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Abstract
Studies of socially housed rodents have provided significant information regarding the
consequences of exposure to stressors. Psychosocial stressors are known to alter the ingestion of
ethanol and the activity of the dopaminergic neuronal system. Since both stressors and ethanol are
known to affect the function of dopaminergic neurons, we employed amphetamine to assess the
role of this neural system on the ingestion of ethanol by psychosocially stressed male rats. Male
rats housed two per cage were designated as dominant or subdominant rats based on evaluations of
agonistic behavior and body weight changes. The dyad-housed rats and a group of single-housed
rats were sequentially assessed for ethanol intake after injections of saline or amphetamine (0.3,
0.9 or 2.7 mg/kg i.p.) both prior to dyad housing and subsequently again during dyad-housing.
Prior to dyad housing ethanol intake of future subdominant rats was higher than that of future
dominant rats. Dyad-housing significantly increased ethanol intake of dominant rats. Pre-dyad the
highest dose of amphetamine potently depressed ethanol ingestion. Sensitivity to amphetamine’s
depressant effect on ethanol intake was higher at the diad test in all subjects, most prominently in
single-housed rats. In contrast to the single-housed rats, the dyad-housed rats displayed saccharin
anhedonia. It can be concluded that dopaminergic system modulates, at least partially, the
psychosocial stress-induced changes in ethanol intake. Furthermore, the level of ethanol ingestion
at the pre-dyad test was predictive of future hierarchical status.
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1. INTRODUCTION
The stress response involves the coordinated physiological and behavioral response of an
organism to a stressful challenge. While the stressful challenge (stressor) can be
environmental or physiological, the adaptive coping mechanisms are both rapid in the case
of acute stressors, and long term in the case of chronic stressors. Experimental evidence
indicates that rodents display two general types of coping strategies when faced with a
psychosocial stressor. These two extensively investigated strategies have been designated as
“active” coping and “passive” coping (e.g., Benus et al., 1991; Koolhaas et al., 1999).
Because of the distinct characteristics of “active” coping, generally associated with
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dominant (Dom) status, and of “passive” coping style, associated with non-Dom status
(Benus et al., 1991; Koolhaas et al., 1999), it is likely that sensitivity to drugs may also
differ with a subject’s rank status.

The influence of stress, on the ingestion of ethanol (EtOH), by humans and experimental
animals, is now well recognized and is documented by several reviews (Björqvist, 2001;
Jose et al., 2000; Pohorecky et al., 1990; Pohorecky et al, 1991; Uhart and Wand, 2008). The
specific effects of psychosocial stress on the ingestion of EtOH have been evaluated
employing a number of animal models. Studies on the effect of social isolation (single-
housing, SiH) on the ingestion EtOH have provided inconsistent findings. While some stress
researchers reported that isolation-stressed rodents ingested more EtOH compared to group-
housed rodents (Ehlers et al., 2007; Juarez and Vazquez-Cortes, 2003; Parker and Radow,
1974; Roske et al., 1994), others reported a decline (Adams and Oldham, 1996) or no effect
on EtOH intake (Doremus et al., 2005; Thorsell et al., 2005).

Stress researchers have also employed the resident-intruder model to evaluate the
stressfulness of defeat on the ingestion of EtOH. These investigators reported a decline in
EtOH intake in defeated rats (Funk et al., 2005; van Erp and Miczek, 2001) but not in mice
(Croft et al., 2005; Keeney, Hogg, 1999). One of the most successful, and ethologically
relevant, approaches to study the consequences of chronic social stress are models based on
hierarchical stress. Such studies reported that EtOH intake was enhanced in group-housed
non-Dom rats compared to the Dom rats (Blanchard et al, 1987; Blanchard et al., 1993;
Ellison, 1987; Pohorecky, 2008; Pohorecky et al., 2010; Weisinger et al., 1989;
Wolffgramm and Heyne, 1991). The triad-housing model developed in our laboratory allows
for the rapid development of a stable and robust social hierarchy among co-housed male rats
(Blakley and Pohorecky, 2006; Pohorecky et al., 1999; Pohorecky et al., 2004). This model
involves the co-habitation of two or more male animals with continuous visual and olfactory
contact. Employing this model we have reported that the change in intake of EtOH produced
by distinct acute novel stressors depended on the rank/housing status of the subjects
(Pohorecky et al., 2008). For example, enhancing anxiety levels by exposing rats to an
elevated plus maze had a negative impact on the EtOH ingestion of triad-housed rats, but
had no effect on EtOH intake of single-housed rats (Pohorecky et al., 2008). Additionally,
studies with group-living non-human primates indicate that lower ranking animals ingested
more EtOH compared to high-ranking animals (Crowley et al, 1990; Fahlke et al, 2002;
Highley et al., 1996).

A significant body of evidence documents the effects of EtOH on the dopaminergic
(DArgic) system in the brain. Acutely, EtOH has been shown to increase tonic dopamine
(DA) release, while its effect on phasic release was less reliable (Robinson et al., 2009), and
the firing rate of DA neurons in high EtOH preferring rats was higher compared to their
non-EtOH preferring counterparts (Melis et al., 2009; Morzorati et al., 2010). Ingestion of
EtOH also elevated the activity of DArgic neurons (Appel et al., 2003; Brodie et al., 1999;
Morzorati et al., 2010), and DA levels in the nucleus accumbens (Di Chiara and Imperato,
1988). The DAgic system is believed to mediate, at least partially, both EtOH self-
administration and the rewarding aspects of EtOH ingestion (Koob and Weiss, 1992; Melis
et al., 2009).

