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The analysis of chronic tolerance to ethanol in adult and adolescent rats has yielded mixed results. Tolerance to
some effects of ethanol has been reported in adolescents, yet other studies found adults to exhibit greater toler-
ance than adolescents or comparable expression of the phenomena at both ages. Another unansweredquestion is
how chronic ethanol exposure affects subsequent ethanol-mediated motivational learning at these ages. The
present study examined the development of chronic tolerance to ethanol's hypothermic and motor stimulating
effects, and subsequent acquisition of ethanol-mediated odor conditioning, in adolescent and adult male Wistar
rats given every-other-day intragastric administrations of ethanol. Adolescent and adult rats exhibited lack of
tolerance to the hypothermic effects of ethanol during an induction phase; whereas adults, but not adolescents,
exhibited a trend towards a reduction in hypothermia at a challenge phase (Experiment 1). Adolescents, unlike
adults, exhibited ethanol-induced motor activation after the first ethanol administration. Adults, but not adoles-
cents, exhibited conditioned odor aversion by ethanol. Subsequent experiments conducted only in adolescents
(Experiment 2, Experiment 3 and Experiment 4) manipulated the context, length and predictability of ethanol
administration. Thesemanipulations did not promote the expression of ethanol-induced tolerance. This study in-
dicated that, when moderate ethanol doses are given every-other day for a relatively short period, adolescents
are less likely than adults to develop chronic tolerance to ethanol-induced hypothermia. This resistance to toler-
ance development could limit long-termmaintenance of ethanol intake. Adolescents, however, exhibited greater
sensitivity than adults to the acute motor stimulating effects of ethanol and a blunted response to the aversive
effects of ethanol. This pattern of response may put adolescents at risk for early initiation of ethanol intake.

© 2015 Elsevier Inc. All rights reserved.
1. Introduction

Repeated exposure to moderate and heavy ethanol exposure is
widespread during adolescence. A study indicated that 85% of Argentin-
ean male college students exhibited alcohol drinking during the last
month, and 52% of the sample had 4 to 5 drinks per drinking occasion
(Pilatti et al., 2014), which constitutes binge drinking (Courtney and
Polich, 2009). It is thus not surprising that there is considerable interest
in the effects of chronic ethanol exposure during adolescence; although
the pre-clinical studies have often yielded mixed results, probably due
to differences in methodology, route and length of ethanol dosing,
among other factors (Swartzwelder et al., 2014). Protracted and contin-
uous heavy ethanol exposure induces neuro-inflammation and neuro-
toxicity, and apparently to greater extent in adolescents, than in adults
(Crews et al., 2000). On the other hand, moderate and intermittent
ión Médica M. y M. Ferreyra
gentina.
ethanol exposure facilitates later ethanol consumption (Pascual et al.,
2009), perhaps by facilitating the development of tolerance to the aver-
sive and sedative effects of the drug. Tolerance is defined as decreased
sensitivity to an effect of ethanol following exposure to the drug
(Swartzwelder et al., 2014).

Age-related differences in sensitivity to ethanol-induced tolerance
have been observed. Acute tolerance (i.e., a diminished response to
ethanol's effects during the course of a single intoxication) to the sleep-
inducing effect of ethanol was greater in infant and adolescent rats than
in older counterparts (Silveri and Spear, 1998), and similar effects were
found for ethanol-induced social impairment (Varlinskaya and Spear,
2006). On the other hand, rapid and chronic tolerance (a diminished re-
sponse to ethanol's effects after a second ethanol administration or after
repeated ethanol dosing across several days, respectively) to the sleep-
inducing effect of ethanol are greater in adults than in adolescents
(Silveri and Spear, 1999).

Tolerance can develop for some, but not for all effects of ethanol and
seems to be related to the magnitude of the ethanol-induced
disturbance. This is illustrated by a study in which infant rats were
given ethanol every-other day from postnatal day (PD) 13 to 21
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(Hunt et al., 1993). Pups exhibited ethanol-induced hypnosis readily at
PD 13 but ethanol-induced hypothermia only at PD19. On the challenge
at PD21 chronically treated pups exhibited, when compared to animals
only given ethanol on PD21, reduced ethanol-induced hypnosis, but a
similar fall in core body temperature. Subsequently, Silveri and Spear
(2001) compared acute, rapid and chronic tolerance to the disrupting
effect of ethanol on a swim task, in infant, adolescent and young adults
(PD16–22, PD28–34 and PD54–60, respectively), after having equated
the initial level of ethanol-induced perturbation across age. Under this
condition, minimal age-related differences were found in either type
of tolerance.

Other studies on chronic tolerance to ethanol in adults and adoles-
cents have yieldedmixed results. Tolerance to the hypothermic and sed-
ative effects of ethanol has been reported in adolescents (Swartzwelder
et al., 1998), yet others found no change in ethanol-sedative effects fol-
lowing chronic adolescent ethanol exposure (Matthews et al., 2008);
and other work indicated comparable expression of the phenomena
(assessed via alterations in social behavior) at both ages (Varlinskaya
and Spear, 2007). A more recent study (Broadwater et al., 2011)
employed a relatively high ethanol dose (4 g/kg, every other day for
10 days) and found an attenuated response to ethanol-induced sedation
at challenge in adult, but not in adolescent, rats. Similar outcome
(i.e., adults but not adolescents exhibiting ethanol-induced chronic toler-
ance) was reported in mice (Linsenbardt et al., 2009), and Ristuccia and
Spear (2005) found no change in ethanol-induced hypothermia in ado-
lescents after aweek of ethanol vapor exposure. Overall, it seems that ad-
olescents are less prone, or need higher or lengthier ethanol dosing, to
develop chronic tolerance than adult counterparts; yet it is clear that
more information is needed to understand age-related differences in
the expression of chronic ethanol tolerance.

Another point that remains unclear is how chronic ethanol exposure
affects subsequent ethanol-mediated motivational learning. Evidence
suggests that adolescent rats may be more sensitive to the appetitive
(Pautassi et al., 2008; Ristuccia and Spear, 2008) but less sensitive to
the aversive effects of ethanol (Anderson et al., 2010) than adults.
There is, however, little information on modulation of these age-
related differences by chronic treatment likely to induce chronic toler-
ance, although early work suggested that chronic ethanol treatment
may increase the net appetitive value of ethanol (Bozarth, 1990) by re-
ducing the aversive consequences of ethanol (Cunningham et al., 2002).
Also limited is the information on the relationship between chronic tol-
erance and ethanol intake. Broadwater et al. (2011) found greater con-
sumption of ethanol in adolescent than in adults, which was unaffected
by chronic ethanol exposure that resulted in the development of toler-
ance in adult, but not in adolescent, rats.

