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Abstract

When amphetamine is associated with a tastant conditioned stimulus, rats learn to avoid the taste even when employing
doses that promote conditioned place preference. One hypothesis raised to account for this effect proposes that taste
avoidance induced by amphetamine may be motivated by fear. A sensitive period has been identified in the rat (until
postnatal day 10) in which infants learn conditioned appetitive effects to stimuli to which aversions are conditioned after this
period. Exogenous administration of corticosterone within this period reverses this effect, generating aversive conditioning.
In the present study, we tested conditioning of aversions to amphetamine or LiCl, within and after the sensitive period
(Experiments 1 and 2). A third experiment evaluated unconditioned rejection of an aversive quinine solution within the
sensitive period. Finally, we tested whether corticosterone administration before conditioning modulates amphetamine-
induced taste avoidance. After the sensitive period, infant rats rejected the solution paired with amphetamine or LiCl after 2
conditioning trials, but within the sensitive period, aversions were conditioned only by LiCl and after 4 conditioning trials.
Amphetamine-induced taste avoidance was not observed even when corticosterone was administered before conditioning.
Additionally, during the sensitive period, a low LiCl dose promoted conditioned taste preference. According to Experiment 3,
parameters employed in this study were suitable to yield rejection of aversive solutions within the sensitive period. These
results suggest that during the sensitive period, there is a notable resistance to the acquisition of taste avoidance induced by
amphetamine. The present experimental framework may represent a useful tool for studying mechanisms underlying taste
avoidance and aversion effects.
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Introduction

In the conditioned taste aversion paradigm, a gustatory con-

ditioned stimulus (CS) is associated with an aversive uncon-

ditioned stimulus (US). This training results in avoidance of

the taste signaling the US (Garcia et al. 1985; Parker 1995).

This response is also accompanied by a distinctive set of be-
havioral reactions when subjects are intraorally stimulated

with this CS (Parker 1995, 2003), which can be measured

by means of the taste reactivity test (TRT) (Parker 1995,

2003; Berridge 2000), and are thought to reflect the palatabil-

ity of the gustatory CS. Following taste aversion training, the

typical behavioral repertoire in terms of taste reactivity in-

cludes gaping, chin rubbing, paw treading, head shaking, in-

creased locomotion, facial wiping, and wall climbing (Parker
1995, 2003; Berridge 2000). Mouthing and tongue protru-

sions are common reactions of the positive hedonic compo-

nent of the TRT. A reduction of these responses after

conditioned taste aversion training is considered a reduction

in palatability (Parker 1995, 2003).

When a tastant CS is associated with drugs of abuse (such
as amphetamine, morphine, or cocaine), rats also avoid the

CS even when employing doses of these drugs that induce

conditioned place preference (Parker 1995, 2003). This par-

adoxical effect, referred as conditioned taste avoidance, is

considered to be a different process than conditioned taste

aversion induced by emetic drugs, such as LiCl (Parker

1995, 2003). Taste aversion, but not taste avoidance, seems

to be specifically mediated by conditioned nausea (Parker
1995, 2003, 2006). This hypothesis is supported by the fact

Published by Oxford University Press 2011.

 by guest on O
ctober 3, 2012

http://chem
se.oxfordjournals.org/

D
ow

nloaded from
 

http://chemse.oxfordjournals.org/


that taste aversion, but not taste avoidance, is accompanied

by changes in the palatability of the gustatory CS (Parker

1995, 2003). Additionally, taste aversion is reduced by anti-

emetic drugs that do not affect taste avoidance process

(Parker 1995, 2003, 2006; Limebeer and Parker 2000).
Although during the last years researchers have accumu-

lated a considerable amount of empirical evidence regard-

ing the neural mechanisms of taste avoidance, the

psychological mechanism underlying this process is still un-

der discussion (Grigson 1997; Huang and Hsiao 2008).

