
received the ethanol challenge 18 hours prior to the second (5-min) forced-swim test
session, while the other ethanol group was administered ethanol 42 hours prior to their
second day of testing. In order to control for the possible effects of differences in timing
between FST exposures on subsequent behavior, the saline-injected group (n=8) was
counterbalanced as to whether they were given their second FST exposure 18 or 42 hours
after saline administration. Thirty minutes following the second FST session, animals were
exposed to a 10-min open field test (described above).

6.2. Results
6.2.1. Forced-swim test—During the first 15-min FST exposure, immobility was
analyzed using a 3 (Time bin: 5-min blocks) × 3 (Exposure group) mixed ANOVA, with
Fisher's LSD used as a post hoc test to explore the locus of significant main effects and
interactions. Results of this analysis showed that immobility steadily and significantly
increased from the first 5 minutes (2.50 ± 0.70; mean ± SEM) to the last 5 minutes of the
pretest session (47.48 ± 2.70) [F(2,42) = 177.01, p ≤ 0.00001]. Therefore, no significant
differences were observed between groups during this pretest which occurred prior to
ethanol exposure.

For the second FST exposure (5-min test day), immobility data were analyzed using a one-
way ANOVA (i.e. data were not analyzed across time bins) and post hoc tests were
performed using Fisher's LSD test. A significant main effect of Drug Exposure in this
analysis [F(2,21) = 9.21, p ≤ 0.01] showed that rats receiving ethanol 18 hours prior to the
second test exhibited a significant decrease in immobility relative to saline controls and rats
tested at the 42 hr time point (Figure 4). By the 42 hours post-ethanol exposure, however,
decreases in immobility were no longer apparent when compared to saline-treated controls.

6.2.2. Open field test—In the open field (Figure 5), total distance moved by ethanol-
exposed animals tested at 18 hr and 42 hr was significantly decreased relative to the saline
controls [F(2,21) = 10.35, p ≤ 0.001]. When vertical activity was examined, it was similarly
observed that ethanol-exposed animals tested at both time points exhibited significantly less
vertical activity than the saline controls [F(2,21) = 17.19, p ≤ 0.0001]; and the 18 hr ethanol
group demonstrated less vertical activity than the 42 hr ethanol animals. The analysis of rest
time revealed that, compared to saline-exposed rats, ethanol-exposed animals tested at both
time points showed significantly increased time at rest [F(2,21) = 17.37, p ≤ 0.0001].

7. Experiment 5: Effects of Indomethacin on withdrawal-related behaviors
following acute ethanol exposure
7.1. Method

Results from the previous experiments have collectively demonstrated that behavioral
alterations observed during withdrawal from an acute ethanol challenge share many
similarities with a sickness response. Administration of drugs that inhibit prostaglandin
synthesis, such as indomethacin (a nonselective COX inhibitor), have been shown to reverse
the sickness response induced by injection of inflammatory compounds including LPS (de
Paiva et al., 2010; Fishkin and Winslow, 1997; Yirmiya et al., 1997). Furthermore, previous
studies have reported that some of the behavioral aspects of ethanol withdrawal can by
prevented by prostaglandin inhibition (Dhir et al., 2005; Hale et al., 1992; Kaivola et al.,
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1983; Romeo et al., 2000). The goal of Experiment 5, therefore, was to determine if
disruption of prostaglandin synthesis would attenuate reductions in exploratory activity and
social investigation seen 18 hr after an ethanol bolus. In order to minimize potential
anxiogenic effects of an unfamiliar testing environment during acute ethanol withdrawal,
rats (n=8 per group; N=32) were first familiarized to the social investigation testing situation
during three (one per day) 30-min baseline tests. Immediately after their final baseline test,
rats were injected (i.p.) with either 4-g/kg ethanol or an isovolumetric dose of saline. Fifteen
hours later (3 hr before the 18-hr test session), animals were administered indomethacin (10
mg/kg, i.p.) or vehicle (NaHCO3) and placed back in their home cages. 18 hr after ethanol
administration, rats were assessed for expression of withdrawal-related behaviors in the
social investigation apparatus, with these animals tested one final time 24 hr later (the 42 hr
post-ethanol recovery time point).