The present study examined chronic tolerance to ethanol, and the
subsequent acquisition of ethanol-mediated conditioned odor aversion,
in adolescent and adult Wistar rats. Tolerance was indexed via ethanol-
induced hypothermia and ethanol-inducedmotor behavioral stimulation
(Experiment 1), which indicates aversive and appetitive effects of etha-
nol, respectively. Ethanol-induced hypothermia regulates the acquisition
of conditioned aversion by ethanol (Cunningham et al., 1992); and
ethanol-induced behavioral stimulation is modulated by the same trans-
mitter systems that modulate ethanol-induced appetitive conditioning.
For instance, it was found that administration of naloxone (a general opi-
oid antagonist) blocked conditioned place preference by ethanol and
ethanol-induced motor activation in adolescent, Wistar rats (Pautassi
et al., 2011). On the other hand, Cunningham et al. (1992) observed
that exposure to high or low ambient temperature ameliorated or pro-
moted, respectively, the expression of ethanol-induced conditioned
taste aversion. Afterfinding that adolescents did not exhibit signs of ther-
mal tolerance after repeated ethanol exposure, we scrutinized mecha-
nisms that may prevent adolescent animals from developing tolerance
to ethanol's hypothermic effects. Experiment 2, Experiment 3 and
Experiment 4 were conducted in adolescents only andmanipulated con-
text, length and predictability of ethanol administration.
2. Material and methods

2.1. Experimental designs

Experiment 1was defined by a 2 (age: adolescence or adulthood) × 2
(treatment at experimental days 1, 3 and5: ethanol or vehicle)×2 (treat-
ment at experimental day 7: ethanol or vehicle) × 2 [conditioned stimu-
lus (CS) paired with ethanol during conditioning procedures: lemon or
methyl salicylate]. Each of the 16 groups was composed by 8 subjects.

Experiment 2, Experiment 3 and Experiment 4 employed only ado-
lescents. Experiment 2 used a 2 (treatment at experimental days 1, 3
and 5: ethanol paired or unpaired with exposure to the open field) × 2
(treatment at experimental day 7: ethanol or vehicle) factorial, with 9
subjects in each group.

A 2 (treatment at experimental days 1, 3, 5, 7, 9 and 11: ethanol
paired or unpaired with exposure to the open field) × 2 (treatment at
experimental day 13: ethanol or vehicle) × 2 (treatment at adulthood:
ethanol or vehicle) factorial was employed in Experiment 3. Each
group was composed by 11–12 subjects.

Experiment 4 had 3 groups, defined by the treatment at experimen-
tal days 1, 3, 5, 7, 9 and 11 [gradual (n= 9) or random (n= 9) ethanol
administration, or vehicle (n = 7) administration].

2.2. General procedures

2.2.1. Subjects
A total of 307Wistarmale rats, representative of 77 L born and reared

at the vivarium of the Psychology Department of the National University
of Córdoba (Córdoba, Argentina) were employed (Experiment 1: 128 an-
imals, 32 L; Experiment 2: 36 animals; 10 L; Experiment 3: 93 animals;
22 L; Experiment 4: 50 animals; 13 L). The rationale for using only
males was that previous studies indicate that male rats are significantly
more sensitive to ethanol-induced hypothermia than female rats
(Taylor et al., 2009).

Births were examined daily and the day of parturition was consid-
ered PD0. Pups remained with their dam in maternity cages until
weaning day at PD21. They were then housed in standard cages
(45 × 30 × 20 cm, up to four animals per cage) with ad libitum access
towater and food. Experimental procedures began at PD28 or PD70 (ad-
olescence or adulthood, respectively). The colony was maintained on a
12 h. light/dark cycle (0800) at an ambient temperature of 22 ± 1 °C.
Across experiments, no more than one subject per litter was assigned
to the same experimental condition. This helped avoid litter effects
(Zorrilla, 1997). During breeding and experimental procedures animals
were treated according to the Guide for Care and Use of Laboratory An-
imals (National Research Council, 2011) and the guidelines indicated by
the Institutional Ethics Committee.

2.2.2. Drug preparation and administration procedures
The ethanol doses of 0.0, 0.5, 1.0, 1.5, 2.0, 2.25, 2.5 and 3.0 g/kg were

achieved by intragastrically (i.g.) administering 0.015 ml/kg of 0.0
(vehicle-treated control), 4.2, 8.4, 10.6, 16.8, 18.9, 21 and 25.2% ethanol
solution (Porta Hnos., Cordoba, Argentina; vehicle: tap water). Intuba-
tions were executed through a section of PE 10 or PE 50 polyethylene
tubing (Clay-Adams; length: 15 cm, internal width: 0.11 mm), for ado-
lescents and adults, respectively, connected to a 5 cm3 syringemounted
with a 27-1/2 gauge needle. The intragastric route was chosen tomodel
the oral self-administration of ethanol normally observed in human ad-
olescents and adults.

2.3. Specific procedures for Experiment 1

2.3.1. Measurement of ethanol-induced hypothermia and forward
locomotion in an open field

In experimental days 1, 3 and 5, animals were given ethanol or vehi-
cle (Experiment 1) administration. This pre-exposure or training
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defined the induction phase of the experiment. Ethanol-induced hypo-
thermia and forward locomotion were recorded during those days. An-
imals remained in their homecages, untreated, during days 2, 4, and 6.
Core body temperature and forward locomotion after administration
of ethanol or vehicle were measured on day 7 (challenge or test day).
The induction-expression protocol has been widely employed for the
assessment of ethanol-induced behavioral sensitization and tolerance
in mice (Faria et al., 2008; Pastor and Aragon, 2006). Ethanol dose was
2.25 g/kg for adolescents and 2.5 g/kg for adults across induction and
challenge days. According to previous studies (Pautassi et al., 2008),
the intubation of ethanol doses N2.0 g/kg induces slight, yet significantly
higher, peak blood ethanol concentrations in adolescent than in adult
rats. Thus, the use of a slightly higher ethanol dose in the adults allowed
equating level of intoxication across age.

More in detail, on days 1, 3, 5 and 7, the animals were removed from
their maintenance cages, weighed to the nearest gram (Ohaus ls 2000)
and individually returned to a holding cage (20 × 24 × 20 cm). They
remained in these cages without access to water or food for 45 min, to
allow body temperature return to its resting level and to eliminate alter-
ations in body temperature due to huddling (Swartzwelder et al., 1998).
Baseline temperature was then recorded, using a temperature monitor
(Model 44,011, Yellow Spring, OH) equipped with a rectal probe. The
probe was lubricated with mineral oil and then inserted in the rectum
for about 45 s. The animals received an i.g. administration of ethanol im-
mediately after baseline temperature recording and returned to the
holding chambers.

Behavioral measurements were conducted at ethanol post-
administration time 7–10, 75–78 and 150–153 min using a wooden
open field (50 × 50 × 50 cm). During each 3 min interval, animals were
videotaped to allow later assessment of forward locomotion, which was
defined as the combined movement of the four paws in the horizontal
plane (Nizhnikov et al., 2009). Total duration of this behavior during
each 3 min interval (s) was measured via experimenter-operated stop-
watches. The experimenter opened and closed the count in the stopwatch
at the beginning and termination of each behavioral unit. In the intervals
between behavioral recordings (i.e., ethanol post-administration time 0–
6, 11–74 and 79–149 min) the animals were returned to a holding cage.
Temperature was recorded at the end of each behavioral recording inter-
val (i.e., at post-administration time10, 78 and153min), immediately be-
fore the animals were returned to their holding cages or, after the last
recording, to the maintenance cage in the vivarium.

2.3.2. Conditioning and testing procedures
Ethanol-induced odor conditioning began 48 h after termination of

the chronic ethanol exposure (i.e., PD 36 and 78, for adolescents and
adults, respectively). Adolescents and adults were trained in a single-
trial, odor conditioning procedure, with ethanol as the unconditional
stimulus (US). An odor stimulus (CS−) followed a sham intragastric ad-
ministration, whereas an alternative odor stimulus (CS+) was paired
with the effects of intragastrically delivered ethanol. Testing involved
a sequential one-way odor preference tests.

