
R

S
e

C
N
a

b

a

A
R
R
A
A

K
P
E
L
S
M
C
C

t
B
s
(
c
e
p
e
p
s
d

u
w
d
r

0
d

Behavioural Brain Research 211 (2010) 64–70

Contents lists available at ScienceDirect

Behavioural Brain Research

journa l homepage: www.e lsev ier .com/ locate /bbr

esearch report

ocial isolation and stress related hormones modulate the stimulating effect of
thanol in preweanling rats

arlos Ariasa,∗, Ana Clara Solari a, Estela C. Mlewskia, Stacie Millerb, Beatriz Haymala,
orman E. Spearb, Juan Carlos Molinaa

Instituto de Investigación Médica M. y M. Ferreyra (INIMEC – CONICET), Córdoba, C.P 5000, Argentina
Center for Development and Behavioral Neuroscience, Binghamton University, Binghamton, NY 13902-6000, USA

r t i c l e i n f o

rticle history:
eceived 16 December 2009
eceived in revised form 2 March 2010
ccepted 3 March 2010
vailable online 11 March 2010

eywords:
reweanling rat
thanol
ocomotor activity

a b s t r a c t

Preweanling rats are highly sensitive to the locomotor stimulation induced by relatively high ethanol
doses. In adult mice this ethanol effect is modulated by stress. The goal of the present study was to analyze
the role of stress and corticosterone in the stimulating effect of ethanol in preweanling rats. In Experiment
1 15-day-old rats were separated from the mother during a period of 4 h in which subjects remained
isolated or paired with a littermate. In a third condition pups remained in the home-cage with the dam.
After this isolation period pups were given ethanol (0 or 2.5 g/kg) and were tested in a novel environment.
Previous data have shown that a similar period of isolation is enough to increase corticosterone levels
in preweanling rats. Experiment 2 evaluated the effect of exogenous administration of corticosterone
(0, 3 or 6 mg/kg) along with ethanol, and Experiment 3 tested ethanol-mediated locomotor activation in
adrenalectomized preweanling rats. The last experiment aimed to test the role of corticotropic releasing
tress

aternal separation
orticosterone
orticotropic releasing factor

factor 1 (CRF1) receptors in locomotion induced by ethanol in isolated pups. According to our results
there is a synergism between stress or corticosterone and ethanol in preweanling rats. The interaction
between stress (induced by social isolation) and ethanol seems to be mediated by CRF, since blockade of
CRF1 receptors cancelled the effect of ethanol in isolated pups. This study highlights the importance of
considering stress as a possible intervening variable in studies evaluating ethanol effects in developing
animals when maternal separation is used in the experimental procedure.
Over the past few years a growing number of studies have shown
hat infant rats are highly sensitive to a variety of ethanol effects.
y the end of the second postnatal week of life rats are more
ensitive to the acute tolerance induced by ethanol than adults
see [1,2]). Ethanol-mediated negative reinforcement [3], aversion
onditioning [4,5] or positive appetitive reinforcement [4,6,7] can
asily be observed in preweanling rats. Recently we also found a
articular sensitivity in infant rats to the locomotor stimulating
ffect of ethanol [8–11]. This effect was consistently observed when
reweanling rats were tested in a novel environment during the
econd postnatal week of life in response to relatively high ethanol
oses intragastrically (i.g.) delivered (1.25 or 2.5 g/kg).

The study of the mechanisms mediating ethanol-mediated stim-

lation is relevant because of its possible mechanistic association
ith the reinforcing effects of drugs of abuse [12]. Recent evi-
ence suggests that this association may be present in infant rats in
esponse to ethanol. Relatively neutral stimuli paired with the early
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stage of intoxication induced by a high ethanol dose (2 g/kg, blood
ethanol levels (BECs): 157 mg%) became positive reinforcers [13].
Molina et al. [13] also reported that when stimuli were presented
when blood ethanol reached peak values infant rats learned condi-
tioned aversion (BECs: 200 mg%). The occurrence of these biphasic
motivational effects of ethanol followed a time-course similar to
that of the biphasic locomotor effects of the drug at the same age [1].
A relatively high ethanol dose (2.5 g/kg) induced stimulation during
the rising phase of the blood ethanol curve (BECs: 187 mg%) while
sedation was promoted when BECs reached peak values (228 mg%).
The association between ethanol-mediated positive reinforcing
and the stimulating effect of the drug is also supported by recent
pharmacological studies from our laboratory showing that mu-
opioid antagonists can reduce both of these effects of ethanol [7,14].
Additionally, blocking other neurochemical systems involved in
ethanol-mediated conditioned place preference in adult rodents,

such as the dopaminergic [15] or GABA B [16] systems, also sup-
press ethanol-mediated locomotor stimulation in preweanling rats
[8,11]. Considering these antecedents, the analysis of the mecha-
nisms and variables that modulate the locomotor effects of ethanol
may represent a valuable tool for understanding the neural basis of

http://www.sciencedirect.com/science/journal/01664328
http://www.elsevier.com/locate/bbr
mailto:afelicidade@yahoo.es
dx.doi.org/10.1016/j.bbr.2010.03.010
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ffective states induced by ethanol early in ontogeny. This is impor-
ant since exposure to ethanol and other drugs of abuse early in life
s considered a risk factor for later use and abuse of these substances
6,17,60].