7.2. Results
Two animals (one saline- and one ethanol-exposed rat, both treated with indomethacin) were
outliers and were therefore excluded from all analyses. Baseline data were averaged across
the three consecutive exposures, with data then analyzed using a 2 (Ethanol Exposure) × 2
(Indomethacin Exposure) × 3 (Testing Time) mixed ANOVA, and post hoc tests performed
using Fisher's PLSD. In the analysis of non-social pokes (Figure 6a, c), there was a
marginally significant interaction between Ethanol Exposure and Test Day (p=0.066), with a
pattern of results similar to those observed in Experiment 2: ethanol-exposed animals had a
strong tendency to exhibit significant reductions in exploratory activity 18 hours post-
injection, with these ethanol-related effects no longer apparent by the 42 hr time point. No
significant main effect or interactions involving Indomethacin Exposure were observed in
this analysis.

When social pokes were examined (Figure 6b, d), ethanol animals were again found to
exhibit similar levels of social investigation at baseline relative to saline-exposed rats, with
significant reductions in social investigation for ethanol rats observed at the 18 hr post-
exposure time point when compared to their saline-treated controls, regardless of
indomethacin treatment (Ethanol Exposure × Testing Time interaction: [F(2,52) = 10.83, p ≤
0.001). By 42 hr post-exposure, however, ethanol- and saline-exposed animals displayed
comparable numbers of social pokes. As with non-social pokes, there was neither a
significant main effect nor any interactions involving Indomethacin Exposure observed in
the analysis of social pokes.

8. Experiment 6: Effects of IL-1ra on withdrawal-related behaviors following
acute ethanol exposure
8.1. Method

We hypothesized that the behaviors exhibited by ethanol withdrawn rats following an acute
large ethanol challenge, since similar to sickness behaviors, were related to an ethanol-
induced activation of the immune response, and therefore, increased expression of pro-
inflammatory cytokines. Administration of a general prostaglandin inhibitor, however, did
not successfully reverse the withdrawal-related behavioral alterations we have repeatedly
observed following acute ethanol challenge. In other experiments from our lab, it has been
shown that central gene expression of the pro-inflammatory cytokine, IL-1, is significantly
increased 18 hr following an i.p. 4-g/kg acute ethanol challenge (Deak et al., in prep).
Hence, in the current experiment, central injection of the IL-1ra was assessed as a more
specific mechanism that would potentially reverse ethanol withdrawal-associated reductions
in exploratory and social investigative behaviors.
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Rats (n=6-10 per group; N=49) were stereotaxically implanted with a guide cannula into the
third ventricle (described above) and given at least 2 weeks of recovery. Importantly,
unpublished pilot data from our laboratory have demonstrated that cannulated rats behave
similarly to their non-cannulated counterparts in our social investigation paradigm, with
animals still capable of poking their heads into both chamber holes. All animals were given
three baseline exposures (and these data averaged prior to analysis) to the social
investigation apparatus. After the final baseline test, rats were injected (i.p.) with either 4-g/
kg ethanol or equivolume saline. Seventeen and a half hours later, they were given a
microinjection of either saline, 10, or 100 μg of IL-1ra 30 min prior to behavioral testing at
18 hr post-ethanol exposure, with rats tested a final time 42 hr after ethanol exposure. These
doses of IL-1ra were selected based on previous studies in which IL-1ra was able to block
stress- (Maier and Watkins, 1995), as well as IL-1-induced (Linthorst et al., 1995), sickness
behaviors.

8.2. Results
One rat (saline-exposed rat that received the low dose of IL-1ra) was excluded from all
analyses as an outlier. Data for both social and non-social pokes were analyzed using a 2
(Ethanol Exposure) × 3 (IL-1ra Treatment) × 3 (Testing Time) repeated measures mixed
ANOVA and post hoc tests performed using Fisher's LSD. In the analysis of both nonsocial
and social pokes (Figure 7), a significant interaction of Testing Time with Ethanol Exposure
was observed [nonsocial pokes: F(2,84) = 17.73, p ≤ 0.00001; social pokes: F(2,84) = 39.76,
p ≤ 0.00001]. For both measures, this interaction revealed that poking behavior decreased
significantly across tests, with both 18 hr and 42 hr frequency of poking behavior
significantly lower than at baseline in both the ethanol- and saline-exposed groups.
Additionally, at the 18 hr withdrawal time point, ethanol-exposed animals were found to
exhibit significantly fewer social and non-social pokes than their saline-treated counterparts
at the same testing time. The effects of ethanol exposure did not significantly interact with
IL-1ra Treatment for either measure, although a significant interaction of Testing Time with
IL-1ra Treatment [F(4,84) = 2.64, p ≤ 0.05] was observed in the analysis of non-social
pokes. Post hocs performed on this interaction showed that for all three groups, non-social
pokes significantly decreased across testing days, with non-social pokes exhibited by the
three groups comparable on both the baseline and 18 hr testing points and animals receiving
the highest dose of IL-1ra tending to poke less than the animals that did not receive IL-1ra (p
= 0.071).