Conditioning began by removing animals from their maintenance
cages. They were weighed, given a sham intubation (i.e., the tubing
was guided into the rat's stomach but no drug was delivered) and
15 min later placed in a clear acrylic chamber (20 × 25 × 25 cm). The
chamber had a grid floor, and underneath it there was a lemon (1 ml
of a 0.25% v/v solution, Montreal Co, Córdoba, Argentina) or metil
salicilate (1 ml, Montreal Co, Córdoba, Argentina) scented cotton disk.
During this first section of the conditioning session, half of the animals
were exposed for 15 min to lemon odor and the remaining half to
metil salicilate odor. Animals subsequently returned to their holding
cages for 40 min. At that point, they were administered ethanol
(2.25 g/kg or 2.5 g/kg, for adolescents and adults, respectively). At eth-
anol post-administration time 15 min they were gently placed in the
acrylic chamber, for 15min. The chamberwasnowodorizedwith the al-
ternative odor stimulus. That is, those animals that had been originally
stimulated with lemon odor were now placed in a box scented with
metil salicilate. On the other hand, rats that had been exposed to metil
salicilate odor after sham intubation were introduced in a lemon-
scented cage.

Testing began 6h after termination of conditioning andduring this in-
terval, that allowed clearance of ethanol, animals were kept in groups of
four in standard maintenance chambers. The testing apparatus was a
modified runway maze. It had a black, circular end chamber (diameter:
28 cm, height: 30 cm) connected to a white closed arm (length: 60 cm
or 40 cm for adults and adolescents, respectively; width: 12 cm, height:
30 cm). Both sections had a grid floor. Animals were given a short, 3-
min habituation to the apparatus. During the habituation, the apparatus
was devoid of salient odor stimuli. Fifteen min after termination of the
habituation, the animals were gently placed in the section of the white
arm farthest from the black circle. This circle was now equipped with a
cotton disk (placed underneath the grid floor) odorized with either
lemon or metil salicilate. Animals explored the apparatus for three mi-
nutes, returned to their maintenance cages for fifteen minutes and then
had another 3 min testing. During the second test, those animals that
had been tested with lemon during the first test were exposed to metal
salicilate and vice versa. This testing order was fully counterbalanced
within each experimental group. The subject's behavior was videotaped
for later analysis of odor preference or aversion patterns. Experimenters
blind to the experimental treatments registered the latency (s) to enter
into the black odorized section and the total time spent (s) in this area
when the CS+ or the CS− were present.

2.4. Specific procedures for Experiment 2

Only adolescents were used in this and in subsequent experiments.
All animals were given ethanol (2.25 g/kg, i.g.) during experimental
days 1, 3 and 5 (training or induction phase). Half of the subjects (paired
group, P) experienced the effects of ethanol in the open field, using the
procedures of Experiment 1. The remaining half (unpaired group, UP)
were exposed to the open field after a simulated, sham administration.
These animals were intubated, yet no delivery of ethanol or vehicle was
conducted.

Forward locomotion in the open field and core body temperature
were measured at ethanol or sham post-administration time 7–10,
75–78 and 150–153 min, as described in Experiment 1. Unpaired ani-
malswere administered ethanol in the homecage, 90min after termina-
tion of the behavioral and thermal measurements. On experimental day
7 (challenge or test), animals were given 2.25 g/kg ethanol or vehicle
and assessed for thermal and behavioral response.

2.5. Specific procedures for Experiment 3

The rats were given 6 administrations of 2.25 g/kg ethanol, one daily
every other day from PD28 to PD38 (i.e., induction phase: experimental
days 1, 3, 5, 7, 9 and 11). P adolescents were given ethanol and shortly
after exposed to an open field, whereas UP adolescents were exposed
to the open field after sham administration and treated with ethanol
90 min after the last exposure to the open field. Forward locomotion
and rectal temperature were measured as described in Experiment 1
and Experiment 2. On PD 40 (challenge: experimental day 13) animals
were given 2.25 g/kg ethanol or vehicle and assessed for motor activity
and rectal temperature.

2.6. Specific procedures for Experiment 4

Animals were given, instead of a fixed dose of ethanol, gradually
increasing doses of ethanol (gradual group: 0.5, 1.0, 1.5, 2.0, 2.5
and 3.0 g/kg) every other day from PD28 to PD38 (induction phase:
experimental days 1, 3 5, 7, 9 and 11), or received during these
days the same doses of ethanol in a randomly chosen order (random
group: 1.5, 0.5, 2.5, 3.0, 1.0 and 2.0 g/kg, in days 1 to 11, respectively).
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All animals in the random group received the doses in the same
order. A relatively lower dose (1.5 g/kg), compared to that employed
in Experiment 1, Experiment 2 and Experiment 3, was given during
the subsequent challenge at PD40 (day 13), and animals were tested
for ethanol intake in a three-bottle test at PD 42.

The ethanol intake test (duration: 2 h) was conducted in individual
wire mesh cages equipped with three graduated glass intake tubes
(volume capacity: 25ml; graduation: 0.1ml).Wistar rats are notorious-
ly reluctant to ingest non-sweetened ethanol solutions. Therefore, test-
ing was preceded by 22 h of liquid deprivation. During the tests
adolescents had simultaneous availability of tap water, 3% v/v ethanol
and 6% v/v ethanol. The vehicle of the ethanol solutions was tap water.
Similar intake tests have been used in our lab and have allowed detec-
tion of sex and early ethanol exposure effects (Pepino et al., 2004;
Ponce et al., 2004). Animals were weighed before the test and volume
of intake (ml) from each tube was recorded after the test, to calculate
g/kg of ethanol ingested and % preference for the ethanol solution.

2.7. Data analysis

Unless explicitly noted, the thermal scores under analysis across ex-
periments were derived from subtracting the absolute temperature
scores registered at 10, 78 and 153 min post-intubation from the base-
line temperature measurement.

Core body temperature and forward locomotion scores were sepa-
rately analyzed through analyses of variance (ANOVAs). In Experiment
1, preliminary analysis indicated significant differences in absolute base-
line temperature between adolescent and adult rats that did not interact
with day of assessment, with adolescents having significantly lower base-
line scores than adults in all days (Age effect, F1,123=34.61, p b 0.001) de-
spite a significant fluctuation across time in animals of both ages (day
effect, F3,369=2.83, pb 0.05).Mean and SEMabsolute temperature scores
(C°) during experimental days 1, 3, 5 and 7 were 37.76 ± 0.05, 37.76 ±
0.04, 37.80 ± 0.04 and 37.86 ± 0.06, respectively, for adolescent rats;
and 38.15 ± 0.07, 38.09 ± 0.07, 38.22 ± 0.06 and 38.22 ± 0.06, respec-
tively, for adult rats. Baseline locomotion (i.e., after vehicle) was also sig-
nificantly greater in adolescents than in adults (Age effect, F1,62 = 68.78,
p b 0.001), particularly during thefirst bin of day 1 (age×day×bin effect,
F4,128 = 16.09, p b 0.001; Fig. 2). Due to these baseline differences be-
tween adolescent and adult rats, core body temperature scores and loco-
motion scores of Experiment 1 were analyzed separately at each age.