Grigson (1997) explained taste avoidance in terms of the

anticipatory contrast effect. According to this hypothesis,

rats avoid the gustatory CS paired with the drug in antic-
ipation of receiving the psychoactive drug, a more reward-

ing stimulus. According to Grigson (1997), the value of the

CS pales in comparison with the value of the rewarding

drug and the reduction in the CS intake after conditioning

represent another form of anticipatory contrast. An alter-

native hypothesis proposed that conditioned taste avoid-

ance induced by rewarding drugs is a phenomenon

observable in the rat because this species cannot vomit
(Parker 1995, 2003, 2006). A gustatory CS paired with

a change in physiological state may indicate danger to

the rat (Hunt and Amit 1987; Parker 1995, 2003, 2006) re-

sulting in avoidance of the CS. This hypothesis is supported

by the fact that the extent to which rewarding drugs induce

taste avoidance but not taste aversion depends on whether

the animal tested can vomit or not (Parker 2006). Parker

hypothesized that taste avoidance in rats is mediated by fear
conditioning (Parker 2003). In this regard, Rana and

Parker (2007) reported that amphetamine-paired flavor,

but not LiCl-paired flavor, potentiated an acoustic startle

reaction.

Conditioned taste aversion has been well studied from an

ontogenetic approach. Early in development (Hoffmann

et al. 1987; Hoffmann and Spear 1988), and even during

the gestational period (Stickrod et al. 1982), rats can learn
taste aversion induced by LiCl. However, the ontogenetic

emergence of taste avoidance learning induced by rewarding

drugs such as amphetamine has not been well explored. The

ontogenetic analysis of taste avoidance learning may repre-

sent an experimental framework for study of neural mecha-

nisms that underlie this process, by establishing the

relationship between the maturity of specific neural systems

and emergence of this learning process.
There are important reasons to expect changes in taste

avoidance learning through the first 2 postnatal weeks of life.

As mentioned above, some authors hypothesize that taste

avoidance learning in rats is mediated by fear (Parker

1995, 2003). Sullivan et al. (2000) have defined an ontoge-

netic period, which ends by postnatal day 10, in which infant

rats learn conditioned preferences even for aversive stimuli

that induce fear conditioning after this sensitive period
(Sullivan et al. 2000). The acquisition of conditioned prefer-

ences induced by aversive stimuli during this sensitive period

seems to be associated with a variety of neurochemical mech-

anisms that predispose infants to appetitive learning. For

example, this period partially coincides with the so-called

stress hyporesponsive period (Moriceau and Sullivan

2004; Moriceau et al. 2006). The low corticosterone levels
induced by mild aversive stimuli are insufficient for activa-

tion of the basolateral amygdala (BLA) during conditioning.

Corticosterone-induced activation of BLA seems to be crit-

ical for modulation of fear conditioning after the sensitive

period (Moriceau and Sullivan 2004, 2006; Moriceau et al.

2006).

If conditioned taste avoidance induced by rewarding drugs

is mediated by fear, we may expect that during the sensitive
period described by Sullivan and collaborators, rewarding

drugs will induce conditioned preference instead of avoid-

ance. Previous data from our laboratory help to support this

hypothesis. During the sensitive period, ethanol was found

to induce conditioned preference at doses that generate aver-

sive learning after postnatal day 10 (Arias and Chotro 2006a;

Chotro and Arias 2007; Chotro et al. 2009). However, eth-

anol is a complex drug and can support taste avoidance in
infant rats even in quite low doses (0.4 g/kg) (Hunt et al.

1990), whereas relatively high doses (2.5 g/kg) induce disgust

reactions similar to LiCl (Arias, Pautassi, et al. 2010). In

adults it has been shown that high ethanol doses induce

c-fos activity in brain stem nuclei (such as area postrema)

that modulate nausea (Thiele et al. 1996). Although amphet-

amine-induced learning has not been systematically studied

in preweanling rats, Pedersen et al. (1982) reported some
results suggesting that this drug may act as an appetitive

US before PD10. These authors found appetitive odor con-

ditioning induced by amphetamine in newborns, although

they were utilizing a very different paradigm, measuring

nipple attachment behavior.