Stressors also produce alterations in DArgic function (reviewed by Marinelli et al., 2006),
and deficits in stress coping may reflect deficits in this system (Kapur and Mann, 1992).
Significant evidence has also accrued on the effects of psychosocial stress on brain DA
neurons. For instance, in monkeys the effect social stress on the DArgic systems was
dependent on social rank. Morgan and associates (2002) have noted that cocaine functioned
as a reinforcer for subordinate but not the dominant (Dom) monkeys, suggesting the
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differences in the DArgic systems to be rank dependent. In rodents defeat was associated
with DArgic hyperactivity and withincreased phasic DAgic signaling of the mesolimbic
pathway (Anstrom et al., 2009). Resident rats have been reported to have higher
extraneuronal levels of DA compared to the intruder rats after a resident intruder test
(Ferrari et al., 2003), while levels of DA D2 receptor binding were higher in Dom than in
subordinate cynomolgus macaques (Morgan et al., 2002), and the binding capacity of DA
transporters was found to be lower in repeatedly defeated tree shrews (Isovich et al., 2000).

Previous evidence indicated that the depressant effect of EtOH on behavior was dependent
on the subjects rank status. For example, triad-housed subdominant rats were more sensitive
than Dom rats the behavioral depressant effects of EtOH (Blakley and Pohorecky, 2006).
The present studies address the hypothesis that rank status may also affect sensitivity to
other drugs, specifically the psychostimulant drug amphetamine (Amp). Amphetamine was
selected based on the evidence that implicates the DA neuronal system in both the ingestion
of EtOH and in social stress. Drugs that release DA in the brain such as Amp (e.g.,Verheij
and Cools, 2008 for a review), are known to increase the reward value of various stimuli (Di
Chiara and Imperato, 1988;Tupala and Tiihonen, 2004) and would be expected to also alter
the intake of EtOH. The additional aim of our study was to further evaluate the role of the
DArgic system in the behavioral consequences of psychosocial stress. Lastly, to evaluate the
specificity of Amp’s action on EtOH ingestion in psychosocially stressed rats, we also
examined the intake of saccharin, a widely regarded rewarding substance for rodents.

2. METHODS
2.1. Subjects and Housing

The subjects were male adult Long Evans rats weighing approximately 450 g at the start of
the experiment (Harlan, Indianapolis, Indiana). Purina chow and water were available ad
libitum throughout the study. The animal room was on a reverse light/dark cycle (12 hours
each, lights off at 12:30 ), and its ambient humidity and temperature (21±1° C) was strictly
controlled. The housing cages were made of Plexiglas and had a wire mesh floor. One of the
cage walls had either two (single cages) or four (dyad cages) 1-cm openings that
accommodated the drinking spouts. The cages for the single-housed (SiH) rats were square
(25 cm x 25 cm x 30 cm), and those for the dyad-housed rats were rectangular (26 cm wide
x 82 cm long x 30 cm high). The dyad cages had a removable Plexiglas cage divider that
partitioned the cage into two equal compartments. The bottom of the cage dividers consisted
of a 6-cm high wire mesh screen that allowed rats to maintain sensory contact even when
separated. These dividers were removed daily for a one-hour period that allowed the
members of a dyad to interact and reinforce their social hierarchy. Rats were weighed daily
during the periods when the intake of test solutions was being assessed, and at weekly
intervals for the intervening periods. Our animal facility is certified by AAALAC, and the
experimental protocols were approved by the Rutgers University review Committee for the
use of Animal Subjects, and all principles of laboratory care were strictly adhered to.

Agonistic Behavior Rating—On the day of dyad formation subjects were placed into a
dyad cage with the cage dividers in place for a 5-minute adaptation period that allowed them
to explore their new environment. This initial adaptation period allowed us to video record
the physical appearance of the two co-housed subjects to facilitate subsequent identification.
The cage divider was then removed and the ensuing social interactions were recorded over
the next 10-minutes of dyad housing. Agonistic behaviors were scored using a modified and
expanded version (Pohorecky et. al., 1999; Pohorecky et. al., 2004) of the method originally
described by Peterson and Pohorecky (1989). Twenty-three different behaviors were scored
as previously described in greater detail (Pohorecky et al., 2004), and subsequently were
grouped into four major categories: self-centered (rearing, self-grooming, genital grooming),
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affiliative (approach, sniff body, sniff genitals, groom other, mount other), defensive
(defensive upright, defensive back chick, immobility, vocalization, flight/attempt to jump
out of the cage) and aggressive (piloerection, aggressive push-under, pounce on, nip other,
cage mark, offensive block or pacing, offensive back chick, lateral threat, on top, roll-
tumble) (Pohorecky et al., 2004; 2006). The dyad subject that emitted 22 kHz ultrasonic
calls was identified using a Mini Bat Detector (QMC Instruments Inc., London, UK), this rat
generally remained immobile while vocalizing and its breathing rhythm appeared altered.
Assignment of social status to the members of a dyad was subsequently based on the
combined behavioral scores exhibited during the 10-min test, and the change in body weight
determined 24 h after dyad formation, and could be further supported by the detection of the
subject emitting ultrasonic and audible vocalizations (Pohorecky et al., 2004; 2006). Overall,
the Dom rats displayed most of the offensive behaviors, while the subdominant rats (Sdom)
displayed most of the defensive behaviors. Additionally, there was a group of single-housed
(SiH) rats that remained single-caged for the duration of the study. When the display of
agonistic interactions was insufficiently low to determine differences rank status, the dyad
was either discarded (1 case), or a given dyad member was exchanged to allow a clearer
distinction of rank status (1 case). Testing was continued until thirteen stable dyad pairs
were established on day 1 of the study. At intervals during the study agonistic interactions
were verified to assess the stability of rank assignments.

2.2. Drinking Protocols
Ethanol Intake—A 1-hour limited access drinking session began at approximately 13:30
PM, following the daily social interaction period, and after replacement of the cage dividers.
Two drinking bottles were attached to each cage compartment; one contained tap water and
the other a solution of EtOH. To control for position bias, the position of the two drinking
tubes was alternated daily. The initial 3% EtOH concentration was increased every other day
by 1% up to a 6% solution (v/v), which was then maintained for the duration of the study.
The EtOH solutions were prepared from 95% of EtOH using tap water. Consumption of
EtOH and water was determined by weighing the bottles, to the nearest 0.1 g, before and
after each drinking session. Ethanol consumption was calculated as grams of EtOH
consumed per kilogram of body weight. Ethanol preference was defined as the consumed
volume of the EtOH solution divided by the volume of the total fluid consumed [ml of
EtOH/(ml EtOH + ml water)]. Initial evaluation determined that there was no evidence of
significant leakge from the drinking bottles.