We recently reported that the testing environment must be
ovel for ethanol to induce stimulation in preweanling rats. When

nfant rats are pre-exposed to the testing environment before test-
ng, the stimulating effect of ethanol is attenuated [9]. This result
oes not clarify whether it is the novelty itself or the stress induced
y the novel environment that is critical for these activating effects
f ethanol. Additionally it is a common procedure in studies with
nfant rats to separate subjects from the homecage before testing,
treatment well known to induce stress in infants [18]. In fact, in

hose studies showing stimulation induced by ethanol in prewean-
ing rats, subjects were separated from the homecage for at least
h [8–11]. In adult rats novelty and stress modulate the locomo-

or stimulating effects of a variety of drugs [19]. Exposure to a
ovel environment or to an acute stressor induces activation of the
ypothalamus–pituitary–adrenal (HPA) axis [20,21]. The adminis-
ration of exogenous corticosterone enhances the acute or chronic
ocomotor effects of a variety of drugs such as ethanol [19,22],

hile adrenalectomy reduces the psychomotor activation induced
y psychostimulants [19].

The goal of the present study was to analyze the role of
tress and corticosterone in the stimulating effect of ethanol in
reweanling rats. We hypothesized that ethanol-mediated loco-
otor stimulation would be enhanced by stress. Additionally, we

lso hypothesized that corticosterone would mediate the stress-
nduced potentiation of the stimulating effect of ethanol. The
resent study aimed to test these hypotheses. The procedure
elected to induce stress was maternal separation. The long-term
ffects of social isolation during infancy have been well studied. For
xample, rearing rats in isolation increased their sensitivity to the
ocomotor stimulating effects of psychostimulant drugs later in life
23]. Although the first two postnatal weeks of life is a period char-
cterized by a low corticosterone response to most stressful stimuli,
uring this period maternal separation can nevertheless increase
he production of corticotropic releasing factor (CRF) adrenocor-
icotropic hormone (ACTH) and corticosterone [18,24–26], while

aternal stimuli reduce corticosterone release produced by stress-
ul and painful stimuli [26,27].

In Experiment 1, 15-day-old rats were separated from the
other during a period of 4 h in which subjects remained iso-

ated or paired with a littermate. In a third condition pups
emained in the home-cage with the dam. Unpublished data
rom our laboratory indicate that these isolation treatments
nduce a significant increase in plasma corticosterone levels
home-cage (n = 14): 9.64 ± 3.08 ng/ml; isolated in pairs (n = 14):
7.50 ± 8.10 ng/ml; isolated alone (n = 12): 38.58 ± 7.65 ng/ml; val-
es represent means ± SEM]. After this isolation period pups were
iven ethanol (0 or 2.5 g/kg) and were tested in a novel environ-
ent. This relatively high ethanol dose consistently has been found

o increase locomotion in preweanling rats soon after adminis-
ration [10,11]. Our hypothesis is that isolated pups will show

ore stimulation after ethanol administration than subjects who
ere not separated from the homecage. Experiment 2 evaluated

he effect of exogenous administration of corticosterone (0, 3 or
mg/kg) along with ethanol, and Experiment 3 tested ethanol-
ediated locomotor activation in adrenalectomized preweanling

ats. Our prediction is that exogenous corticosterone will potenti-
te the effect of ethanol, while adrenalectomy should reduce the

timulating effect of ethanol. The last Experiment 4 aimed to test
he role of CRF1 receptors in locomotion induced by ethanol in
solated pups. Additional experiments were performed to analyze
ECs as a function of the different treatments employed in the
tudy.
esearch 211 (2010) 64–70 65

1. Materials and methods

1.1. Subjects

Forty-seven (26 females and 21 males) and 43 (24 females and 19 males) Wistar
WKAH/HOK rats, representative of 8 litters, were utilized for each of Experiments
1a and 1b, respectively. Fifty-five (29 females and 26 males) and 41 (22 females
and 19 males) Wistar WKAH/HOK rats were utilized for Experiments 2a and 2b,
respectively. Those subjects were representative of 10 and 8 litters respectively.
Fifty-seven (26 females and 31 males) and 47 (25 females and 22 males) Wistar
WKAH/HOK rats were utilized for the Experiments 3a and 3b, respectively. Nine lit-
ters were used for each of these experiments. Finally, for Experiments 4a and 4b we
employed 47 (27 males and 20 females) and 32 (17 males and 15 females) Wistar
WKAH/HOK rats, respectively. In each case the subjects were representative of 6
litters. Animals were born and reared at the vivarium of the Instituto de Investiga-
cion Medica Mercedes y Martin Ferreyra (Cordoba, Argentina) under conditions of
constant room temperature (22 ± 1.0 ◦C), on a 12-h light 12-h dark cycle. The day of
parturition was considered postnatal day 0 (PD0). All procedures were in accordance
with the guidelines for animal care and use established by the National Institutes of
Health [28].