The specific goal of the present study is to analyze condi-

tioned taste avoidance induced by a rewarding drug, am-

phetamine, in preweanling rats. In Experiment 1, we
tested taste avoidance induced by moderate-to-high amphet-

amine doses (1 or 3 mg/kg) during and after the sensitive pe-

riod described by Sullivan et al. (2000). In Experiment 2, we

compared taste avoidance induced by amphetamine and

taste aversion induced by LiCl in infant rats within and after

the sensitive period. For this purpose, we employed LiCl

doses which promote after the sensitive period, a level of con-

ditioned taste avoidance similar to that induced by the am-
phetamine doses in this experiment. In Experiment 3, we

tested the rat pup’s capability of rejecting an aversive solu-

tion (quinine) within the sensitive period; the purpose was to

assess the suitability of the parameters employed in the pres-

ent study for detecting taste avoidance. Finally, in Experi-

ment 4, we pharmacologically manipulated corticosterone

levels before conditioning within and after the sensitive pe-

riod. In the younger rats, we administered corticosterone be-
fore conditioning (Experiment 4a), and in the older subjects,

we blocked corticosterone synthesis by giving metyrapone
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before conditioning (Experiment 4b). The purpose of these

experiments was to analyze the role of corticosterone in am-

phetamine-induced taste avoidance.

The working hypothesis guiding this study is that sensitiv-

ity to amphetamine-induced taste avoidance will differ for
infants within and after the sensitive period. More specifi-

cally, if taste avoidance induced by rewarding drugs is me-

diated by fear (Rana and Parker 2007), we expect that during

the sensitive period, amphetamine will generate conditioned

taste preference (similar to that induced by footshock (Sul-

livan et al. 2000) or ethanol (Arias and Chotro 2006a; Chotro

and Arias 2007; Chotro et al. 2009)). We also expect that on-

togenetic differences in taste avoidance learning induced by
amphetamine are unrelated to those in taste aversion learn-

ing induced by LiCl. Finally, we also hypothesize that exog-

enous corticosterone administration during the sensitive

period will enhance acquisition of amphetamine-induced

taste avoidance. In contrast, a reduction in corticosterone

activity (by means of metyrapone) after this developmental

period is expected to attenuate this avoidance learning.

Materials and methods

Subjects

Forty-seven (23 females and 24 males) 14-day-old and 33 (15

females and 18 males) 7-day-old Wistar WKAH/HOK rats,

representative of 14 litters, were utilized for Experiment 1. In

Experiment 2a, we employed 35 (19 males and 16 females)

14-day-old and 58 (30 males and 28 females) 7-day-old Wis-

tar WKAH/HOK rats representative of 14 litters; in Exper-

iment 2b, we used 39 (21 males and 18 females) 7-day-old

Wistar WKAH/HOK rats derived from 6 litters, whereas
in Experiments 2c and 2d, we employed 21 (14 males and

7 females) and 19 (8 males and 11 females) Wistar

WKAH/HOK rats derived from 5 litters. Twenty-seven

(15 males and 12 females) 7-day-old rats derived from 5 lit-

ters were used in Experiment 3. Finally, in Experiments 4a

and 4b, we used 69 (38 males and 31 females) and 45 (25

males and 20 females) Wistar WKAH/HOK rats derived

from 14 and 7 litters, respectively. Animals were born and
reared at the vivarium of the Instituto de Investigacion

Medica Mercedes y Martin Ferreyra (Cordoba, Argentina)

under conditions of constant room temperature (22 ± 1.0

�C), on a 12 h light: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 Institute of Laboratory Animal Resources

(1996).