Saccharin Intake—The protocol for saccharin intake mirrored that for EtOH intake,
except that the 1-hour limited access for saccharin intake was evaluated over three
consecutive test days. Beginning at 12:30 rats were allowed access to two drinking bottles,
one contained a 0.1% saccharin solution in tap water (w/v), and the second contained tap
water. The drinking tubes were refilled with fresh solutions daily, and their positions were
also alternated daily dyad. Consumption of saccharin was averaged over the 4 test days and
was calculated as grams per kilogram body weight.

2.3. Experimental Treatment
Saline and Amp injections (0.3 mg/kg, 0.9 mg/kg and 2.7 mg/kg) were administered IP 15
minutes prior to the EtOH intake test.

2.4. Experimental Design
The experimental protocol is outlined in Table 1. To adapt the rats to the conditions in our
animal room, they were initially individually housed in hanging wire-mesh stainless steel
cages. In order to adapt the rats to human contact, rats were handled daily during the last 5-
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days of the acclimatization period. After this 12-day period of acclimatization, the intake of
saccharin was evaluated starting on day-13 of the pre-dyad period. Next rats were adapted to
a daily 1-hour limited access to an EtOH solution beginning on day-19 and continuing up to
day-46. The evaluation of the effect of Amp on EtOH intake was then conducted over a 13-
day period (days 47–60) and was followed by a 28-day washout period during which the
subjects continued with their daily routine of limited access to EtOH. On day-89 of the study
all the subjects were weighed and transferred either to dyad or to individual cages, initiating
the differential housing period. Rats were assigned to either dyad- or single-housed (SiH)
based on their body weights (the two co-housed rats differed by less than 5% in body
weight). Twenty-four hours after dyad formation all the subjects were again weighed. Only
water was available from both drinking bottles during the initial 6 days of differential
housing. Beginning on dyad day 95, and over the following three days, testing for saccharin
intake was carried out, followed by 21 days of acclimatization to the 1-hour limited EtOH
access test, and then by assessment of Amp’s effect on EtOH intake beginning on day 121.

2.5. Statistical Data Analysis
All the data were analyzed using StatView version 5. A simple ANOVA was employed for
the analysis of the data on the total behavioral social interactions scores displayed during the
10-min test and on the change in body weight, with the main factor being rank status/
housing (Dom, Sdom, single). To assess the effect of Amp on EtOH intake and preference at
the two test times, the ratio of change from pre-dyad to dyad was calculated as follows:
(response at dyad test/[response at pre-dyad+dyad tests]). The calculated ratio data was then
analyzed using a repeated measures ANOVA test with rank status/housing (Dom, Sdom,
single) and drug treatment (saline, 0.3, 0.9 and 2.7 mg/kg of Amp) as the between subjects
and the within subjects factors, respectively ; statistical significance was set at P =/< .05.
Additionally, the intake data were analyzed using a single ANOVA test to compare the
effect of rank/housing for each of the individual drug treatment, when appropriate, statistical
significance between groups was assessed using the post-hoc Bonferroni’s test; with
significance was set at P =/< .0167. All the data are presented as the means and standard
errors of the means on 13 rats/rank of the dyad-housed rats and on 11 SiH rats (total n=37
rats).

3. RESULTS
3.1. Behavioral Ranking and Body Weight Changes

After being placed in a dyad cage each dyad member explored its respective compartment
during the 5 min adaptation period. The divider separating the two rats was then removed
and the behavior displayed by the dyad members was assessed during the first 10 minutes of
co-housing. When the divider was removed, the rats began exploring their new environment
and then engaged in an array of self-directed and interactive behaviors, beginning with
mutual investigation that gradually evolved to brief play-like behavior or in displays of
agonistic behaviors. Rank status was assigned to the two co-housed subjects based on the
frequency of expression of these behaviors, and the observed changes in body weight noted
during the initial twenty-four hours of dyad-housing. A subject’s hierarchical status was
associated with a set of distinct behaviors. Specifically, for Dom rats aggressive behaviors
represented 57.0±8.8% of the total behaviors expressed during the test, while self-centered,
affiliative and defensive behaviors represented 23.0±3.0%, 15.5±2.8% and 4.5±1.3%
respectively. By contrast, there was no significant difference in the frequencies of the
behaviors displayed by the Sdom were comparable (22.5±3.5%, 28.9±4.2%, 25.3±5.9% and
23.3±4.6% for self-centered, affiliative, defensive and aggressive behaviors, respectively).
The difference in self-centered behaviors were not influenced by rank status, however the
Sdom rats engaged in significantly more affiliative and defensive behaviors than did the
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Dom rats (F1,24=9.513, P=.0051 and F1,24=12.440, P=.0017, respectively), on the other
hand, the Dom rats displayed significantly more frequent offensive behaviors
(F1,24=50.792, P<.0001).

On the day of dyad formation the three experimental groups did not differ in body weight
(P>.05). Because the dyad-housed rats were separated by a cage-divider after their initial
brief interaction, the decline in body weight consequent to the initial 24-hour dyad-housing
was small (−3.13±0.91 – 3.70±0.72 and −0.70±0.44 for the Dom, Sdom and SiH rats,
respectively) compared to the changes previously noted with triad-housed rats (Pohorecky et
al.,1999; 2004). Similarly, on the last day of the study there were no group differences in
body weight.