1.2. Procedures

1.2.1. Experiment 1a: locomotor activity as a function of ethanol and social
condition

On PD 15, one subject from each litter was assigned randomly to one of the social
conditions [homecage, paired (paired with a littermate), or isolation] defined for this
experiment. Pups from the paired or isolation conditions were separated from their
mothers and placed in a holding maternity cage (45 cm × 20 cm × 20 cm) partially
filled with clean wood shavings. The floor of the cage was maintained at 37 ◦C (±1 ◦C)
through the use of a heating pad. Subjects assigned to the paired condition remained
with a littermate, while subjects assigned to the isolated condition remained with-
out littermate until the testing phase. As in all experiments included in the present
study, in no case was more than one subject from a given litter and with the same sex
assigned to the same condition. Pups assigned to the homecage condition remained
in the homecage with their respective mother. Four hours later, pups’ body weights
were individually recorded (±0.01 g) and they immediately received an intragastric
(i.g.) administration of ethanol (0 or 2.5 g/kg). The volume administered was equiva-
lent to 0.015 ml per gram of body weight of a 21% (v/v) ethanol solution, respectively.
An equivalent volume of water was administered to pups assigned to the vehicle
control group. Intragastric administrations were performed using a 10-cm length
of polyethylene tubing (PE-10 Clay Adams, Parsippany, New Jersey) attached to a
1 ml syringe with a 27 G × 1/2 needle. This tubing was gently introduced through
the mouth and slowly guided into the stomach. The entire procedure took less than
20 s per pup.

Five and 35 min later, locomotor activity was assessed for 5 min in a novel
environment (all subjects were evaluated at both testing intervals). These post-
administration intervals were selected based on prior studies. We recently observed
that 2.5 g/kg ethanol exerted locomotor stimulation in the first post-administration
interval, and induced locomotor sedation in the later one in preweanling rats [1]. The
floor of the openfield (40 cm × 49 cm × 40 cm) utilized for locomotor assessment was
divided in 9 quadrants, and two trained researchers blind to the experimental treat-
ments estimated horizontal activity in terms of the number of quadrants crossed. A
given subject was considered to cross a specific quadrant when the two forepaws
and the head passed through the line that divided the quadrants.

1.2.2. Experiment 1b: determination of blood ethanol concentration (BEC) as a
function of ethanol and social condition

Procedures of this experiment were similar to those described for Experiment
1a. After 4 h of social treatment (homecage, paired or isolation) body weights were
individually recorded (±0.01 g) and pups received an i.g. administration of 2.5 g/kg
ethanol. Pups were sacrificed 7.5 or 37.5 min after receiving the corresponding
ethanol dose, time points which coincide with the middle of the testing inter-
vals selected for Experiment 1a. Blood samples were subjected to headspace gas
chromatography analysis. Samples were placed in microvials containing 50 �l of a
butanol solution (51 mg/100 ml) that served as an internal standard. The manipula-
tion of the samples was performed in containers filled with crushed ice. Microvials
were hermetically sealed and then incubated in a water bath at 60 ◦C for 30 min.
Gas-tight syringes (Hamilton, Reno, Nevada, 10 �l) were used to collect the volatile
component of the samples and to inject them into the gas chromatograph (model
5890, Hewlett Packard, Palo Alto, CA). Column (Hewlett Packard HP 20 M, Carbowax
20 M; 10 m × 0.53 mm × 1.33 m film thickness), injector, and detector temperatures
were as follows: 60, 150, and 250 ◦C, respectively. Nitrogen served as the carrier gas
(flow rate, 15 ml/min). BECs were expressed as milligrams of ethanol per 100 ml of

blood.

1.2.3. Experiment 2a: locomotor activity as a function of ethanol and
corticosterone treatments

For this experiment we selected the homecage condition utilized in Experiment
1. Since the goal of this experiment was to analyze whether corticosterone admin-
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2.1.2. Experiment 1b: determination of blood ethanol
concentration (BEC) as a function of ethanol and social condition

The ANOVA utilized to analyze BECs revealed a main effect of
post-administration interval [F(1, 41) = 7.85, p < 0.01], indicating

Fig. 1. Locomotor activity (operationalized through the number of quadrants
6 C. Arias et al. / Behavioural B

stration potentiates the effect of ethanol, the homecage condition was ideal to test
ur hypothesis since subjects from this social condition in Experiment 1 did not
how ethanol-mediated stimulation. In the present experiment, on PD 15 one sub-
ect from a given litter was assigned to one of the 6 independent groups derived from
he 2 factors that defined the design [ethanol treatment (0 or 2.5 g/kg) and corticos-
erone treatment (0, 3 or 6 mg/kg). Corticosterone (0, 3 or 6 mg/kg) was administered
0 min before ethanol. Corticosterone was dissolved in a solution of saline and 0.25%
cetic acid (volume administered was 10 ml per kg). Pups given 0 g/kg received the
ame amount of vehicle. Thirty minutes after corticosterone administration subjects
eceived the corresponding ethanol administration (0 or 2.5 kg). Locomotor activity
as evaluated 5 and 35 min after ethanol administration following the procedures
escribed in Experiment 1.