Procedures

Experiment 1

Conditioning phase. In Experiment 1, amphetamine-induced

conditioned taste avoidance was tested in infant rats within

or after the sensitive period described by Sullivan et al. (2000)

(before or after PD10, respectively). Two consecutive condi-

tioning trials (one per day) were performed in the same way

for each age group starting on PD7 and PD14. On the first

conditioning day, pups from a given litter were assigned to
one experimental group defined by each combination of age

(PD7 or PD14) and drug treatment (vehicle, 1 or 3 mg/kg). In

all following experiments, no more than one male and one

female from a given litter was assigned to the same treatment

condition to avoid overrepresentation of a given litter in any

particular treatment (Holson and Pearce 1992). Male and fe-

male subjects were balanced across experimental groups. Im-

mediately after assignment to their experimental condition,
pups were separated from the mother and an intraoral can-

nula (PE 10 polyethylene tubing, length: 5 cm, Clay Adams)

was implanted in the right cheek of each pup, as previously

described (Chotro and Alonso 2003; Arias and Chotro

2006b). Briefly, a flanged end of the cannula was shaped

by exposure to a heat source (external diameter: 1.2 mm).

A dental needle (30-gauge Monoject, Sherwood Medical)

was attached to the non-flanged end of the cannula and po-
sitioned in the middle portion of the intraoral mucosa. The

needle was inserted through the cheek and the cannula was

pulled through the tissue until the flange end rested on the

mouth’s mucosa. This cannulation procedure requires no

more than 20 s per subject and does not induce major stress

in infant rats (Spear et al. 1989). Ninety minutes after can-

nulation, pup’s bladders were voided by gentle brushing of

the anogenital area. Following this procedure, body weights
were recorded and subjects were placed into individual Plex-

iglas chambers (10 · 10 · 12 cm). Then pups received an in-

traoral infusion of saccharin (CS, 0.05% w/v, duration: 15

min). Total administration volume was equivalent to 5%

of the subject’s preinfusion body weight. Saccharin was de-

livered at a constant rate by means of an infusion pump (KD

Scientific) connected to the oral cannula of each pup by

a polyethylene catheter (Clay Adams, PE 50 Parsippany).
Considering the normal variation in body weight between

litters, in the present study, the infusion rate for the older

pups varied between 0.085 and 0.1 mL/min (from P14 to

P16). For the younger pups (from P7 to P10), the infusion

rates varied between 0.047 and 0.059. With similar infusion

parameters, pups are capable of either consuming or reject-

ing the infused solution (Chotro and Alonso 2003; Arias and

Chotro 2005; Diaz-Cenzano and Chotro 2010). After the in-
fusion procedure, subjects were weighed to estimate saccharin

consumption scores. Percentage body weight gain (% BWG)

was calculated as follows: 100 · [(postinfusion weight –

preinfusion weight)/preinfusion weight]. This dependent var-

iable has been previously employed to estimate saccharin

consumption in infant rats (Arias, Molina, and Spear 2010).

Immediately following CS exposure, pups received the corre-

sponding amphetamine administration (1 or 3 mg/kg, intra-
peritoneally). The type of amphetamine used in all the

experiments from the present study was D-amphetamine
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sulfate (Parafarm). Amphetamine (1 or 3 mg/kg) was admin-

istered in a volume equivalent to 0.01 mL/g (1%) of body

weight. Amphetamine was dissolved inNaCl (0.9%) in a con-

centration equivalent to 1 mg/10 mL for the lower dose and

3 mg/10 mL for the highest one. Control pups received an
equivalent volume of vehicle (NaCl 0.9%). After drug treat-

ment, pups were reunited with their mother. The second con-

ditioning trial was conducted the following day (PD 8 for the

younger or PD15 for the older subjects) applying the exact

same procedures described for the first conditioning trial.

Testing phase. On PD9 or PD16, pups were separated from

their mothers, intraorally cannulated, and placed in pairs for

90 min in a heated holding cage. Then, pups were tested in

terms of saccharin intake for 15 min. The apparatus and pa-
rameters were the same as those described for conditioning.