3.2. Ethanol Intake
The intake of EtOH was assessed over a 13-day testing period beginning 41-days prior to
differential housing, and again over a 13-day period beginning on the 11th day of dyad-
housing. Table 2 presents data on the intake of EtOH at the baseline test, when the subjects
were injected with saline, for the pre-dyad test and subsequently when dyad-housed. A
repeated measures ANOVA analysis indicated no significant main effect of rank/housing
status or of test time on the intake of EtOH. Nevertheless, there was a statistically significant
interaction effect of rank/housing status with test time on EtOH intake (F2,34=12.238, P<.
0001). The significance of the interaction effect indicates that while overall rank/housing
had no effect on the ingestion of EtOH intake, the effect of rank/housing may have differed
at the two test times. Indeed, separate single ANOVA analysis of each test time indicated
that rank/housing status had a main effect at the pre-dyad test as well as at the dyad tests
(F2,34=5.177, P=.0109 and F2,34=3.696, P=.0353, respectively). At the pre-dyad test the
future Dom rat ingested significantly less EtOH than the future Sdom rats (P=.0029).
Conversely at the dyad test the EtOH intake of the Dom rats was higher compared to both
the Sdom and SiH rats, but these differences missed statistical significance (P=.0284 and P=.
0228, for the Sdom and SiH rats, respectively). Consequently, compared to the pre-dyad test
EtOH intake of Dom rats increased significantly at the dyadtest (P=.0004), while the intakes
of the Sdom and SiH rats tended to decline or were similar, respectively, at both test times.
Neither rank/housing nor test time had an effect on EtOH preference (Table 1).

To compare the effectiveness of Amp on the intake of EtOH at the two test times the data
are presented as the EtOH intake ratio. A ratio below 0.5 indicates that the effect of Amp
was smaller at the dyad test compared to the pre-dyad test. Conversely, a ratio above 0.5
indicates that Amp’s effect was greater at the dyad compared to the pre-dyad test. A
repeated measure ANOVA indicated that rank/housing status had a significant main effect
on the ratio for EtOH intake (F2,102=5.057, P=.0120), as did the Amp treatment
(F3,102=81.264, P<.0001) (Figure 1A). While overall, Amp had a dose-related depressant
effect on EtOH intake, this dose-dependency was evident primarily in the Dom rats. In these
subjects the 2.7 mg/kg dose of Amp drastically depressed the EtOH intake ratio compared to
the other three treatments (P<.0001 for all three comparisons), and while the 0.9 mg/kg dose
depressed the intake ratio compared to the saline (P=.0030), the decline after the 0.3 mg/kg
dose compared to saline injection missed statistical significance (P=.0851). In Sdom rats the
EtOH intake ratio was also drastically lower after the 2.7 mg/kg Amp dose (P<.0001 for all
three comparisons), while after the two lower drug doses the ratio did not differ significantly
compared to saline-treatment. Similarly in the SiH rats the 2.7 mg/kg dose of Amp
drastically depressed the EtOH intake ratio (P<.0001 for all three comparisons); the two
lower doses tended to depress the EtOH intake ratio but these effects missed statistical
significance (P=.097 and P=.0597, for the 0.3 and 0.9 mg/kg doses respectively).
Furthermore, single ANOVA analysis indicated that the EtOH intake ratio of the saline
injected Sdom and SiH rats were significantly lower than those of the Dom rats (P<.0001
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and P=.0006, respectively). After the 2.7 mg/kg dose of Amp the EtOH intake ratio of the
Dom and SiH rats were lower compared to the Sdom rats (P=.0077 and P=.0006,
respectively). Overall, the changes in the EtOH intake ratio for all the subjects indicated a
greater Amp-induced decline in EtOH intake at the dyad compared to the pre-dyad test and
furthermore, compared to Dom and SiH rats, the Sdom rats were less sensitive to Amp.

At baseline, EtOH preference of the saline-injected subjects was not influenced by either
rank/housing status or test time (Table 2). There was a tendency for EtOH preference of the
Sdom rats to be higher than that of the Dom and SiH rats, but these differences were not
statistically significant. The repeated measure ANOVA analysis indicated that there was a
significant main effect of both rank/housing status and of Amp treatment on the ratio for
EtOH preference (F2,102=4.873, P=.0138 and F3,102=18.523, P<.0001, respectively)
(Figure 1B). Namely, Amp dose-relatedly enhanced the EtOH preference ratio. However
this effect of Amp on the ratio was dependent on the subjects rank/housing status, as
indicated by a significant interaction effect of rank/housing status with Amp treatment on
(F6,102=3.144, P=.0072). Specifically, while the 0.3 mg/kg dose of Amp tended to increase
the EtOH preference ratio compared to saline-injection in all three experimental groups, but
the elevation was significant only for the Sdom rats (P=.0017). Compared to saline
treatment, the ratio after the 0.9 mg/kg dose was higher in Dom, Sdom and SiH rats (P<.
0001, P=.0027, and P=.0015, respectively), but the highest dose elevated the ratio only in
the Dom rats (P=.0020). In fact, the significantly lower EtOH preference ratio after the 2.7
mg/kg Amp dose, compared to the other two drug doses, attests to the drug’s suppression of
EtOH preference (Sdom rats:P<.0001, for both lower doses; SiH rats: P=.0004 and P<.0001,
for the 0.3 mg/kg and 0.9 mg/kg doses, respectively). Lastly, a simple ANOVA analysis
indicated that EtOH preference ratios for the SiH rats the after the 0.3 mg/kg were lower
compared to the Sdom rats (P=.0098)), and after the 2.7 mg/kg Amp doses were lower
compared to the Dom rats (P=.0026) Hence, except for the highest Amp dose, the ratio data
indicates that the EtOH preference ratio was enhanced by Amp more at the dyad compared
to the pre-dyad test.