In Experiment 1, the thermal scores obtained during chronic treat-
ment were analyzed through an ANOVA that considered time at test
(10, 78 and 153 min) and day of assessment (days 1, 3 and 5) as within
measures, and treatment (ethanol or saline) as the between-group fac-
tor. Thermal scores on the challenge (day 7) were separately analyzed
in adults and adolescents through a 2 (Drug treatment during training:
ethanol or vehicle) × 2 (drug treatment at challenge: ethanol or vehi-
cle) × 3 (time at test) mixed ANOVA.

In Experiment 2 and Experiment 3, temperature and behavioral
scores obtained at chronic treatment were analyzed through a 3-way
[Condition at chronic treatment (open field paired or unpaired with eth-
anol administration) × day of assessment (Experiment 2: days 1, 3 and 5;
Experiment 3: days 1, 3, 5, 7, 9 and 11) × time at test (10, 78 and
153min)] ANOVA. In Experiment 2 andExperiment 3 thermal andbehav-
ioral scores at challenge day (experimental days 7 or 13, respectively)
were analyzed through a 2 [Condition at chronic treatment × treatment
at challenge (vehicle or ethanol) × 3 (time at test) mixed ANOVA.

In Experiment 4 thermal and behavioral scores were recorded during
chronic treatment and during a challenge that took place on postnatal
day 40. Scores during chronic treatment were analyzed via a 3-way
[Condition at chronic treatment (gradually increasing or variable ethanol
dosing; or vehicle treatment) × day of assessment (days 1, 3, 5, 7, 9 and
11) × Time at test (10, 78 and 153 min)] RM ANOVA. Thermal scores at
challenge were analyzed through an ANOVA that considered Chronic
treatment at PDs 30, 32, 34, 36, 38 and 40 (gradually increasing or
variable ethanol dosing; or vehicle treatment), Whereas time at test
(10, 78 and 153 min) was the within-measure. A two way-RM ANOVA
was used to analyze absolute (g/kg) ethanol intake (within-variable: Eth-
anol concentration, 3 or 6%), whereas a one-way ANOVAwas used to an-
alyze percent ethanol intake andwater intake (ml/100 g of bodyweight).

The development of tolerance to a given effect of ethanol is associat-
ed with the magnitude of the initial disturbance induced by the drug
(Hunt et al., 1993). Therefore, and despite the significant baseline tem-
perature differences between adolescent and adults, we deemed impor-
tant to explicitly compare age-related differences in ethanol-induced
hypothermia, during the initial exposure to the drug in Experiment 1.
A mixed ANOVA (between factors: Age and Drug treatment, within fac-
tor: Time at test, 10, 78 and 153 min post-administration) was applied
to the thermal scores registered in day 1 of this experiment.

The variables measured during the one-way odor preference tests
(Experiment 1)were latency (s) to enter into the black odorized section
and total time spent (s) in this area when the CS+ or the CS− were
present. These scores were subtracted (i.e., latency to enter the circular
compartment when the CS+ was present – latency to enter the circular
compartment when the CS− was present; time spent in circular com-
partment when the CS+ was present – time spent in the circular com-
partment when the CS− was present) to obtain a measure of latency to
approach the CS+ and time spent on CS+. A positive latency score is indic-
ative of animals avoiding the CS predicting ethanol's effects, whereas a
negative latency score reflects a higher propensity to approach the
CS+ in comparisonwith the CS−. In regardswith time spent on CS+, pos-
itive and negative scores in this variable reflect relative preference and
aversion, respectively, for the odor paired with ethanol's effects. These
variables were analyzed through separate four-way factorial ANOVAs.
The between factors were age (adolescence or adulthood), drug condi-
tion across training (ethanol or vehicle), drug condition at challenge
(ethanol or vehicle), and odor paired with ethanol during conditioning
(lemon or metal salicylate).

The loci of significant main effects or significant interactions were
analyzed via Newman–Keuls post hoc comparisons. An alpha level of
0.05 was enforced for all the analyses.

3. Results

3.1. Experiment 1

This experiment assessed age-related differences in the develop-
ment and expression of tolerance to ethanol's thermal effects; and the
effects of repeated ethanol treatment on ethanol-induced motor stimu-
lation. Another aim was to assess, after the chronic ethanol treatment,
the motivational effects of the drug using an odor conditioning
procedure.

3.1.1. Initial level of ethanol-induced hypothermia across age, on
experimental day 1

The ANOVA indicated significant main effects of drug treatment and
time at test, F1,124 = 13.92; F2,248 = 111.28, p b 0.005. Ethanol-treated
animals exhibited, during the experimental day 1, significantly lower
thermal scores than vehicle-treated subjects, an effect that was similar
in adolescent and adult rats. Thermal scores were significantly lower
at 78 and 153 min than at 10 min post-administration. These results
suggest that the initial magnitude of ethanol-induced hypothermia
was fairly similar across both age groups. These results are depicted
on Fig. 1.

3.1.2. Adolescents

3.1.2.1. Thermal scores during chronic intermittent exposure on experimental
days 1, 3 and 5. The ANOVA yielded significant main effects of treatment,
day of assessment and time at test, F1,62 = 20.45; F2,124 = 12.04; F2,124 =
147.47; respectively, all p's b 0.05. The interaction between treatment and



Fig. 1. Ethanol-induced hypothermia (differences from baseline temperature, °C) in adolescent and adult rats (upper and lower panels, respectively), during experimental days 1, 3 and 5
(pre-exposure or induction phase, Panels A and C) and during the challenge at day 7 (Panels B andD), in Experiment 1. During the induction animals received administrations of ethanol or
vehicle. During the challenge, animals representative from the induction treatments received ethanol or vehicle. Four groupswere thus defined: vehicle–vehicle, ethanol–vehicle, vehicle–
ethanol and ethanol–ethanol. Temperature was recorded at post-administration times 10, 78 and 153 min) and during experimental days 2, 4 and 6 animals remained untreated in their
homecages. Across induction and challenge ethanol dosewas 2.25 and 2.5, for adolescent and adults, respectively. The vertical bars indicate the SEM. Please refer to the text for an account
of significant differences across groups.
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time at test also achieved significance, F2,124 = 6.17, p b 0.005. According
to Newman–Keuls post-hoc tests, ethanol-treated adolescents exhibited
lower thermal scores than vehicle-treated animals during the second
and third evaluation bins. The magnitude of this drug-induced hypother-
mia, which has been depicted in Fig. 1A, was similar across days, although
there was an overall increase in overall temperature scores from day 1 to
days 3 and 5. There were no indications of the development of tolerance
to ethanol's hypothermic effects.

3.1.2.2. Thermal scores during challenge at experimental day 7 (Fig. 1B).
The ANOVA revealed significant main effects of drug condition during
training and time at test, F1,60 = 5.25; F2,120 = 51.78, p's b 0.05. The
two-way interactions between drug treatment at training and at chal-
lenge, drug treatment at training × time and test, and drug treatment
at test × time at test achieved significance, F1,60 = 5.35, F2,120 = 3.70,
F2,120 = 3.50, all p b 0.05. The ANOVA also yielded a significant three-
way interaction between drug treatment at training, drug treatment at
challenge and time at test, F2,120 = 3.53, p b 0.05. Subsequent post-hoc
tests revealed similar thermal scores across groups during the initial
testing at 10 min. As testing progressed (i.e., at 78 and 153 min post-
intubation) animals given ethanol during the challenge exhibited signif-
icantly lower thermal scores than the basal control group (i.e., animals
given vehicle during training and at the challenge). This hypothermia
was similar in animal with or without a prior history of ethanol expo-
sure, thus indicating that repeated ethanol exposure did not facilitate
the development of tolerance in adolescent rats. The post-hoc also re-
vealed that animals chronically treated with ethanol and given vehicle
at the challenge (group ethanol-vehicle) exhibited, when compared to
the basal control condition (group vehicle–vehicle), significant hypo-
thermia during the second testing bin. Thermal scores in this group
were statistically similar to those exhibited by animals given ethanol
during the challenge.