.2.4. Experiment 2b: determination of BEC as a function of ethanol and
orticosterone treatments

Procedures of this experiment were similar to those described for Experiment
b. Pups were sacrificed 7.5 or 37.5 min after receiving the corresponding doses of
orticosterone (0, 3 or 6 mg/kg 30 min before ethanol) and ethanol (2.5 g/kg). Blood
amples were collected to determine BECs.

.2.5. Experiment 3a: locomotor activity as a function of ethanol and
drenalectomy treatments

For this experiment we selected the isolated condition utilized in Experiment
, which showed the largest activating effect of ethanol. This social condition was
elected because our hypothesis is that removing corticosterone ethanol-mediated
timulation in stressed subjects will be eliminated. On PD 15 one subject from a
iven litter were assigned to one of the 6 independent conditions derived from
he factorial combination of the following factors: ethanol treatment (0 or 2.5 g/kg)
nd adrenalectomy treatment (adrenalectomy, sham or untreated). Adrenalectomy
as performed on PD10 following the procedures described for young rats [29].
riefly, after being anesthetized, adrenal glands were removed through dorsal inci-
ions made in the back of the infant. Sham controls also received dorsal incisions,
ut the adrenal glands were left intact. A third group of untreated animals was also

ncluded in the experiment. Following recovery from surgery (approximately 1 h),
ups were returned to the mother until the day of assessment. On postnatal day
5 pups received the corresponding ethanol administration (0 or 2.5 kg). Locomo-
or activity was evaluated 5 and 35 min after ethanol administration following the
rocedures described in Experiment 1.

.2.6. Experiment 3b: determination of BECs as a function of ethanol and
drenalectomy treatments

For this experiment subjects were adrenalectomized on PD 10. On PD 15,
drenalectomized, sham and untreated controls were sacrificed 7.5 or 37.5 min
fter ethanol administration (2.5 g/kg) to measure BECs (see procedures section of
xperiment 1b).

.2.7. Experiment 4a: locomotor activity as a function of ethanol and CP154,526
reatments

In Experiment 4a we tested whether ethanol-mediated locomotor activity in
solated pups is reduced by CP154,526, a CRH1 antagonist. Hence, all rat pups in
his experiment were isolated individually from the dam, as in the isolation con-
ition of Experiment 1. On PD 15 subjects from a given litter were assigned to one
f the 4 independent groups derived from the 2 orthogonal factors that defined the
esign [ethanol treatment (0 or 2.5 g/kg) and CP154,526 treatment (0 or 10 mg/kg).
P154,526 was dissolved in a solution of saline and 0.25% acetic acid (Volumen
dministered was 10 ml per kg) and administered 30 min before ethanol. Pups given
g/kg received an equivalent volume of vehicle. After this treatment pups were

eturned to their homecage and, 30 min after corticosterone administration, given
he corresponding ethanol administration (0 or 2.5 kg). Locomotor activity was eval-
ated 5 and 35 min after ethanol administration following the procedures described

n Experiment 1.

.2.8. Experiment 4b: determination of BECs as a function of ethanol and
P154,526 treatments

On PD15, after receiving the corresponding CP154,526 (0 or 10 mg/kg) and
thanol treatments pups were sacrificed 7.5 or 37.5 min later to measure BECs.

.3. Data analysis

Data from the present study were statistically analyzed using an analysis of
ariance (ANOVA). No significant effect of sex or interaction with the remain-
ng factors was found in any of the analyses performed in the present study.
ence, for the inferential analysis and descriptive presentation of the results, data
ere collapsed across sex. In Experiment 1 locomotor activity data (Experiment
a) were analyzed with a 3 (social condition: homecage, paired or isolated) × 2
ethanol treatment: 0 or 2.5 g/kg) × 2 (post-administration interval: 5 and 35 min)

ixed ANOVA. Blood ethanol levels (Experiment 1b) were analyzed by means
f a 3 (social condition: homecage, paired or isolated) × 2 (post-administration
ime: 7.5 or 37.5 min) between-factor ANOVA. Activity data from Experiment 2a
ere analyzed with a 3 (corticosterone: 0, 3 or 6 mg/kg) × 2 (ethanol treatment: 0
esearch 211 (2010) 64–70