Experiment 2

Experiment 2a. The goal of this experiment was to assess

whether the lack of taste avoidance induced by amphetamine

in 7-day-old rats in Experiment 1 is associated with the sen-

sitivity in acquisition of aversive learning induced by LiCl.

For this purpose, in Experiment 2a, we compared 7- and

14-day-old rats in their conditioning of taste avoidance in-
duced by amphetamine (3 mg/kg) or LiCl. Doses of LiCl

(SigmaAldrich; 0.5% or 1.0% of body weight of a 0.3MLiCl

solution) selected were known from previous studies to gen-

erate levels of conditioned taste avoidance in 14-day-olds

similar to levels produced by the amphetamine dose em-

ployed (Arias et al. 2009; Arias, Pautassi, et al. 2010). The

volume injected for the highest LiCl dose was equivalent

to those corresponding to amphetamine injections (1 or 3
mg/kg) to avoid possible differential effects of the volume

on learning induced by the drugs. Experiment 2 included on-

ly the highest amphetamine dose (3 mg/kg) because in Exper-

iment 1, 1 and 3 mg/kg induced similar magnitudes of CS

rejection. After 2 conditioning trials, pups were tested for

their acceptance of the tastant CS. Procedures and param-

eters employed in Experiment 2a were similar to those in

Experiment 1.

Experiment 2b. In Experiment 2a, neither amphetamine nor

LiCl induced conditioned taste rejection during the sensitive

period after 2 conditioning trials, so Experiment 2b repli-

cated 2a but included 4 conditioning trials. The first condi-

tioning trial was on PD6 (instead of PD7) to avoid having the

last conditioning trial after the sensitive period (thought to

end on PD10). Only the highest doses of amphetamine (3 mg/

kg) and LiCl (1% body weight) were employed. All other
procedures and parameters were identical to those used in

Experiment 1.

Experiments 2c and 2d. In Experiments 1, 2a, and 2b, the con-

trol group was represented by a CS-only condition. This con-

trol group was selected because an unpaired control

condition requires longer maternal deprivation time, which

is highly stressful for infants (Smith et al. 1985) and may in-

teract with the effects of LiCl or amphetamine. However, the

CS-only control group limits our conclusions because we
cannot rule out that the rejection of the CS is due to the mere

US administration. For this reason, in additional experi-

ments, we analyzed the effect of the US-only (amphetamine

or LiCl) administration upon saccharin intake within (Ex-

periment 2c) and after (Experiment 2d) the sensitive period.

In these experiments, pups were separated from the mother

and assigned to the US condition (vehicle, 3 mg/kg amphet-

amine or 1% LiCl). During the treatment days, pups were
given the corresponding US treatment following the proce-

dures described for Experiment 2a. On test day, pups were

evaluated in terms of saccharin acceptance. In Experiment

2c, we included 4 treatment days (beginning on PD6) because

LiCl-induced taste aversion was only observed after 4 con-

ditioning trials in Experiment 2b. In Experiment 2d, 2 treat-

ment days were employed because in Experiment 1 and 2a

LiCl or amphetamine-induced rejection of the CS were
clearly observed after 2 conditioning trials.

Experiment 3

According to Experiment 2, infants evaluated during the sen-

sitive period required 4 conditioning trials to show taste aver-

sion induced by a relatively high LiCl dose, whereas after the

sensitive period, only 2 conditioning trials were needed.

However, we cannot discard the possibility that parameters

employed in this study are not suitable to detect differences

in taste rejection in the youngest rats. For this reason, we

conducted an additional experiment to provide additional
evidence on the relative resistance of infant rats to taste aver-

sion induced by LiCl within and after the sensitive period.