3.1.2.3. Locomotion scores during chronic intermittent exposure on
experimental days 1, 3 and 5. The ANOVA for locomotion scores during
chronic intermittent exposure indicated a significant main effect of day
and bin of assessment, [F2,124= 107.12; F2,124= 131.12, both p b 0.001]
aswell as significant day × bin interaction, F4,248=34.91, p b 0.001. The
interaction between bin and treatment also achieved significance,
F2,124= 16.17, p b 0.001; whereas the bin × treatment × day interaction
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neared significance, F4,248 = 2.28, p = 0.06. As depicted in Fig. 2A and
revealed by post-hoc tests, adolescent rats given ethanol exhibited
greater locomotor activity than vehicle-treated controls during the
first testing bin of the first day of testing.

3.1.2.4. Locomotion scores during the challenge at experimental day 7. The
ANOVA indicated a significant main effect of bin of assessment, and a sig-
nificant drug treatment at challenge × bin of assessment interaction,
F2,124=40.52; F2,124=3.65; both p's b 0.05. Post-hoc tests indicated a sig-
nificant decrease in locomotor activity across bins, and revealed – despite
the significant drug treatment at challenge×bin interaction– the absence
of significant differences between the groups during any testing bin.
These results are shown in Fig. 2B.

3.1.3. Adults

3.1.3.1. Thermal scores during chronic intermittent exposure on experimental
days 1, 3 and 5. The ANOVA revealed significant main effects of treatment
and time at test, F1,62 = 28.19; F2,124 = 153.51; respectively, p b 0.05.
The bin × treatment interaction achieved significance, F2,124 = 12.99,
p b 0.000. As shown in Fig. 1C, ethanol induced significant hypothermia
and this effect, which was similar across days, was greater in bins 2 and
3 than in bin 1, according to the Newman–Keuls test.
Fig. 2. Ethanol-induced forward locomotion (seconds) in adolescent and adult rats, during expe
challenge at day 7 (Panels B and D), in Experiment 1. During the induction animals received adm
duction treatments received ethanol or vehicle. Four groupswere thus defined: vehicle–vehicle, et
times 7–10, 75–78 and 150–153min) and during experimental days 2, 4 and 6 animals remained
spectively. The vertical bars indicate the SEM. Please refer to the text for an account of significant
3.1.3.2. Thermal scores during challenge at experimental day 7 (Fig. 1D).
The ANOVA revealed significant main effects of time at test and drug
condition at challenge, F2,120 = 108.80; F1,60 = 14.85; p b 0.005. The
two-way interaction between these factors achieved significance
[F2,120 = 17.02, p b 0.0001] and the three-way interaction (time at
test × drug condition at chronic treatment × drug treatment at chal-
lenge) neared significance, [F2,120 = 2.62, p = 0.07]. Post-hoc tests re-
vealed similar thermal scores during the initial testing at 7 min. At 78
and 153 min post-intubation, animals given ethanol during the chal-
lenge exhibited significantly lower thermal scores than animals given
vehicle. Newman–Keuls tests, conducted between groups given ethanol
at the challenge, indicated a borderline difference (p = 0.07) between
the animals that experienced chronic ethanol treatment vs. those treat-
ed with vehicle, during the second testing bin. Specifically, those given
chronic ethanol treatment exhibited higher thermal response than
their vehicle-treated counterparts. This difference suggests the develop-
ment of tolerance to ethanol-induced hypothermia.

3.1.3.3. Locomotion scores during chronic intermittent exposure on
experimental days 1, 3 and 5 (Fig. 2, panel C). The ANOVA for locomo-
tion scores during experimental days 1, 3 and 5 revealed significant
main effects of day and bin of testing, F2,124 = 46.43; F2,124 =
77.83; respectively, both p's b 0.001. The day × bin interaction, and
the three-way interaction (day × bin × treatment), also achieved
rimental days 1, 3 and 5 (pre-exposure or induction phase, Panels A and C) and during the
inistrations of ethanol or vehicle. During the challenge, animals representative from the in-
hanol–vehicle, vehicle–ethanol and ethanol–ethanol. Locomotionwas at post-administration
untreated in their homecages. Ethanol dose was 2.25 and 2.5, for adolescent and adults, re-
differences across groups.



Fig. 3. Ethanol-induced odor conditioning in adolescent and adult rats as a function of
treatment during experimental days 1, 3 and 5 (pre-exposure or induction phase: ethanol
or vehicle) and during the challenge at day 7 (ethanol or vehicle). The four groups defined
by these treatments (i.e., vehicle–vehicle, ethanol–vehicle, vehicle–ethanol and ethanol–
ethanol) were subsequently given pairings of a distinctive odor (excitatory conditioned
stimulus, CS+)with the effects of ethanol administration (2.25 g/kg or 2.5 g/kg, for adoles-
cents and adults, respectively). Another odor (inhibitory conditioned stimulus, CS−) was
presented following a sham intubation. Six hours after conditioning, animals were tested
for preference or aversion towards each odorant, in amodified runway test. Themeasures
were latency (s) to enter into the odorized goal chamber and the total time spent (s) in
this area, when the CS+ or the CS− were present. These scores were subtracted to obtain
a measure of latency to approach the CS+ and time spent on CS+ (upper and lower panels,
respectively). A positive latency score is indicative of animals avoiding the CS predicting
ethanol's effects, whereas a negative latency score reflects a higher propensity to approach
the CS+, in comparison with the latency exhibited for the CS−. The vertical bars indicate
the SEM. Please refer to the text for an account of significant differences across groups.
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significance, F4,248 = 21.45, p b 0.001; F4,248 = 2.72, both p b 0.05.
Post-hoc tests revealed that overall locomotion was greater during
testing bin 1 than in testing bins 2 or 3, and that this effect was sig-
nificantly greater on the first day. Ethanol-treated adults exhibited
significantly less motor activity than their saline-treated controls,
during bin 3 of day 2 and during bin 2 of day 3. No activating effect
of ethanol was found across days or bins.

3.1.3.4. Locomotion scores during the challenge at experimental day 7
(Fig. 2, panel D). The ANOVA yielded a significant main effect of bin
and a significant drug treatment across training × drug condition at
challenge, F2,120 = 20.63; F1,60 = 9.50; both p b 0.005. As indicated by
post-hoc tests, locomotion was significantly greater during the first
than during the second or third testing bins. Post-hocs also revealed
that ethanol treatment at challenge enhanced locomotion among ani-
mals that had been treated with vehicle during training. This stimulat-
ing effect of ethanol was not observed in animals chronically treated
with ethanol, which exhibited similar locomotion scores regardless
treatment with ethanol or vehicle at challenge.