3.3. Water Intake
While the repeated measure ANOVA analysis indicated that Amp treatment affected the
ratio for water intake (F3,102=12.433, P<.0001), rank/housing status and the interaction of
rank/housing status with Amp treatment had no effect (Figure 2). Although the ratio for
water intake of the Dom rats was highest after the 0.3 mg/kg Amp dose, this effect did not
reach statistical significance. However in Sdom rats the ratio for water intake after the 0.3
mg/kg dose was significantly higher compared to saline and the two highest drug doses (P=.
0016, P=.0074, P=.0012, for the saline, 0.9 mg/kg and 2.7 mg/kg doses respectively). For
the SiH rats the water intake ratio of the 2.7 mg/kg Amp treated was significantly lower
compared to treatments with either saline or the 0.3 mg/kg drug dose (P=.0012 and P<.0001,
respectively). Lastly, separate single ANOVA analysis of individual rank/housing groups
indicated that the ratio for water intake for the SiH saline-injected rats was higher compared
to the corresponding Sdom rats (P=.0127), though the other rank/housing related differences
were not statistically significant. Thus the lowest Amp dose significantly increased the water
intake ratio and this effect was greater at the dyad test compared to the pre-dyad test.

3.4. Saccharin Intake
To assess the specificity of the effect of Amp on EtOH drinking, we also evaluated the
intake of a highly preferred saccharin solution. Saccharin intake was assessed on days 15 to
18 of the pre-dyad period and again on days 95–98 of the dyad period.

Pohorecky and Sweeny Page 7

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

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Rank/housing status had no effect on the intake of saccharin at either the pre-dyad or the
dyad test (Figure 3). The repeated measures ANOVA analysis disclosed a significant effect
of test time (F1,34=16.211, P=.0003), and a significant interaction effect for rank/housing
status and test time (F2,34=12.513, P<.0001).. This significant interaction effect indicates
that the change in saccharin intake with test time was highly dependent on the subject’s
rank/housing status. Indeed, while the intake of saccharin of the dyad-housed rats declined at
the dyad test (P=.0003 and P=.0063 for the Dom and Sdom rats, respectively), the saccharin
intake of the SiH rats actually increased (P=.0408). When the two test times were analyzed
separately, rank/housing status had a significant effect on saccharin intake at the dyad test
(F2,34=8.001, P=.0014), but had no effect at the pre-dyad test. Overall, the SiH rats ingested
more saccharin than the dyad-housed rats (P=.0008 and P=.0021 compared to the Dom and
Sdom rats, respectively), but the intake of the Dom and Sdom rats did not differ.

4. DISCUSSION
We have confirmed and expanded prior evidence that chronic psychosocial stress can
significantly modify the ingestion of EtOH in rats. Specifically, chronically challenged Dom
rats ingested more EtOH compared to their intake prior to the stressor. The data also indicate
that future Dom rats differed from the other rats by their lower basal EtOH intake.
Furthermore, sensitivity to Amp as assessed by its effect on EtOH ingestion, was also
altered by psychosocial stress. While Amp generally depressed the voluntary ingestion of
EtOH, this depression was greater in SiH rats compared to dyad-housed rats, particularly in
the Dom rats. Concomitantly, Amp increased preference for EtOH, again most markedly in
the dyad-housed rats. Overall, these findings tend to implicate the DArgic system in
mediating the changes in EtOH ingestion produced by chronic psychosocial stress.

4.1. Effect of Psychosocial Stress
Psychosocial stress generated by dyad-housing had specific effects on the ingestion and on
preference for EtOH. At the pre-dyad test the saline-injected future Dom rats ingested less
EtOH than the future Sdom rats. Our findings indicate that the stress of dyad-housing
increased EtOH intake specifically in the Dom rats since their intake increased significantly
from the pre-dyad level, while the intake of Sdom and SiH rats was comparable at both tests.
Previous research had indicated that compared to their Dom counterparts, the non-Dom
group-housed animals ingested less (Blanchard et al., 1993; Van Erp et al., 2001), more
(Caldwell and Riccio, 2010; Crowley et al., 1990; Ellison, 1987; Fahlke et al., 2002; Higley
et al., 1991; Pohorecky, 2008; Pohorecky, 2010) or similar levels (Keeney and Hogg, 1999)
of EtOH. The trend of higher sensitivity to Amp shown by the Dom compared to Sdom rats
confirms the greater sensitivity to Amp noted in rats with high preference compared to low
preference for EtOH (Fahlke et al., 1995). On the other hand, EtOH intake of the dyad-
housed rats did not differ significantly from the SiH rats, confirming a previous report
(Adams and Oldham, 1996), though others noted that SiH rats ingested more EtOH
compared to group-housed rats (Ehlers et al., 2007; Parker and Radow, 1974). Conversely,
psychosocial stress did not alter EtOH preference of saline treated subjects. It should be
noted that EtOH intake and EtOH preference do not necessarily follow the same pattern, and
may involve different mechanisms (e.g., Dhaher et al., 2009).

While the present data confirmed that psychosocial stress altered the ingestion of EtOH,
these intake differences were not as notable as those in our previous studies with naive non-
injected triad-housed rats. Differences in experimental variables may possibly account for
the noted smaller impact of psychosocial stress on EtOH intake, as well as for some of the
discrepancies among the above-mentioned studies. For example, since all the subjects in the
present study were injected with saline, differences in sensitivity to this potentially stressful
procedure may have minimized existing differences in EtOH ingestion (e.g., Drouet et al.,
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2010; Little et al., 1999). Handling of the test subjects may have also significantly altered
the response to stressors (Andrews and File, 1993; Gallitano-Mendel et al., 2007).
Moreover, temporal factors may have contributed to the inconsistencies in some of the
above-mentioned studies. For example, in some of the mentioned studies with SiH and
group-housed animals, the ingestion of EtOH was measured during exposure to the
experimental stress period and in the context associated with the stressor. On the other hand,
ingestion of EtOH in other studies was evaluated in the home cage after the resident-intruder
stress. While in our study EtOH intake was determined during the first hour following the
daily social interaction, a recent report indicated that enhancement of EtOH intake was
optimal approximately two hours after a bout of defeat (Caldwell and Riccio, 2010), or even
after a longer post-stress time delay (Croft et al., 2005). Lastly, it is highly unlikely that the
Dom rat had a negative impact on the EtOH intake of the Sdom rat’s ingestive behaviors.
First of all, the EtOH drinking spout was far removed from the cage divider so the drinking
by the Sdom rat occurred at a distance from the Dom rat. Secondly, our observation of the
behavior of the two rats during the 1-hour drinking period did not indicate any inhibitory
effect of the Dom directed towards the Sdom rat. Therefore we believe that the differences
in EtOH ingestion most likely reflect the stressfulness of the daily territorial challenge by
the Sdom rat to the Dom rat.