or 2.5 g/kg) × 2 (post-administration interval: 5 and 35 min) mixed ANOVA while
blood ethanol levels obtained in Experiment 2c were analyzed by means of a 3
(corticosterone treatment: 0, 3 or 6 mg/kg) × 2 (post-administration time: 7.5 or
37.5 min) between-factor ANOVA. Locomotor activity data registered in Experiment
3a were analyzed with a 3 (adrenalectomy treatment: untreated, sham or adrenalec-
tomy) × 2 (ethanol treatment: 0 or 2.5 g/kg) × 2 (post-administration interval: 5 and
35 min) mixed ANOVA, and blood ethanol levels from Experiment 2d were analyzed
by means of a 3 (adrenalectomy) × 2 (post-administration time: 7.5 or 37.5 min)
between-factor ANOVA. Finally, activity data from Experiment 4a were analyzed
with a 2 (CP154,526: 0 or 10 mg/kg) × 2 (ethanol treatment: 0 or 2.5 g/kg) × 2 (post-
administration interval: 5 and 35 min) mixed ANOVA, and blood ethanol levels
from Experiment 4b were analyzed by means of a 2 (CP154,526: 0 or 10 mg/kg) × 2
(post-administration time: 7.5 or 37.5 min) between-factor ANOVA. Significant main
effects or interactions indicated by the ANOVAs were further analyzed through post
hoc tests (Newman Keuls post hoc test with a Type I error set at 0.05).

2. Results

2.1. Experiment 1

2.1.1. Experiment 1a: locomotor activity as a function of ethanol
and social condition

Fig. 1 depicts locomotor activity scores as a function of ethanol
and social treatment. The ANOVA indicated significant main effects
of ethanol treatment [F(1, 41) = 9.30, p < 0.005], social condition
[F(2, 41) = 4.97, p < 0.05] and post-administration interval [F(1,
41) = 13.09, p < 0.001]. The interactions between ethanol treatment
and post-administration interval, and between ethanol treatment
and social condition also reached statistical significance [F(1,
41) = 7.85, p < 0.01, and F(2, 41) = 4.02, p < 0.05, respectively]. Post
hoc analyses revealed that, regardless the testing interval, pups
isolated and treated with ethanol showed more locomotor activity
than their corresponding water controls and than those subjects
which remained at the homecage or were paired with a litter-
mate and given ethanol. Water-treated subjects did not differ as
a function of the social condition.
crossed) in preweanling rats as a function of ethanol (0 or 2.5 g/kg), social isolation
(homecage, paired or isolated), and post-administration time (5–10 and 35–40 min).
Vertical lines illustrate standard errors of the means. *Significant difference with
the corresponding water control. #Significant difference with group given ethanol
from the homecage condition. +Significant difference with group given ethanol from
paired condition.
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Table 1
Blood ethanol concentration as a function of time after ethanol administration (7.5
or 37.5 min) and the different treatments employed in the present study: social
condition (Experiment 1b: homecage, paired or isolated), corticosterone (Exper-
iment 2b: 0, 3 or 6 mg/kg), adrenalectomy (Experiment 3b: untreated, sham or
adrenalectomy) and CP154,526 (Experiment 4b: 0 or 10 mg/kg). Values represent
blood ethanol levels (mg%) ± SEM.

7.5 min 37.5 min

Experiment 1b
Homecage 111.91 ± 9.2 n = 8 197.36 ± 8.3 n = 8
Paired 114.20 ± 9.2 n = 8 223.24 ± 18.8n = 7
Isolated 111.43 ± 14.64n = 6 220.62 ± 17.9n = 7

Experiment 2b
0 mg/kg cort 124.04 ± 10.7 n = 7 189.13 ± 7.01n = 6
3 mg/kg cort 124.95 ± 10.8 n = 8 188.10 ± 5.6 n = 7
6 mg/kg cort 102.01 ± 10.2 n = 6 181.34 ± 8.8 n = 7

Experiment 3b
Untreated 138.21 ± 14.4n = 11 239.58 ± 15.7n = 5
Sham 121.01 ± 12.3n = 11 234.82 ± 6.5 n = 5
Adrenalectomy 117.79 ± 14.8 n = 8 288.89 ± 13.9n = 7
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Fig. 3. Locomotor activity (operationalized through the number of quadrants
crossed) in preweanling rats 5–10 and 35–40 min after ethanol administration as
Experiment 4b
0 mg/kg CP154,526 123.82 ± 8.7 n = 7 237.41 ± 11.4n = 8
10 mg/kg CP154,526 136.85 ± 7.6 n = 9 216.63 ± 9.5 n = 8

hat BECs were higher at 37.5 min than at 7.5 min after ethanol
dministration. Social condition did not affect BECs (see Table 1).

Summarizing, pups from the homecage condition did not show
thanol-mediated stimulation in any post-administration interval,
hile pups paired with a littermate showed stimulation in the first
ost-administration interval. Interestingly, isolated pups showed
imulation in both testing intervals. The interaction between
thanol and social condition cannot be explained by differences
n BECs.