9. Discussion
Taken together, these studies demonstrate several significant findings regarding the
behavioral and immunological changes observed after withdrawal from an acute dose of
ethanol. In Experiment 1, the modified social investigation task utilized in this series of
studies was shown to be a valid and sensitive behavioral paradigm for the detection of
sickness behavior following an acute immunological challenge (LPS administration), as
reflected by reductions in both social investigation and exploratory activity. In subsequent
experiments (Experiments 2, 5, and 6), it was then consistently demonstrated that the
behaviors observed during withdrawal from a large acute ethanol bolus are similar to those
exhibited following LPS administration, as analogous reductions in both social investigation
and exploratory activity were found 18 hours after a 4 g/kg injection of ethanol. Experiment
3 revealed that these behavioral changes are unique to a high dose of alcohol since no
alterations in social investigation and exploratory activity were observed at any of the time
points examined following administration of a low dose (0.5 g/kg) of ethanol. Furthermore,
Experiment 4 demonstrated that this hypoactivity is not also manifested as an increase in
immobility in the FST, suggesting that these acute withdrawal-related behaviors may reflect
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ethanol-associated alterations in motivational processes. Finally, although we hypothesize
that increased expression of pro-inflammatory cytokines may play a role in the expression of
acute withdrawal behaviors, these behaviors were not significantly influenced by peripheral
administration indomethacin (Experiment 6) nor central injection of IL-1ra (Experiment 7).

LPS is commonly used to induce a sickness-like state in animals (e.g., Dantzer, 2004; Deak
et al., 2005a). Reductions in general activity following exposure to LPS have previously
been reported in the literature, with several groups showing significant hypoactivity in the
open field (Swiergiel and Dunn, 2007; Yirmiya et al., 1994), home cage (Hayley et al.,
2008; Huang et al., 1999), and other behavioral paradigms (e.g., the elevated plus-maze;
Swiergiel and Dunn, 2007). Additionally, reduced sexual (Yirmiya, 1996) and social
behaviors (Arakawa et al., 2009; Bluthe et al., 1992b; Fishkin and Winslow, 1997) have
been consistently observed. The current results demonstrate that these behavioral changes
can be seen in yet another behavioral paradigm—one that is entirely automated, thereby
minimizing issues regarding inter-rater reliability and observer bias (Deak et al., 2009).
When examining behavioral changes in this same modified social investigation task during
acute ethanol withdrawal, similar to behavior following LPS exposure, rats demonstrated a
significant reduction in both social investigation and general activity, which was most
pronounced 18 hr post-ethanol administration but resolved by 42 hr post-ethanol exposure.
With respect to the literature regarding acute withdrawal-induced changes in behavior
following an acute ethanol exposure, these results are not novel, with previous instances of
reduced activity (e.g., Doremus-Fitzwater and Spear, 2007; Slawecki and Roth, 2004) and
social behavior (e.g., Varlinskaya and Spear, 2004) reported during withdrawal from acute
ethanol administration. These findings do, however, confirm similar results in a new
automated behavioral task, while also demonstrating additional similarity in ethanol
withdrawal behavior and the sickness response.

Further support for the notion that acute withdrawal-related behavioral changes and sickness
behaviors may be mediated via similar mechanisms was obtained when rats were exposed to
the FST during acute withdrawal. Although rats acutely given LPS or other illness-inducing
agents have been shown to exhibit reduced activity and general lethargy, these same animals
will overcome these “deficits” during a potentially life-threatening situation, such as the FST
(Deak et al., 2005b). It should be noted, however, that the sensitivity of the FST toward
illness-related changes in despair-like behavior may depend on species, strain and/or other
subject characteristics, as discrepant results have been reported on the association between
illness and depression using this model (Deak et al., 2005b; Dunn and Swiergiel, 2005;
Dunn et al., 2005; Swiergiel et al., 1997). When ethanol withdrawn rats were exposed to the
FST in Experiment 4 of the current report, however, a somewhat paradoxical decrease was
observed in immobility in rats that had received ethanol 18 hr prior to the swim test, with
these changes no longer present 42 hr post-exposure. Clearly, the hypoactivity observed in
the modified social interaction test during acute ethanol withdrawal does not generalize to
this environmentally and physiologically challenging task, suggesting that rats exposed to
ethanol are not debilitated, but rather are capable of overcoming withdrawal-related effects.