An interesting shift in the distribution of test subjects was noted when they were categorized
according to their level of EtOH-intake rather than rank (data not shown). Namely, at the
pre-dyad test 8% of the Dom rats were ‘high’ EtOH drinkers (0.99±.05 g/kg) but this figure
increased to 23% at the dyad test, and the percent of ‘low’ EtOH drinkers Doms (0.49±.04 g/
kg) was higher at the pre-dyad compared to the dyad test. By contrast, the percent of ‘high’
EtOH Sdom drinkers declined at the dyad compared to the pre-dyad test, and the percentage
of ‘low’ EtOH Sdom drinkers was the same at both test time, while the proportion of the
‘moderate’ EtOH drinkers increased slightly at the dyad test. This shift in Dom rats from
‘low’ to ‘high’ EtOH drinkers tends to support the notion that, in contrast to Sdom rats, the
Dom rats could be ingesting EtOH to mitigate the stress of maintaining territorial dominance
during the daily encounters with the Sdom rats.

In view of prior evidence that sensitivity to EtOH can be altered by stressors (Pohorecky,
1990Pohorecky, 1991), it is relevant to also consider whether the stress of dyad-housing
may have altered the interoceptive effects of the ingested EtOH. The higher ingestion of
EtOH by Dom compared to Sdom rats may also have been influenced by a change in
interoceptive properties of the drug. For example, psychosocial stress may alter the salience
and/or the rewarding properties of drugs (Vekovischeva et al., 2004), and repeated exposure
to elevated CORT levels, consequent to daily confrontations, may have altered sensitivity to
the interoceptive effects of alcohol in rats (Besheer et al., 2011) and induced the Dom
animals to consume more EtOH. Therefore, one may speculated that while at the pre-dyad
test the future Dom rats tended to experienced less reward from ingesting EtOH’s compared
to the future Sdom rats, on the other hand at the dyad test the Sdom rats may have found
EtOH more aversive (Rezvani et al., 2010). However, whether psychosocial stress-induced
alteration in the interospective effects of EtOH may have had an impact on its ingestion,
remains to be determined.

Another relevant factor that might have contributed to the noted changes in EtOH intake was
the ability of the dyad-housed rats to cope with the psychosocial stressor. Considerable
evidence indicates that the impact of a stressor is highly dependent on a subject’s level of
control, as critically evaluated in a recent review (Koolhaas et al., 2011). The removal of the
cage barrier exposed the Dom rat’s territory to the daily challenge of its cage-sharing
partner, resulting in higher CORT levels in the Dom (Pohorecky et al., 2011), which may
indicate that the coping capacity of the Dom rats might have been impaired. Support for this
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notion stems from evidence that plasma CORT levels of group-housed rodents depend on
social stability, and that the behavior of non-Dom rats may influence CORT levels of the
Dom animal. For example, when stability of group-housed animals was impaired
glucocorticoid levels of Dom subjects were higher compared to non-Dom subjects
(Haemisch and Gartner, 1979; Setchell et al., 2010; Gesquiere et al., 2011). Furthermore,
compared to ‘passively’ coping intruders, intruders that displayed ‘active’ coping behavior
had a smaller adrenocortical response after their defeat (Peterson and Pohorecky, 1986;
Walker et al., 2009). Corticosterone, the most commonly investigated stress-related
hormone in rodents, is believed to have a facilitatory role on the ingestion of EtOH (Fahlke
et al., 2000; Prasad and Prasad, 1995), though this issue remains controversial (Eriksson et
al., 2001; O’Callaghan et al., 2005). Overall, it is likely that the elevated plasma CORT
levels of the Dom rats may have contributed to their higher EtOH intake compared to the
Sdom rats. Additionally, the ability to cope with a stressor may also impact the behavioral
effects of EtOH. For example, in an acutely stressful situation coping behavior was reported
to reduce EtOH’s ataxic effect. Drugan and associates (1996) noted that the ataxic effect of
EtOH in rats was mitigated when they were subjected to escapable electric shocks, but not
when the shocks were inescapable. Whether the noted group differences in EtOH intake may
also reflect altered sensitivity to the central effects of the ingested alcohol remains to be
established.

4.2. Effect of Amphetamine
Our data indicate that the SiH rats, were more sensitive to Amp’s depressant effect on EtOH
intake at the dyad compared to the pre-dyad test. The greater Amp sensitivity of the SiH rats
suggests that dyad-housing moderated its depressant effect on EtOH ingestion, confirming a
previous report (Gaytan et al., 1996). The 0.9 mg/kg dose inhibited EtOH intake and
enhanced EtOH preference in all the subjects, while the highest dose had a profound
depressant effect on its intake, but EtOH preference was depressed only in the SiH rats.
These dose-related differences in Amp’s effect on EtOH intake and preference, suggest that
distinct underlying mechanisms mediated these two drug actions. A lack of correlation
between EtOH preference and intake have been noted previously (Szumlinski et al., 2005;
Tordoff et al., 2007), and may be related to the diverse roles of DA in “wanting” and
“liking” a reward (Brennan et al., 2001). Since Amp was also found to reduce the ingestion
of EtOH without changing its palatability in a taste reactivity test (Kaczmarek and Kiefer,
2000), it is unlikely that altered oral sensory perceptions were involved. Nevertheless,
differences in the intake of EtOH may in part also reflect differences in its aversive
properties (Rezvani et al., 2010).