With this aim, in Experiment 3, we tested whether 7-day-

old rats were able to reject an unconditioned aversive tastant

(quinine, 0.006% or 0.025% w/v) within the range of param-

eters applied throughout the present study. The 2 selected

quinine concentrations were found in preliminary tests to

yield a level of taste avoidance similar to that for amphet-
amine and LiCl in Experiment 2a (in the older pups; data

not shown). In Experiment 3, quinine consumption was com-

pared with that of saccharin during the sensitive period. Pro-

cedures and parameters employed in this experiment

coincide with those employed in Experiment 1.

Experiment 4

In Experiment 4, we manipulated corticosterone levels be-

fore conditioning trials employing amphetamine. Because

the sensitive period defined by Sullivan and coworkers coin-

cides with the stress hyporesponsive period (Sapolsky and
Meaney 1986; Levine 2001) in which low levels of this hor-

mone are produced in response to stressful stimuli, the low

corticosterone levels induced by aversive stimuli during this
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period may help to explain why infants during this period are

relatively resistant to taste avoidance learning induced by

amphetamine. According to Parker (2003), taste avoidance

induced by rewarding drugs such as amphetamine may be

mediated by fear conditioning, and corticosterone has been
associated with taste avoidance induced by rewarding drugs

such as morphine (Gomez et al. 2000). Rats given exogenous

administration of corticosterone before conditioning during

this period of infancy acquire fear responses and avoidance

while controls learn conditioned preferences (Moriceau et al.

2004; Moriceau and Sullivan 2004). In contrast, removing

corticosterone after the sensitive period attenuates fear con-

ditioning (Moriceau and Sullivan 2004; Moriceau et al.
2004). In Experiment 4a, pups during the sensitive period

(PDs 7 and 8) were given corticosterone (Sigma Aldrich;

0 or 3 mg/kg) 30 minutes before taste conditioning with am-

phetamine (0, 1, or 3 mg/kg). The corticosterone dose was

selected because in previous studies it has been shown that

3 mg/kg is enough to activate BLA during this ontogenetic

period (Moriceau and Sullivan 2004; Moriceau et al. 2004).

In Experiment 4b, metyrapone (Sigma Aldrich), a corticoste-
rone synthesis blocker, was administered 30 min before con-

ditioning with amphetamine (0 or 1 mg/kg), after the

sensitive period (PDs 14 and 15). Metyrapone dosage (0

or 50 mg/kg) was selected from prior studies with prewean-

ling rats (Upton and Sullivan 2010). Corticosterone and me-

tyrapone were dissolved in a solution of saline and 0.25%

acetic acid (volume administered was 10 mL/kg). The day

after the last conditioning trial, subjects from Experiments
4a and 4b were tested following the procedures described

in Experiment 1.

Data analysis

No significant effect of sex or interaction with the remaining

factors was found in any of the dependent variables consid-
ered in any experiment in this report.Hence, for the inferential

analysis and descriptive representation of the results, data

were collapsed across sex. Intake was analyzed by means of

2 indexes: The % BWG and a difference score calculated

through the subtraction of saccharin intake during the testing

from saccharin intake on the first conditioning trial. Because

the total volume of CS infused depended on body weight and

subjects from both age groups obviously differ in bodyweight,
we calculated change in intake (% BWG) to better compare

intake across age.

In Experiments 1, 2a, 2b, 3, 4a, and 4b, the % BWG was

analyzed by means of mixed analyses of variance (ANOVAs)

including the following between-subject variables: Experiment

1: age (PD7 or PD14) and drug treatment (vehicle, 1 or 3 mg/

kg amphetamine). Experiment 2a: age and drug treatment

(vehicle, 3 mg/kg amphetamine, 0.5% LiCl, 1% LiCl). Exper-
iment 2b: drug treatment (vehicle, 3 mg/kg amphetamine or

1% LiCl). Experiment 3: intake solution (saccharin, quinine

0.006%or0.025%).Experiment 4a: drug (vehicle, 1or 3mg/kg

amphetamine) and corticosterone (vehicle or 3 mg/kg) treat-

ments, andExperiment 4b: drug treatment (vehicle or 1mg/kg

amphetamine) and metyrapone (vehicle or 10 mg/kg). In all

these analyses, daywas consideredas awithin-factor variable.