Classically, immobility expressed during the FST is often used as a marker of despair in the
rat that is analogous to depression in humans (Duman, 2010; Lucki, 1997; Porsolt, 1979),
since increasing amounts of immobility in the FST with repeated exposures can be
attenuated by drugs that are clinically efficacious antidepressants (for review see Cryan et
al., 2002; Deak and Larish, 2006). Previously, acute exposure to alcohol has been reported
to reduce immobility in the FST (Hirani et al., 2002; Kokare et al., 2008), while ethanol
withdrawal has been shown to increase immobility (Getachew et al., 2010; Hirani et al.,
2002; Walker et al., 2010). These reports of increased immobility during ethanol
withdrawal, however, have been observed following chronic exposure to ethanol. To our
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knowledge, there have been no studies investigating behavioral alterations in the FST during
withdrawal from an acute ethanol bolus. Although it is unclear at this time as to why rats
exhibited decreased immobility during withdrawal from acute ethanol exposure, it is
possible that the differences in duration of ethanol exposure could account for the opposite
pattern of immobility found in the current report. Future studies are needed to corroborate
these findings and determine the underlying mechanisms of this behavioral change in the
FST during acute withdrawal. Regardless, these results provide an important context for
understanding other behavioral changes observed during withdrawal from acute alcohol
exposure—they indicate that hypoactivity observed in a novel environment and reduced
exploration/interaction in a test of social investigation does not generalize to a behavioral
test (FST) involving a significant threat, and which requires behavioral activity for survival.
In this way, these novel findings fit well with the general viewpoint that acute illness
represents a change in motivational state of the animal in favor of recuperative behaviors,
rather than as a sign of debilitation (Dantzer, 2001; Hart, 1988).

In order to further test the hypothesis that acute withdrawal-related behaviors and the
sickness response might be mediated via similar mechanisms (i.e. involving endogenous
inflammatory mechanisms), anti-inflammatory agents were administered to animals in an
attempt to attenuate the behavioral manifestations of acute withdrawal. In previous studies,
anti-inflammatory agents such as indomethacin, pentoxifylline (a TNFα synthesis inhibitor),
and IL-1ra have been shown to reverse sickness behaviors induced by LPS administration
(Pollak et al., 2003), with IL-10 also blocking LPS-induced reductions in social interaction
(Bluthe et al., 1999). Furthermore, footshock-induced reductions in social behavior have
been observed within our own laboratory, using the same social investigation task used in
the current report (Arakawa et al., 2009). Therefore, both indomethacin (Experiment 5) and
IL-1ra (Experiment 6) were examined for their ability to potentially reverse acute ethanol
withdrawal behaviors. Contrary to what was expected, neither indomethacin nor IL-1ra was
able to block the reduction in general activity and social behavior observed 18 hours after a
4-g/kg ethanol injection. Given the previously reported effectiveness of IL-1ra at reversing
stress-related increases in anxiogenic behavior in this task (Arakawa et al., 2009), and the
general lack of behavioral effects of IL-1ra when administered to control animals (e.g.,
Avitsur et al., 1997; Bluthe et al., 1995), it seems unlikely that the null effects of IL-1ra in
these studies was due to any intrinsic anxiogenic properties of the drug, or a general lack of
efficacy. There are many other possible explanations for this outcome, however, the first
being that neither COX nor IL-1 mechanisms are involved in the behavioral changes
observed in this model. Indeed, there is prior evidence to suggest that, while inhibition of
prostaglandin synthesis can reverse some illness- (Avitsur et al., 1999; Bluthe et al., 1992a;
De La Garza et al., 2004) and withdrawal-related (Dhir et al., 2005; Hale et al., 1992;
Kaivola et al., 1983; Romeo et al., 2000) behaviors, these effects are not always observed
(e.g., (Nadjar et al., 2010; Otterness et al., 1991; Segarnick et al., 1985).