.2. Experiment 2
.2.1. Experiment 2a: locomotor activity as a function of ethanol
nd corticosterone treatments

Fig. 2 represents locomotor activity as a function of corticos-
erone and ethanol treatments. The ANOVA revealed significant

ig. 2. Locomotor activity (operationalized through the number of quadrants
rossed) in preweanling rats as a function of ethanol (0 or 2.5 g/kg), corticosterone
reatments (0, 3 or 6 mg/kg) and time of assessment (5–10 and 35–40 min). Ver-
ical lines illustrate standard errors of the means. *Significant difference with the
orresponding water control. #Significant difference with group given ethanol and
mg/kg corticosterone.
a function of ethanol (0 or 2.5 g/kg) and adrenalectomy treatments (adrenalectomy,
sham or untreated). Vertical lines illustrate standard errors of the means. *Significant
difference with subjects given water.

main effects of ethanol [F(1, 49) = 12.69, p < 0.001] and corticos-
terone [F(2, 49) = 5.17, p < 0.01] treatments, as well as a significant
interaction between corticosterone and ethanol treatment [F(2,
49) = 3.66, p < 0.05]. Post hoc analyses revealed that pups given cor-
ticosterone (3 or 6 mg/kg) and ethanol showed more locomotor
activity than their corresponding water controls and those subjects
treated with ethanol and vehicle.

2.2.2. Experiment 2b: determination of BEC as a function of
ethanol and corticosterone treatments

The ANOVA utilized to analyze BECs revealed a main effect of
post-administration interval [F(1, 35) = 82.92, p < 0.001], indicating
that BECs were higher at 37.5 min than at 7.5 min after ethanol
administration. Corticosterone treatment did not affect BECs (see
Table 1).

In summary, ethanol itself did not induce stimulation in the
absence of isolation-induced stress, a result that replicates findings
from Experiment 1. Corticosterone did not modify locomotor activ-
ity patterns of water-treated subjects. However, there was a clear
synergism between ethanol and corticosterone. Pups given ethanol
and corticosterone (3 or 6 mg/kg) showed significant locomotor
activation compared to their corresponding controls. Corticos-
terone administration did not affect BECs at the time pups were
tested for locomotor activity.

2.3. Experiment 3

2.3.1. Experiment 3a: locomotor activity as a function of ethanol
and adrenalectomy treatments

As suggested by the differences shown in Fig. 3, the
ANOVA revealed significant main effects of ethanol [F(1,
44) = 25.83, p < 0.001] and post-administration interval [F(1,
44) = 4.83, p < 0.05]. The interaction between ethanol treatment and
post-administration interval also was significant [F(1, 44) = 10.51,

p < 0.005]. Follow-up one-way ANOVAs including ethanol treat-
ment as the only factor were run to find the locus of this
interaction. For these analyses locomotor activity data from each
post-administration interval were analyzed separately. These anal-
yses revealed that pups given ethanol showed more locomotor
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Fig. 4. Locomotor activity (operationalized through the number of quadrants
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rossed) in preweanling rats as a function of ethanol (0 or 2.5 g/kg), CP154,526
0 or 10 mg/kg) and testing interval (5–10 and 35–40 min). Vertical lines illustrate
tandard errors of the means. *Significant difference with the corresponding water
ontrol. #Significant difference with group given ethanol and 10 mg/kg CP154,526.

ctivity than their corresponding water controls regardless of
he adrenalectomy treatment. This effect was significant for both
ost-administration intervals [F(1, 48) = 33.12, p < 0.001, and F(1,
8) = 4.68, p < 0.05, respectively].

.3.2. Experiment 3b: determination of BEC as a function of
thanol and adrenalectomy

The ANOVA utilized to analyze BECs revealed a main effect of
ost-administration interval [F(1, 41) = 130.24, p < 0.0001], indicat-

ng that BECs were higher at 37.5 min than at 7.5 min after ethanol
dministration. This analysis also revealed a significant interaction
etween adrenalectomy treatment and post-administration inter-
al, [F(2, 41) = 3.71, p < 0.05]. Post hoc analyses indicated that BECs
nduced by 2.5 g/kg were higher in adrenalectomized subjects than
n the sham or untreated controls, but only in the second post-
dministration interval (see Table 1).

Contrary to our expectation, ethanol-induced locomotor stim-
lation regardless of the adrenalectomy treatment. One possibility
o explain this result is that the mechanism by which stress poten-
iates ethanol-induced activation is independent of corticosterone.
n alternative component of the stress response that might mod-
late the activating effects of ethanol in isolated subjects is the
RF. This hormone modulates the locomotor effects of ethanol in
dult mice. For example, ethanol-mediated locomotor sensitization
s attenuated in adult rats by blocking the CRF1 receptor [30]. Pastor
t al. also reported that mice lacking CRF1 receptors do not show
sychomotor sensitization mediated by EtOH [31]. Based on these
ntecedents we hypothesize that by blocking the CRF1 receptor in
aternally isolated rat pups, ethanol-mediated stimulation will be

ttenuated.