3.1.4. Odor conditioning in adolescent and adult rats
As depicted in Fig. 3 (lower panel), time spent on the CS+ signaling

ethanol's effects was similar across adolescent and adults exposed to
most of the drug treatment conditions. This did not seem to be the
case, however, for animals given vehicle during training but adminis-
tered ethanol during the challenge. The ANOVA confirmed this impres-
sion, yielding significant two-way interactions between age × drug
treatment at challenge, and drug treatment at training×drug treatment
at challenge, F1,112= 4.05, F1,112= 4.19; p b .05. The three-way interac-
tion (age × drug treatment at training × drug treatment at challenge)
also achieved significance, F1,112 = 9.46, p b .005. The Newman–Keuls
post-hoc tests indicated that adults treated with vehicle across days 1,
3 and 5 but ethanol at challenge spent significantly less time on the
ethanol-paired CS+ than any other group (all ps b 0.05).

The ANOVA for latency to approach the CS+ (Fig. 3, upper panel) re-
vealed a significant drug treatment at challenge × age interaction,
F1,112 = 7.65, p b 0.01. Subsequent Newman–Keuls post-hoc tests, how-
ever, indicated the absence of significant differences between the
groups (all ps N .08).

The ANOVA indicated that odor conditioning was not affected by
whether salicylate or lemon was used as CS+.

3.2. Experiment 2

Experiment 1 indicated that adolescents chronically treated with
ethanol and given vehicle at challenge exhibited a decrease in thermal
reactivity when compared to pertinent controls. It is conceivable that
re-exposure to the context where ethanol was experimented triggered
a conditional response (CR) that resembled the acute effect of the
drug. Under this framework, this isodirectional conditioned response
could prevent adolescent animals from developing tolerance to
ethanol's hypothermic effects.

Experiment 2 was conducted with adolescent animals only and
aimed at disrupting the development of the putative, isodirectional,
ethanol-induced CR. Animals were administered ethanol in an intermit-
tent basis and experienced the effects of the drug in the open field or
were exposed to the open field after sham administrations and only
90 min later were given ethanol administration in the familiarity of
their homecage. At the end of training all animals were given ethanol
or its vehicle in the open field and assessed for motor and thermal
reactivity.

3.2.1. Thermal scores during chronic intermittent exposure on experimental
days 1, 3 and 5

The ANOVA revealed significant main effects of treatment and time
at test (10, 78 and 153 min), F1,34 = 30.43, p b .001; F2,68 = 80.80,
p b .001. The post-hoc revealed that temperature scores were signifi-
cantly lower in the second and third testing bins than in the first bin.
Furthermore, animals given ethanol immediately prior to placement
in the open field exhibited significantly less temperature than control
animals given only sham and this difference was similar across testing
bins and across experimental days 1, 3 and 5 (see Fig. 4A). These results
indicate that tolerancewas not evident in the adolescents during the in-
duction phase of the experiment.

3.2.2. Thermal scores during challenge at experimental day 7 (Fig. 4B)
Significantmain effects of time at test and drug treatment at challenge

were found, F2,64 = 68.35; F1,32 = 27.07; p b 0.001. The interaction be-
tween these factors achieved significance, F2,64 = 11.01; p b 0.001. Post-
hocs tests revealed that all adolescents exhibited similar temperature
values during the initial bin of assessment. During the second and third



Fig. 4. Ethanol-induced hypothermia (differences from baseline temperature, °C, upper panels A and B) and ethanol-induced forward locomotion (seconds, lower panels C and D) in ad-
olescent rats during experimental days 1, 3 and 5 (pre-exposure or induction phase, Panels A and C) and during the challenge at day 7 (Panels B and D), in Experiment 2. During the in-
duction, the paired group experienced the effects of the drug in an open field. Unpaired animals were exposed to the open field after a simulated, sham administration; and administered
ethanol in their homecage, 90 min after termination of the behavioral and thermal measurements. On experimental day 7 (challenge or test), animals from both groups were given
2.25 g/kg ethanol or vehicle and assessed for ethanol-induced hypothermia and ethanol-induced forward locomotion. The vertical bars indicate the SEM. Please refer to the text for an
account of significant differences across groups.
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testing bin adolescents given ethanol at challenge exhibited significantly
reduced temperature scores when compared to groups given vehicle.
There was no significant main effect of chronic ethanol treatment nor
was this factor involved in any significant interaction.

3.2.3. Locomotion scores during chronic intermittent exposure on
experimental days 1, 3 and 5 (Fig. 4C)

Locomotion was significantly higher during day 1 than in days 3 or 5,
and this was more pronounced during the first and second bins. These
effects were not affected by treatment during training. Significant main
effects of days of training and bin of testing were found, F2,68 = 53.58
and F2,68 = 75.82; p b 0.001. The interaction between these factors was
significant, F4,136 = 35.82.

3.2.4. Locomotion scores during the challenge at experimental day 7
(Fig. 4D)

Locomotionwas greater during the first bin than during bins 2 and 3
and this effect was similar across groups. The ANOVA revealed a main
effect of bin of testing, F2,64 = 12.97, p b 0.001.

3.3. Experiment 3

Experiment 1 and Experiment 2 revealed that adolescent animals
did not develop tolerance to ethanol-induced hypothermia. It can be ar-
gued that the length of the pre-exposure treatment was too to short
promote neuroadaptations leading to tolerance. Experiment 3 replicat-
ed the procedures of Experiment 2 but used a significantly longer train-
ing phase. Adolescents were given ethanol administrations every other
day, from postnatal day 28 to 38. Half of the animals experienced
ethanol's effects paired with the open field whereas half were exposed
to the open field after sham intubations (i.e., unpaired group).
3.3.1. Thermal scores during chronic intermittent exposure on experimental
days 1, 3, 5, 7, 9 and 11 (Fig. 5, left panel)

The ANOVA revealed significant main effects of treatment, day
of assessment, and time at test (10, 78 and 153 min), F1,44 =
55.44, p b .0001; F5,220 = 4.19, p b .005; F2,88 = 182.28, p b .0001.
The interactions between treatment × time at test, as well as the
three-way interaction treament × day × time at test achieved sig-
nificance, F2,88 = 51.80, p b .0001; F10,440 = 3.26, p b .0005. Sepa-
rate day of assessment × time at test ANOVAs were conducted for
each treatment condition, to understand the locus of the three-
way interaction.

The ANOVA for unpaired subjects only revealed significant main
effects of day and time at test, F5,105 = 3.89, p b .005; F2,42 = 35.02,
p b .0001. The Newman–Keuls post-hoc tests revealed that temperature
was significantly lower in the second and third testing bins than in the
first one; and that temperature scores were higher in the last testing
day than in the other days.



Fig. 5. Ethanol-induced hypothermia (differences from baseline temperature, °C) in adolescent rats, during experimental days 1, 3, 5, 7, 9 and 11 (pre-exposure or induction phase) and
during the challenge at day 13, in Experiment 3. During the induction, the paired group experienced the effects of ethanol in anopenfield. Unpaired animalswere exposed to the openfield
after a simulated, sham administration; and administered ethanol in their homecage, 90 min after termination of the behavioral and thermal measurements. On experimental day 7
(challenge or test), animals from both groups were given 2.25 g/kg ethanol or vehicle. Temperature was recorded at ethanol or sham post-administration times 10, 78 and 153 min,
and during experimental days 2, 4 and 6, 8, 10 and 12 animals remained untreated in their homecages. The vertical bars indicate the SEM. Please refer to the text for an account of signif-
icant differences across groups.
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The ANOVA for subjects given ethanol before exposure to the open
field revealed a significantmain effect of time at test and a significant in-
teraction between this factor and day of assessment. Post-hoc tests indi-
cated that, compared to the initial scores registered on day 1,
temperature scores at 150 min exhibited a transient increase in experi-
mental day 5. Temperature in days 7, 9 and 11 was similar to that ob-
served during day 1.