Psychosocial stress is known to alter the activity of the neuronal DArgic system. Our data
implicate the DArgic system in the just described differential stress-induced changes in
EtOH ingestion. For example, studies indicate that defeat leads to DArgic hyperactivity
(e.g., Berton et al., 2006; Ferrari et al., 2003), and the mesolimbic DA circuitry has also
been implicated in innate resilience or susceptibility to social defeat stress. Namely,
susceptibility and resilience to social defeat have been linked to the firing rate of ventral
tegmental DArgic neurons (Anstrom et al., 2009; Krishnan et al., 2007; Razzoli et al., 2011).
For example, in contrast to defeat-resilient mice, in defeat-susceptible mice chronic defeat
engendered physiologic and behavioral changes, as well as the molecular adaptations in the
mesolimbic DA neurons, were evident as long as four weeks after the last defeat experience
(Krishnan et al., 2007). In fact, it has been suggested that an “increased phasic firing of
DArgic neurons in the ventral tegmental area may be considered as a feature defining the
lasting imprint of social defeat stress” (Razzoli et al., 2011). Further support for a role of the
DAgic system in psychosocial stress effects comes from studies of other DAgic drugs such
as cocaine (e.g., Covington and Miczek, 2001; Czoty et al., 2005). For example,
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subdominant non-human primates were found to be more sensitive to the relative reinforcing
strength of cocaine (Czoty et.al., 2005). On the other hand the dopaminergic response to
cocaine was found to be blunted in defeated female rats (Shimamoto et al., 2011).

Some evidence has also accrued on EtOH’s effect on the DAgic neuronal system in
psychosocially stressed animals. For example, a small dose of intracerebrally microinjected
EtOH increased extraneuronal levels DA in defeated Sdom rats, while it had no effect in
Dom and in non-defeated Sdom rats (Yavich and Tiihoven, 2000). The availability of DA-
D2 receptors was higher in dominant compared to non-dominant monkeys (Morgan et al.,
2002). Interestingly, stimulation of DA-D2 receptors has been implicated in the
enhancement of impulsivity produced by Amp (van Gaalen et al., 2009), and stimulation of
these receptors has been also reported to predict trait impulsivity and the reinforcing
properties of other drugs such as cocaine (Dalley et al., 2007). In fact, stress induced
activation of DA in the frontal cortex was depended on the innate levels of sociability in
rats, and possibly enhanced impulsivity (Tõnissaar et al., 2008), a finding that might be
related to the rank related differences in the present study. However, because Amp reduced
impulsivity dose-dependently yet had no effect on EtOH drinking (Oberlin et al., 2010), the
role if any, of impulsivity in the present findings needs to be further investigated.

Amphetamine is known to induce dose-dependent behavioral stereotypy that consists of
highly repetitive movements (e.g., sniffing, biting, head movements, licking) (Antoniou et
al., 1998). This potential caveat may have interfered with drinking behavior. However,
under our experimental conditions we did not observe any stereotypy even after the highest
Amp dose, confirming the absence of stereotypic behaviors after a 2.5 mg/kg dose of Amp
(Nordquist et al.,2008). Moreover,stereotypy-induced drinking impairment after the highest
Amp dose would be expected to be similar for both EtOH and water drinking. However the
high Amp dose only impaired the intake of EtOH and had no effect on water intake. It is
possible that the extensive handling, testing and repeated injections may have altered the
sensitivity to amphetamine-induced stereotyped behaviors.

Overall, the presented evidence suggests that in terms of EtOH ingestion, the Dom rats were
more sensitive to Amp than were the Sdom rats. However, it is worth noting that Amp is
also known to affect other non-DArgic neural systems in the brain, such as the noradrenergic
and the serotonergic systems (Lanteri et al., 2008; McKittrick and Aberchromie, 2007).
Consequently, the present interpretation of the role DA played in Amp’s action on EtOH
ingestion is contingent on the evaluation of the involvement of other neuronal systems.

4.3. Social Stress and Anhedonia
To evaluate the specificity of the psychosocial stress-induced changes on EtOH ingestion,
we also examined the intake of saccharin, another rewarding substance for rodents. While
the dyad-housed rats clearly ingested less saccharin compared to their pre-dyad level, intake
of the SiH rats at the dyad test was higher compared to their pre-dyad intake. These findings
support previous reports of stress-induced anhedonia (Rygula et al., 2005; Stekalova et al.,
2004; Tamashiro et al., 2007). Because stress-induced anhedonia tends to be influenced by
such factors as repeated testing, handling of subjects and housing conditions (Hall et al.,
1997; Domeney and Felden, 1998), the defeat-engendered anhedonia may have been
partially mitigated in the dyad-housed rats (Grippo et al., 2007; Ruis et al., 1999).

4.4. Predictive Traits of Hierarchical Status
The present data indicate that for SiH rats the level of EtOH intake may serve as a predictor
of future social rank. Specifically, future Dom rats ingested significantly less EtOH than
future Sdoms. Also, while 31% of the future Sdom rats were “high“ EtOH drinkers, only 8%
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of the future Dom rats were in this drinking category. Since future Sdom rats tend to be
innately more fearful and anxious than Dom rats (Pohorecky et al., 2011), the lower EtOH
intake of by future Dom rats might be related to their lower level of innate emotionality,
confirming the findings of Davis and associates (2009). Furthermore, the fact that future
Dom animals were more susceptible to Amp’s effect on EtOH intake suggests that there
were innate differences their DArgic systems. In fact, significant individual differences in
the DArgic system are well known to exist in rodents (e.g., Verheij and Cools, 2008). Other
behavioral and physiologic predictors of an animal’s hierarchical status, including such
indices of anxiety, enhanced motivation for food reward, as well as in activity of the
hypothalamo-pituitary-adrenal axis have been previously reported (Blanchard et al., 1998;
2001; Davis et al., 2009; Prasad and Prasad, 1995).