Other possible explanations for these results, however, would not entirely preclude the
involvement of cytokine signaling in the expression of ethanol-related behaviors. For
instance, it is a possibility that the timing of administration of the drugs was not optimal,
with perhaps, injection of these anti-inflammatory agents prior to ethanol exposure being
more effective. In doing so, changes in inflammatory factors that occurred during ethanol
intoxication, such as the changes in IL-6 and TNF observed during acute intoxication (Deak,
et al., in prep), may have been prevented, thus attenuating later down-stream alterations in
cytokine signaling and ultimately the expression of withdrawal-related behaviors.
Alternatively, since animals in the current studies were given a limited range of doses of
these drugs, it remains a possibility that the doses administered were not optimal for
blocking the behavioral changes observed during acute ethanol withdrawal, though it can be
noted that the doses chosen were in the range of effective doses described in other studies.
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Physiological redundancy may also have contributed to the lack of a reversal. For example,
IL-1 may in fact have been responsible for the behaviors we observed, but after blockage by
IL-1ra, another cytokine may have compensated and driven these behaviors. Indeed, there is
evidence that certain cytokines share multiple receptor subtypes (Ozaki and Leonard, 2002),
which would allow for multiple cytokines to be involved in the expression of certain
sickness or ethanol withdrawal behaviors.

The likelihood remains that other anti-inflammatory agents may still be able to block these
behaviors. For example, IL-10 may be a better candidate in view of the fact that it is a
general anti-inflammatory that reduces the expression of multiple pro-inflammatory
cytokines including IL-1, IL-6, and TNF (Dantzer, 2004), whereas IL-1ra blocks the IL-1
receptor selectively. Indomethacin is also selective as it specifically blocks COX-dependent
expression of prostaglandins. Though no one to our knowledge has attempted to block the
behavioral manifestations of withdrawal from acute ethanol exposure with an anti-
inflammatory agent, Jung et al. (2006) were able to reverse the social deficits caused by
withdrawal using rosiglitazone, a thiazolidinedione used to treat diabetes. Interestingly,
rosiglitazone has also been shown to have anti-inflammatory properties by reducing NFκB
binding and TNF concentrations (Mohanty et al., 2004). Future studies which utilize a more
general anti-inflammatory agent given at various time points relative to the onset of ethanol
intoxication are certainly needed before the possibility that cytokine signaling is
mechanistically linked to expression of acute ethanol withdrawal behaviors is entirely
excluded.

In summary, the present findings confirm and extend prior studies using a novel social
investigation paradigm by demonstrating that it is highly sensitive to illness-inducing agents
such as LPS. While exposure to a high dose of ethanol (4 g/kg) produced highly similar
behavioral outcomes, exposure to a lower dose of ethanol (0.5 g/kg) that should produce
little if any signs of alcohol withdrawal, was without effect on this behavioral task. Despite
the similarity between the effects of LPS and (high dose) ethanol in this test, administration
of anti-inflammatory agents at the time of ethanol clearance was unable to reverse the
behavioral changes observed after ethanol exposure. Interestingly, rats exposed to the FST
after injection of LPS (Deak et al., 2005b) or during withdrawal from acute alcohol exposure
(present studies) did not display the typical reductions in activity associated with these
challenges, supporting the notion that neither LPS nor ethanol exposure produce signs of
behavioral debilitation in the animals. Taken together, these findings demonstrate some
intriguing parallels between acute illness and responses to ethanol, suggesting that additional
studies examining the involvement of brain cytokines as potential mediators of ethanol
effects are greatly needed. Such findings could provide novel targets for clinical treatment of
withdrawal following binge ethanol exposure, and perhaps a therapeutic window in which
certain contributors to the negative reinforcement cycle of addiction could be prevented.
Additionally, given the role that cytokines have been shown to play in stress-related
processes (e.g., see Deak et al., in press for review), growing evidence from our lab (Deak et
al., in prep) and others (e.g.,Breese et al., 2008; Crews et al., 2011; Qin et al., 2008) of an
involvement of cytokines in ethanol-related intoxication and withdrawal effects could
provide another potential mechanism by which the complicated relationship between stress
and ethanol abuse/addiction could be explored.
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Abbreviations

ICSS intracranial self-stimulation

LPS lipopolysaccharide

IL-1 interleukin-1

IL-6 interleukin-6

TNFα tumor necrosis factor-alpha

NSAID non-steroidal anti-inflammatory drug

FST forced swim test

COX cyclooxygenase

IL-1ra interleukin-1 receptor antagonist

ICV intracerebroventricularly
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Highlights