3.3.2. Thermal scores at the challenge on experimental day 13
(Fig. 5, right panel)

Animals given ethanol immediately prior to placement in the open
field exhibited significantly less temperature at 75 and 150 min than
control animals given only vehicle and this differencewas similar across
animals that had been given or not chronic treatment with ethanol. The
ANOVA yielded significant main effects of time and test and treatment
at day 13 as well as a significant interaction between these factors,
F2,84 = 104.45; F1,42 = 22.90, F2,84 = 17.57; p b .005.

3.4. Experiment 4

It is possible that the relatively high dose of ethanol employed in the
previous Experiments precluded the development of neuroadaptations
leading to tolerance. In Experiment 4 animals were given, instead of a
fixed dose of ethanol, gradually increasing doses of ethanol every
other day, or received the same doses of ethanol in a randomly chosen
order. A moderate ethanol dose (1.5 g/kg) was given at the challenge,
to avoid the possibility that the magnitude of temperature loss masked
any tolerance thatmay have developed. Animalswere tested for ethanol
intake at the end of the protocol. The hypothesis was that animals given
gradually increasing doses of ethanol would be more likely to develop
tolerance than those given random ethanol.

3.4.1. Thermal scores during chronic intermittent exposure on experimental
days 1, 3, 5, 7, 9 and 11 (Fig. 6A)

Significant main effects of chronic treatment and time of assess-
ment were found, F2,22 = 27.75; F2,44 = 74.32; p b .005. The interac-
tion between chronic treatment and day was significant [F10,110 =
4.01, ps b .005]. We compared, via Newman–Keuls post-hoc tests,
temperature scores induced by 1.5, 2.0 and 3.0 g/kg ethanol, be-
tween animals given gradual and variable ethanol treatment, and be-
tween the thermal response of these groups at these doses and the
scores observed in those particular days in the vehicle-control.
Both the gradual and the random group display greater hypothermia
than the saline control after 1.5, 2.0 and 3.0 g/kg ethanol and there
were no significant differences between the gradual and the random
group in the thermal responses induced by these doses.

3.4.2. Thermal scores at the challenge on experimental day 13 (Fig. 6B)
The ANOVA revealed a significant main effect of time at test and a

significant interaction between time at test and chronic treatment,
F2,46 = 13.56; F4,46 = 3.68; p b .05. Newman–Keuls post-hoc tests re-
vealed a significant drop in temperature between the first and the last
testing bins, in the groups given vehicle or random ethanol treatment
during chronic treatment. This temperature decrease was not found in
the gradual group. Temperature during the last bin, however, was sim-
ilar across groups.

3.4.3. Ethanol and water intake
The ANOVAs for absolute (g/kg), percent ethanol intake and water

intake (ml/100 g of body weight) indicated the lack of significant
main effects or significant interactions. Mean and SEM ethanol intake
(total amount of g/kg ingested and % preference of ethanol against
water) across groups were 0.47 g/kg +/−0.15 and 23.28% +/−9.09,
0.51 g/kg +/−0.19 and 22.56% +/−9.07, and 0.47 g/kg +/−0.21 and
21.55% +/−10.11, for the vehicle-control, gradual and random groups,
respectively. Mean and SEM water intake (ml/100 g) were 6.14 ml
+/−1.08, 6.27 ml +/−1.02 and 6.66 ml +/−1.19, for the vehicle-
control, gradual and random groups, respectively.

4. Discussion

Adolescent and adult rats exhibited, during the induction or pre-
exposure phase, a remarkably lack of tolerance to the hypothermic ef-
fects of ethanol. During the challenge, ethanol-experienced adults ex-
hibited a trend towards a reduction in hypothermia after ethanol,
when compared to peers given the drug for the first time (Experiment
1). No sign of ethanol-induced tolerancewas found, however, in adoles-
cent animals. Thus, a preliminary conclusion is that, under the present
circumstances, adolescents seem to bemarkedly resistant to the expres-
sion of ethanol-induced tolerance, measured through changes in core
body temperature.

It could be argued that the level of initial disturbance induced by
2.25 g/kg ethanol to the adolescents (i.e., a temperature drop nearing
0.5–0.6 °C) was not substantial to instantiate neuroadaptive changes



Fig. 6. Ethanol-induced hypothermia (differences from baseline temperature, °C) in adolescentWistar, in Experiment 4. Animalswere given gradually increasing doses of ethanol (gradual
group: 0.5, 1.0, 1.5, 2.0, 2.5 and 3.0 g/kg) every other day frompostnatal days 28 to 38 (induction phase: experimental days 1, 3 5, 7, 9 and 11), or receivedduring these days the samedoses
of ethanol in a randomly chosen order (randomgroup: 1.5, 0.5, 2.5, 3.0, 1.0 and 2.0 g/kg, in days 1 to 11, respectively) or only vehicle. All animals in the randomgroup received the doses in
the same order. A 1.5 g/kg dose was given during the challenge. Temperature was recorded at ethanol or vehicle post-administration times 10, 78 and 153 min, ad during experimental
days 2, 4 and 6, 8, 10 and 12 animals remained untreated in their homecages. The vertical bars indicate the SEM.
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leading to tolerance. Among these, the changes induced by chronic eth-
anol in the GABAA receptor complex – which is involved in ethanol-
induced hypothermia (Palmer et al., 2002) – have been studied at
large (Grobin et al., 1998). Chronic ethanol exposure decreases the
alpha-1 subunits of the GABAA receptor, an effect likely resulting from
internalization of these subunits (Kumar et al., 2003). More specific to
the present study, rats administered ethanol every other day from
PD13 to 21 developed tolerance only for thosemeasures in which etha-
nol exerted a significant disturbance (Hunt et al., 1993). This suggests
that, for tolerance to develop to a given effect of ethanol, the acute initial
disturbances induced by ethanol should be substantial [also see
(Pohorecky et al., 1986)]. Under this framework, tolerance is a compen-
satory response to the detrimental effects of ethanol, which develops
over time and counteracts the effect of the drug. It is interesting to
note, however, that significant ethanol-induced hypothermia and con-
ditioned aversion in rats has been found with lower doses [1.8 g/kg;
(Cunningham et al., 1992)] than those used in our study. Moreover, in
Experiment 1, the magnitude of the initial ethanol-induced hypother-
mic response (i.e., on day 1)was similar across the ages tested, although
this analysis was confounded by the significant differences in baseline
core body temperature between adolescent and adults.

Experiment 1 also hinted at a possible mechanism underlying the
lack of tolerance in the adolescent rats. Ethanol-preexposed adolescents
given vehicle at challenge exhibited as much hypothermia as ethanol-
preexposed counterparts treated with ethanol during the challenge.
This suggests that adolescents acquired a CR to the environment
where ethanol was administered that led to the expression of a condi-
tioned, hypothermic response at challenge. This CR may have partially
accounted for the lack of tolerance at this age. Adolescents, unlike
adults, exhibited ethanol-induced motor activation after the first etha-
nol intubation, a result consistent with previous work (Acevedo et al.,
2013). Intriguingly, the adults given ethanol for the first time at the
challenge – but not those given ethanol during the induction phase –
exhibited ethanol-induced motor stimulation. This implies that both
ages developed tolerance to the activating effects of ethanol, albeit
with a somewhat different temporal pattern (induction vs challenge
phase, in adolescents and adults, respectively).