The present findings, in addition to some of the recent studies discussed above, have
highlighted the crucial importance of trait characteristics in the determining the effect of
stressors on the ingestion of EtOH. A variety of non-social stressors ranging from repeated
footshock, forced swim, cold-immobilization, and the chronic variable stress paradigm, have
been shown to enhance the voluntary intake of EtOH in rats and mice (Boyce-Rustay et al.,
2008; Rockman et al., 1987; Sacharczuk et al., 2008; Yaroslavsky, Tejani-Butt, 2010; West
et al., 2011). However, these stress-related increases in EtOH intake were evident primarily
in select populations, such as rats bred for reduced struggling in a forced swim test (West et
al., 2011), or pre-selected for low EtOH ingestion, but not medium or high EtOH-ingestion
groups (Rockman et al., 1987), and in mice that showed low rather than high swim stress-
induced analgesia (Sacharczuk et al., 2008). The challenge now is to unravel the potential
commonality of the underlying neurobiologic changes engendered by these distinct stressors
that modified the ingestion of EtOH.

In conclusion, the administration of Amp, a DA-releasing drug, demonstrated the
involvement of the DArgic neuronal system in mediating the altered ingestion of EtOH in
chronically psychosocially stressed rats. Compared to the SiH rats, both dyad-housed rats
were less susceptible to the effects of Amp, suggesting that social housing may have
dampened sensitivity to Amp. At the dyad test the Sdom rats appeared to be more resistant
than the Dom rats to the lower doses of Amp. These findings suggest that chronic social
stress can differentially alter the DArgic neural system, and that these changes may have
significant behavioral and physiological consequences. Clearly, the relationship of social
rank status and innate resistance or susceptibility to defeat is an issue that needs to be further
explored. Moreover, more research is warranted to evaluate the distinct roles of rewarding
and aversive properties of drugs in psychosocially stressed subjects. This research has
relevance for the understanding of the role of social stress in the abuse of alcohol as well as
other drugs.
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Highlights

• Chronically stressed dominant rats ingested more ethanol than subdominant rats

• Social stress altered differentially sensitivity to amphetamine

• Amphetamine depressed ethanol ingestion more in single- than in dyad-housed
rats

• Dominant rats were more sensitive to amphetamine’s action than to the
subdominant rats.

• Dopaminergic system mediated social stress-induced changes in ethanol
ingestion
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Figure 1.
Amphetamine treatment on ethanol intake and on ethanol preference of dyad- and single-
housed rats. Rats were injected with saline or an amphetamine injection (0.3, 0.9 or 2.7 mg/
kg IP) 30 min before a 1-hour drinking period during which they had a choice of a 6%
ethanol solution and water. Testing was carried out before differential housing, while all rats
were individually housed, and again when rats were housed either in dyads or SiH. (A) The
ethanol intake ratio reflects the change in intake from the pre-dyad to the dyad test, and was
calculated as explained in the Methods section. (B) Ethanol preference was calculated as the
percent of the total fluid intake based on the ethanol intake data, and the ethanol preference
ratio was calculated as explained in Methods section. Data represent the mean ± SEM for 13
dyad-housed rats and 11 SiH rats. Statistically significant differences from the saline and the
2.7 mg/kg groups are designated as (^) and (*), respectively. Significant group difference
from the Dom rats, Sdom and the SiH group are designated by (D), (SD) and (Si),
respectively. Significance level was set at P<.0167 as determined by the Bonferroni test.
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Figure 2.
Amphetamine treatment on water intake of dyad- and single-housed rats. A saline or an
amphetamine injection (0.3, 0.9 or 2.7 mg/kg IP) was administered 30 min before the 1-hour
limited access test during which they had a choice of a 6% ethanol solution and water. Each
test was carried out before differential housing while all rats were individually housed and
again when rats were housed either in dyads or SiH. The water intake ratio was calculated as
explained in the Methods section. Data represent the mean ± SEM for 13 dyad-housed rats
and 11 SiH rats. Statistically significant differences from the saline and 0.3 mg/kg groups
are designated as (^) and (*), respectively. (SD) Designates statistically significant
differences from the Sdom group. Significance level was set at P<.0167 as determined by
the Bonferroni test.

Pohorecky and Sweeny Page 21

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

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3.
Amphetamine treatment on the intake of a saccharin solution by dyad and single-housed
rats. Saccharin intake was evaluated during a 1-hour limited access test. Each test was
carried out before differential housing while all rats were individually housed (Pre-dyad
test), and again when rats were either dyad-housed or single-housed (Dyad). Data for
saccharin intake (mg/kg) was calculate as the mean of four test days, and is presented as the
mean ± SEM for 13 dyad-housed rats and 11 SiH rats. Statistically significant differences
from the pre-dyad test are designated by (*). (Si) Designates significant differences from the
single-housed group. Significance level was set at P<.0167 as determined by the Bonferroni
test.
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Table 2

Ethanol intake and ethanol preference of saline-injected dyad-housed and single-housed rats

Measure Test time Dominant Subdominant Single

Ethanol intake (g/kg) Pre-diad 0.587±0.049 0.790±0.055 D 0.697±0.039

Ethanol intake (g/kg) Diad 0.841±0.059* 0.690±0.043 0.658±0.055

Ethanol preference (%) Pre-diad 77.96±2.21 82.01±2.30 73.98±2.56

Ethanol preference (%) Diad 78.20±1.53 82.81±1.32 78.44±1.38

Ethanol intake was assessed during a 1-hour daily session. Ethanol preference was calculated as a percent of the total fluid intake. Data represents
the mean ± SEM for 13 rats per group.

(D)
Designates statistically significant difference from the dominant rats.

*
Designates statistically significant difference from the pre-diad test. Level significance was set at P<0.0167 as determined by the Bonferroni test
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