1. LPS exposure reduced social exploration and activity in a social investigation
test

2. Acute ethanol (4 g/kg) decreased social and non-social behaviors during
withdrawal

3. Ethanol withdrawal was associated with reduced immobility in the forced swim
test

4. Indomethacin (i.p.) did not block expression of acute withdrawal-related
behaviors

5. IL-1ra (i.c.v.) did not block expression of acute withdrawal-related behaviors
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Figure 1.
Behavioral effects of lipopolysaccharide. (a) Non-social and (b) social pokes exhibited by
rats 3 hr, 6 hr, or 24 hr after injection with either 100 μg/kg lipopolysaccharide (LPS; black
squares) or saline (white circles). In this figure (as well as in all subsequent figures), data are
expressed as mean ± S.E.M. Plus signs (+) indicate a significant difference between saline-
and LPS-exposed animals at a given testing time.
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Figure 2.
Behavioral effects of a 4-g/kg ethanol bolus. (a) Non-social and (b) social pokes exhibited
by rats during baseline testing, as well as 18 or 42 hr after injection with either 4-g/kg
ethanol (EtOH; black squares) or saline (white circles). Asterisks (*) denote a significant
difference within a group for a particular time point relative to baseline, whereas plus signs
(+) indicate a significant difference from saline-exposed animals at a given testing time.
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Figure 3.
Behavioral effects of a 0.5-g/kg ethanol challenge. (a) Non-social and (b) social pokes
exhibited by rats during baseline testing, as well as 30 min or 4 hr after injection with either
0.5-g/kg ethanol (EtOH; black squares) or saline (white circles). Asterisks (*) denote a
significant difference at a particular time point relative to baseline, collapsed across
exposure condition.
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Figure 4.
Forced-swim behavior exhibited following a 4-g/kg ethanol challenge. Immobility counts
observed by rats administered either saline (white bar) or ethanol (EtOH) before being tested
for 5 min in a forced-swim task. The first black bar represents animals that received 4 g/kg
ethanol 18 hr prior to forced-swim testing (EtOH 18 HR), whereas the second black bar
represents rats that received 4-g/kg ethanol 42 hr before this forced-swim test (EtOH 42
HR). The plus sign (+) indicates a significant difference from saline-exposed animals.
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Figure 5.
Open field behavior exhibited following a 4-g/kg ethanol bolus. Rats were given either
saline (white bar) or ethanol (EtOH) before being tested for 10 min in a novel open field,
with (a) total distance traveled (cm), (b) vertical activity (counts), and (c) rest time (sec)
during the session recorded and later analyzed. The first black bar represents animals that
received 4 g/kg ethanol 18 hr prior to open field testing (EtOH 18 HR), whereas the second
black bar represents rats that received 4-g/kg ethanol 42 hr before the open field test (EtOH
42 HR). The plus sign (+) indicates a significant difference from saline-exposed animals.
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Figure 6.
Effects of indomethacin on ethanol withdrawal-related behavior in the social investigation
test. Rats were injected with either 4-g/kg ethanol (EtOH; black squares) or saline (white
circles). Fifteen hours later, animals were administered either a vehicle injection or 10 mg/
kg indomethacin. 3 hr and 27 hr following this second injection (i.e. 18 and 42 hr after EtOH
or saline exposure), animals were then tested in the social investigation test. Non-social
pokes exhibited by (a) vehicle- and (c) indomethacin-exposed rats were analyzed, as well as
pokes directed at the social hole by (b) vehicle- and (d) indomethacin-treated animals. Plus
signs (+) indicate a significant difference between saline- and ethanol-exposed animals at a
given testing time, collapsed across indomethacin treatment.
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Figure 7.
Effects of IL-1ra on ethanol withdrawal-related behaviors exhibited in the social
investigation test. Rats were injected with either 4-g/kg ethanol (EtOH; black squares) or
saline (white circles). Seventeen and a half hours later, animals were administered either
vehicle, 10, or 100 μg of IL-1ra (intracerebroventricularly; ICV) 30 min prior to behavioral
testing in the social investigation apparatus. Rats were tested again at a time point equivalent
to 42 hr post-ethanol injection. Non-social pokes exhibited by rats given (a) vehicle, (c) 10
μg IL-1ra, or (e) 100 μg IL-1ra; as well as pokes directed at the social hole by (b) vehicle-,
(d) 10 μg IL-1ra-, or (f) 100 μg IL-1ra-treated animals were analyzed. Plus signs (+)
indicate a significant difference between saline- and ethanol-exposed animals at a given
testing time, collapsed across IL-1ra treatment.
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