It is not rare for ethanol to endow behavioral control to redundant,
contextual cues that accompany drug intake or administration.
Cunningham and Noble (1992) found behavioral activation in an
ethanol-paired context and suggested that this CR may account for
some of the failures to find conditioned place preference. Faria et al.
(2008) gave adolescent and adult Swiss daily doses of ethanol (2.0 g/kg
i.p.) in an open field or in the homecage; and found locomotor sensitiza-
tion only in those adult mice treated in the open field. Adolescent mice,
on the other hand, exhibited context-dependent tolerance. Moreover,
contextual cues are important modulators of reinstatement of ethanol
seeking and intake (Maccioni et al., 2007). We cannot discard, however,
that the reduced thermal response exhibited by ethanol-experienced ad-
olescents given vehicle at challenge obeys towithdrawal effects.Mice un-
dergoing withdrawal exhibited significant hypothermia (Ritzmann and
Tabakoff, 1976) and researchers suggest cautionwhen interpretingmea-
sures taken within 24–48 of termination of chronic ethanol exposure,
since they may reflect withdrawal consequences (Swartzwelder et al.,
2014).

In Experiment 2 we inserted a significant delay between open field
exposure and ethanol administration to adolescents, and expected
this would preclude the development of an association between the
context and ethanol's effects. The hypothesis was tolerance expression
in adolescents pre-exposed to ethanol in the home cage and challenged
with ethanol in the open field. Yet these animals exhibit significant
ethanol-induced hypothermia at the challenge, similar to that exhibited
by control animals. This indicates that the putative, context-evoked
conditioned response, cannot be made fully accountable for the lack of
tolerance in the adolescents.

In Experiment 4we lowered the ethanol dose given at challenge, and
during the induction we gave animals increasing doses of ethanol or a
random dosing sequence that reduced the predictability of the effects
of ethanol. In Experiment 3, in turn, we increased the length of ethanol
pre-exposure. Yet none of these changes dramatically promoted
tolerance in the youth. It is noteworthy mentioning that the random
schedule of ethanol administration,whichwasmeant to impede the de-
velopment of an association between the open field context and the un-
conditional effects of the drug, had a subtle yet significant effect on the
magnitude of ethanol-induced hypothermia. Adolescents given ethanol
dosing at random during the induction exhibited significantly less
ethanol-induced hypothermia than vehicle-treated controls. Albeit
transient and admittedly subtle, this effect suggests that contextual
cuesmay have some impact on the expression of ethanol-induced toler-
ance during adolescence; although this is just a hypothesis and more
work will be need to test it.

Level of ethanol intake andpreference in Experiment 4was unaffected
by history of alcohol exposure. Yet this measurement had several caveats
that reduce the relevance of the null result: significant liquid deprivation
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preceded the ethanol intake session, which likely encompassed stress-
induced dehydration, and ethanol intake was measured for only 2 h. A
more significant finding was that, unlike their adult counterparts, adoles-
cents were sensitive to the motor stimulant effects of ethanol, which oc-
curred during the rising limb of the ethanol-blood curve but not during
later phases of the intoxication. Studies with humans indicate that the
stimulant effects of ethanol are associated with positive mood state rat-
ings, particularly in individuals at risk for exhibiting a positive familiar his-
tory of alcohol-related problems (Conrod et al., 2001). In line with
previous studies indicating that adolescent rats do not develop ethanol-
induced behavioral sensitization (Fabio et al., 2013), repeated administra-
tion of ethanol blunted this stimulant response and, if something, facilitat-
ed the emergence of sedative effects of ethanol.

Adults, but not adolescents, exhibited conditioned odor aversion by
ethanol, in Experiment 1. The conditioned avoidance was only observed
in animals that been exposed to ethanol once before conditioning, but
not in animals devoid of ethanol exposure before conditioning or in ani-
mals given extensive exposure to ethanol. It seems that a brief, proximal
pre-exposure to ethanol facilitated the expression of subsequent condi-
tioned aversion by ethanol in the adults. This result meets the notion
that adolescent rats may exhibit, when compared to adults, greater re-
sponsiveness to ethanol's appetitive effects but reduced responsiveness
to the aversive effects of the drug. This hypothesis helps understand
why adolescents drink, when compared to adults, greater amounts of
ethanol per drinking occasion and exhibit a more rapid transition from
controlled to problematic drinking. It has been observed that adolescent,
but not adult, rats self-administered enough ethanol to induce tachycar-
dia (Ristuccia and Spear, 2008) and exhibited conditioned tactile prefer-
ences induced by 0.5–2.0 g/kg ethanol (Pautassi et al., 2008).

It is important to contextualize the present results among previous
studies on tolerance to ethanol across development. Acute tolerance
to ethanol's sedative and narcotic effects exhibits a developmental de-
cline, with two-week old rats exhibiting greater acute tolerance than
adolescent or adult counterparts (Silveri and Spear, 1998). Findings on
the ontogeny of chronic tolerance have been less consistent. Ristuccia
and Spear (2005) foundmore rapid development of tolerance to the hy-
pothermic effects of ethanol in adult than in adolescent rats. Yet adoles-
cents showed greater tolerance to ethanol-induced sedation and
hypothermia than adults in another study, which administered 4 g/kg
ethanol i.p. twice a day during a 7-day induction phase (Swartzwelder
et al., 1998). The latter found no initial age differences in the thermal re-
duction induced by ethanol, thus dispelling the possibility that age-
specific tolerance development obeyed to differences in initial respon-
siveness to ethanol. It could be conceived that differences in ethanol
dose or route of administration underlie these seemingly contradictory
results. Another study (Broadwater et al., 2011) exposed adolescent and
adults to a 4 g/kg dose of ethanol, once a day every 48-h and, unlike
Swartzwelder et al. (1998) but similar to the results of the present
study, found chronic tolerance in adults, but not in adolescents.

In summary, this study indicated that, when relatively low ethanol
doses are given every-other day for a relatively short period, adoles-
cents do not develop chronic tolerance to ethanol-induced hypother-
mia. Resistance to tolerance development could limit long-term
maintenance of ethanol intake, and therefore could represent a protec-
tive factor for the development of alcohol-related problems. The rela-
tive importance of this factor, however, is lessened when other
findings of the present study are considered. Adolescents exhibited
greater sensitivity than adults to the acute motor stimulating effects of
ethanol, which can be considered a proxy for the appetitive effects of
the drug (Pautassi et al., 2011) and seemed to acquire ethanol-
mediated context dependent learning likely to modulate subsequent
ethanol seeking (Maccioni et al., 2007). They also showed a blunted re-
sponse to the aversive effects of ethanol. The aversive effects of ethanol
potentially serve as natural barriers, preventing excessive alcohol intake
(Anderson et al., 2010). This idiosyncratic pattern of response may put
adolescents at risk for early initiation of ethanol intake, which in turn
favors the development of alcohol related problems, and the use of
other drugs (Pilatti et al., 2014).
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