The% BWGof experiments 2c and2dwas analyzedbymeans
of one-waybetween-factorANOVA, inwhichdrug treatment

(vehicle, 3mg/kg amphetamine or 1%LiCl) was treated as the

between-factor variable.

The difference scores were analyzed by means of between-

factor analyses with the following between-subject variables:

Experiment 1: age (PD7 or PD14) and drug treatment (ve-

hicle, 1 or 3 mg/kg amphetamine). Experiment 2a: age and

drug treatment (vehicle, 3 mg/kg amphetamine, 0.5% LiCl,
1% LiCl). Experiment 2b: drug treatment (vehicle, 3 mg/kg

amphetamine or 1% LiCl). Experiment 3: intake solution

(saccharin, quinine 0.006% or 0.025%). Experiment 4a: drug

(vehicle, 1 or 3 mg/kg amphetamine) and corticosterone (ve-

hicle or 3 mg/kg) treatments, and Experiment 4b: drug treat-

ment (vehicle or 1 mg/kg amphetamine) and metyrapone

(vehicle or 10 mg/kg).

Significantmain effects and/or interactionswere further an-
alyzed bymeans of follow-upANOVAsandpost hoc analysis

(Newman–Keuls). All inferential analyses conducted in the

present study employed an a level equal to 0.05.When appro-

priate we reported the effect size (Cohen’s f ).

Results

Experiment 1

Figure 1 (left side) represents % BWG during conditioning

and testing as a function of age and drug treatment. In the

insert on the right is shown the difference score (test intake

subtracted from intake during the first day of conditioning).

In the older group, acceptance of the tastant CS was signif-

icantly affected by both amphetamine doses. However, am-
phetamine did not modify saccharin intake in the younger

rats. For this analysis, we used a 2 (age: PD7 or PD14) by

3 (drug treatment: vehicle, 1 or 3 mg/kg amphetamine) by

3 (day) mixed ANOVA. The ANOVA conducted with the

absolute scores revealed significant main effects of age

and drug treatment (F1,74 = 64.31, P < 0.05 and F2,74 =

5.57, P < 0.05, respectively) and the following significant in-

teractions: age by drug treatment (F2,74 = 5.71, P < 0.05), age
by day (F2,148 = 13.79, P < 0.05), drug treatment by day

(F4,148 = 3.06, P < 0.05), and the triple interaction of age

by drug treatment by day (F4,148 = 2.70, P < 0.05). To deter-

mine the loci of this significant interaction, follow-up one-

way ANOVAs were performed considering drug treatment

as the only between-subject variable. We analyzed intake

scores from each day independently in each age group.

The analyses performed with the younger rats did not reveal
any significant effect. The ANOVAs conducted with the old-

er subjects indicated only a significant effect of drug treat-

ment on PD16 (F2,44 = 39.56, P < 0.05; Cohen’s f = 1.34).
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According to post hoc analyses, vehicle-treated controls in-

gested more saccharin than subjects treated with amphet-

amine regardless of dose.

The difference score was analyzed by means of a 2 (age:

PD7 or PD14) by 3 (drug treatment: vehicle, 1 or 3 mg/kg

amphetamine) between-factor ANOVA. This analysis also
confirmed our prior observation (Figure 1, right insert).

The ANOVA revealed significant effects of the main factors

age (F1,74 = 21.13, P < 0.05) and drug treatment (F2,74 = 4.15,

P < 0.05), as well the interaction between them (F2,74 = 4.34,

P < 0.05; Cohen’s f = 0.49). Post hoc analyses indicated that

the increment in saccharin acceptance for the younger rats

given amphetamine (1 or 3 mg/kg) was significantly higher

than that for the older subjects. The difference score from
subjects treated with vehicle did not differ across age. Addi-

tionally, older pups given 1 or 3 mg/kg amphetamine showed

lower difference scores than the corresponding control

group, whereas younger rats did not differ in this dependent

variable regardless of drug treatment.