.4. Experiment 4

.4.1. Experiment 4a: locomotor activity as a function of ethanol

nd CP154,526

As can be observed in Fig. 4, ethanol-induced locomotion
as drastically attenuated by the CRF1 antagonist. The ANOVA

evealed significant main effects of ethanol [F(1, 43) = 12.63,
< 0.001] and CP154,526 [F(1, 43) = 16.69, p < 0.001]. The interac-
esearch 211 (2010) 64–70

tion between ethanol treatment and CP154,526 was also significant
[F(1, 43) = 8.75, p < 0.005]. Post hoc analyses revealed that pups
given ethanol after only saline injection showed more locomo-
tor activity than their corresponding water controls, but this effect
was not observed in subjects given ethanol after the CRF1 antag-
onist, CP154,526, although CP154,526 did not affect locomotion in
water-treated controls.

2.4.2. Experiment 4b: determination of BECs as a function of
ethanol and CP154,526

The ANOVA utilized to analyze BECs revealed a main effect of
post-administration interval [F(1, 28) = 108.41, p < 0.001], indicat-
ing that BECs were higher at 37.5 min than at 7.5 min after ethanol
administration. The CRF1 antagonist, CP154,526, did not affect BECs
(see Table 1).

3. Discussion

The main results obtained in the present study can be sum-
marized as follows: first, ethanol-mediated locomotor stimulation
requires maternal isolation (Experiment 1). Second, exogenous
corticosterone can potentiate the locomotor effects of ethanol
in non-isolated rat pups (Experiment 2), but on the other hand,
ethanol-induced locomotor stimulation in isolated pups is not
affected when corticosterone production is virtually eliminated by
adrenalectomy (Experiment 3). Finally, locomotor activity induced
by ethanol is eliminated in isolated pups by blocking the CRF1
receptor (Experiment 4).

In Experiment 1 only pups given ethanol and separated from
the mother (isolated or paired with a littermate) showed hyper-
locomotion after ethanol administration. Since pups that remained
in the homecage could be fed by the mother, absorption of ethanol
could be different in such pups than in those separated from the
homecage. However, two aspects of our data ruled out the pos-
sibility that the differences in ethanol-mediated activation as a
function of the social condition could be associated with differ-
ences in ethanol pharmacokinetics. First, BECs did not differ as a
function of social condition at the time points at which pups were
evaluated. The absence of these differences were clearer at the first
post-administration time point (7.5 min), when the strongest dif-
ference was observed in terms of ethanol-mediated stimulation as a
function of the social condition. Second, isolated pups also showed
more locomotion after ethanol administration than those that had
remained in pairs, but BECs did not statistically differ between these
conditions.

Maternal separation is a well-known procedure for inducing
stress in preweanling rats. Separation from the mother induces HPA
activation with accumulation of corticosterone and CRF hormones.
We hypothesize that locomotor activation induced by ethanol in
preweanling rats is the result of a synergism between ethanol
and stress. Ethanol by itself is not sufficient to induce activation
(see subjects from the homecage condition in Experiment 1 or
2). In Experiment 1 control pups given only the vehicle but dif-
fering in the stressfulness of their social condition did not differ
in terms of locomotor activity, indicating that in these circum-
stances the present stressor by itself does not modify activity at this
age. Yet the combination of ethanol and stress induced a marked
increase in locomotion (Experiments 1, 3 and 4). In adult rats
stress induces dopamine release in many brain areas, such as pre-
frontal cortex [32], nucleus accumbens [33] or amygdala [34]. We

recently reported that ethanol-mediated locomotor stimulation in
preweanling rats is mediated by the dopaminergic system [8]. So, it
is possible that the synergism between stress and ethanol is associ-
ated with the effect of the stress response upon the dopaminergic
system.
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In Experiment 2 a synergism was also observed between
orticosterone and ethanol. Although pups (non-isolated) given
thanol or corticosterone separately did not differ in their loco-
otor activity, the combination of both treatments induced a clear

yperactivity. The present study has a clear limitation in that cor-
icosterone was administered peripherally and we did not explore
he specific neural substrate in which corticosterone (or another
orrelate of stress) and ethanol interacted to produce the increase
n locomotion. However, some hypotheses raised in the following
iscussion might guide future studies.

Glucocorticoid receptors are present and functional in the brain
n preweanling rats [29]. Corticosterone at the doses employed
3 or 6 mg/kg) has been shown to have central effects that
nclude activation of, for example, basolateral amygdala [29].
dditionally, previous studies from our laboratory showed that
thanol-mediated stimulation in preweanling rats depends on the
ctivity of dopamine receptors [8]. In adult rats glucocorticoid
eceptors are present in many brain areas, including the dopamin-
rgic system [35,36]. Exogenous corticosterone administration in
dult rats has enhanced locomotion and dopamine released by psy-
hostimulants [22,37,38], whereas adrenalectomy in some cases
educes stimulation induced by these drugs [39]. Hence, glucocor-
icoid receptors in the dopaminergic system are a possible target to
xplain the interaction between ethanol and corticosterone in our
tudy.

Since maternal separation induces corticosterone release
18,24,40], and corticosterone and ethanol together induce loco-

otor stimulation (Experiment 2a), we expected that removing
orticosterone would reduce the stimulating effect of ethanol
bserved in isolated pups (Experiment 1). Contrary to our expec-
ation adrenalectomized pups still showed ethanol-mediated
yperlocomotion that did not differ from sham or untreated con-
rols. This unexpected result led us to the hypothesis that the
nteraction between stress (induced by maternal separation) and
thanol may be associated with another component of the stress
esponse rather than corticosterone. A candidate for this interac-
ion was CRF acting upon the CRF1 receptor. Brain CRF receptors
re functional early in postnatal life [41]. When preweanling
ats are isolated, CRF levels increase [42–44]. The CRF1 receptor
s important for the development and expression of locomotor
ensitization induced by ethanol in adults [30,31]. Intracerebroven-
ricular administration of CRF sensitizes the locomotor response
o amphetamine via its action at central CRF receptors [37]. The
RF also interacts with the dopaminergic system. Tagliaferro and
orales [45] have shown that CRF1 receptors are expressed in

xons and terminals of the ventral tegmental area (VTA). These
uthors raised the possibility that stress induces activation of
RF-glutamatergic neurons innervating the VTA, leading to CRF
nd/or glutamate release that could activate dopaminergic neu-
ons in the VTA. This hypothesis is supported by the facts that
cute mild stressors cause CRF release as well as dopamine release
n the ventral tegmental area and that CRF induces activation of
opamine neurons in vitro (see [45]). In our study the CRF1 antag-
nist CP154,526 eliminated the synergism between ethanol and
tress. This result is consistent with the role of CRF in mediating
tress responses in preweanling rats. Endogenous CRF increases
uring stress [46], while intracerebroventricular administration
f alpha-helical CRF9 41 (a CRF antagonist) reverses endocrine,
hysiological, and behavioral changes induced by stressors such
s restraint and novelty [47,48].

In a previous study we reported that novelty is necessary for

thanol to induce locomotor stimulation in preweanling rats [9]. In
he present study we observed that ethanol treated pups evaluated
n a novel environment do not show stimulation unless isolated
efore testing. These data suggest that novelty is necessary, but
ot sufficient for ethanol to induce locomotor stimulation. In fact,
esearch 211 (2010) 64–70 69

it seems to be necessary certain degree of stress (maternal separa-
tion). In our prior studies showing stimulation induced by ethanol
in preweanling rats, subjects were separated from the homecage
for at least 1 h before testing [8–11].

Our preceding studies also indicate that infants with higher
baseline activity are more sensitive to ethanol-mediated stimula-
tion and more resistant to ethanol’s aversive effects [49]. On the
basis of results obtained in the present study, differential response
of the HPA axis to stress and ethanol may explain differences in
sensitivity to ethanol-mediated stimulation. When preweanling
rats are in an inescapable novel environment, they show increased
locomotor activity that seems to reflect distress or fear rather than
exploration [50]. Differential sensitivity to stress may be associated
in this case with differential response to a novel environment and
to ethanol. In adult rats, high and low responders to novelty have
been shown to differ in HPA sensitivity [51–53].

As mentioned, recent results from our laboratory suggest a
possible mechanistic association between ethanol-induced stim-
ulation and positive reinforcement. Ethanol-mediated locomotor
stimulation and conditioned place preference is blocked in
preweanling rats by mu-opioid antagonists [7,14]. In addition,
the dopaminergic and GABA B systems, which mediate ethanol-
induced conditioned place preference in adult rodents [15,16],
also participate in ethanol-mediated locomotor stimulation in
preweanling rats [8]. Beyond this mechanistic association, another
important question is whether a positive affective state accom-
panies the activating effect of ethanol. In the present study
ethanol-mediated activity was increased by the stress of maternal
separation, which has been established as an aversive treatment
(see, for example [54]). Additionally, corticosterone, which also
enhanced the stimulating effect of ethanol, mediates acquisition
of fear conditioning in preweanling rats [29]. These results make
difficult to assign a positive motivational state to the stimulating
effect of ethanol. However, at least in adult rodents, stress can also
potentiate ethanol-mediated conditioned place preference [55,56].
An alternative interpretation is to consider stimulation of locomo-
tion induced by drugs, through dopamine mediation, as a behavior
related to the approach required in any instrumental learning
either positively or negatively reinforced. This interpretation is
closer to recent theoretical approaches in which activity of the
dopaminergic system is viewed as mediating motivation or learn-
ing processes generally, rather than just the pleasurable effects
of drugs of abuse (see, for example, [57–59]). But this interpreta-
tion does not exclude consideration of the analysis of mechanisms
underlying ethanol-mediated stimulation as a valuable vehicle for
furthering understanding of ethanol-mediated affective or moti-
vated states.

Summarizing, in the present study we have shown a syner-
gism between stress or corticosterone and ethanol in preweanling
rats. The interaction between stress (induced by social isolation)
and ethanol seems to be mediated by CRF, since blockade of CRF1
receptors cancelled the effect of ethanol in isolated pups. This study
highlights the importance of considering stress as a possible inter-
vening variable in studies evaluating ethanol effects in developing
animals when maternal separation is used in the experimental pro-
cedure.
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