Experiment 2

Experiment 2a

Intake data from Experiment 2a are depicted in Figure 2a.

These data were analyzed by a 2 (age: PD7 or PD14) by 3

(drug treatment: vehicle, 3 mg/kg amphetamine, 0.5% LiCl,

1% LiCl) by 3 (day) mixed ANOVA. The ANOVA revealed

significant main effects of age (F1,85 = 14.59, P < 0.05), drug

treatment (F3,85 = 3.70, P < 0.05), and day (F2,170 = 8.74, P <
0.05), and the following interactions: age by drug treatment

(F3,85 = 3.63, P < 0.05), age by day (F2, 170 = 19.75, P < 0.05),

drug treatment by day (F6,170 = 2.23,P< 0.05), and the 3-way

interaction of age by drug treatment by day (F6,170 = 2.55,

P < 0.05). To determine the loci of this interaction, we uti-

lized follow-up one-way ANOVAs, with drug treatment as

the only between-factor variable, and intake data from each

day for each age group as the dependent variable. In the

younger age group, the ANOVA revealed a significant effect
of drug treatment on PD9 (F3,54= 5.79, P < 0.05; Cohen’s f =

0.56). Post hoc analyses indicated that pups given the lower

LiCl (0.5 g/kg) dose consumed more saccharin than the re-

maining experimental conditions, including pups injected

with only vehicle during conditioning. Saccharin acceptance

in subjects given amphetamine, the highest LiCl dose or

vehicle did not differ. In the older rats, the ANOVA also re-

vealed a significant effect of drug treatment on PD 16 (F3,31 =

13.53, P < 0.05; Cohen’s f = 1.14), but for very different

reasons implicating conventional effects of conditioned taste

aversion. According to the post hoc analyses, pups given

amphetamine or LiCl consumed significantly less than those

given vehicle. Intake of subjects treated with amphetamine

or LiCl did not differ.

The difference score was analyzed by a between-factor

ANOVA in which age and drug treatment represented the
between-subject variables. This analysis revealed significant

main effects of age (F1,85 = 46.89, P < 0.05) and drug treat-

ment (F3,85 = 4.56, P < 0.05) and the interaction between

these variables (F3,85 = 6.60, P < 0.05; Cohen’s f = 0.62). Post

hoc analyses indicated that control pups from both ages did

not differ, whereas increments in saccharin consumption

were significantly greater in younger rats given amphetamine

or LiCl than in the corresponding older subjects (see Figure
2a, right insert). Additionally, intake scores from older pups

given amphetamine or LiCl were significantly lower than the

corresponding control group. In the young rats, only pups

Figure 1 Left side: saccharin consumption (% BWG) as a function of age and amphetamine treatment (0, 1, or 3 mg/kg) across conditioning (C1 and C2)
and testing days. Right side: difference score (test intake subtracted from intake during the first day of conditioning) as a function of amphetamine and age.
Vertical lines illustrate standard errors of the means. P < 0.05 versus vehicle-control.
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given 0.5% LiCl showed significantly higher scores than the

remaining groups.

Experiment 2b

Figure 2b represents intake of saccharin during the sensitive

period (PDs 6 to 10) as a function of drug treatment (vehicle,

1% LiCl, 3 mg/kg amphetamine). The % BWG was analyzed

by a 3 (drug treatment: vehicle, 3 mg/kg amphetamine or 1%

LiCl) by 5 (day) mixed ANOVA. This analysis indicated

a significant interaction between drug treatment and day
(F8,144 = 2,19, P < 0.05). Follow-up one-way ANOVAs were

performed with saccharin intake scores from each day,

including drug treatment as the only between-factor variable.

These analyses revealed a significant effect of drug treatment

on PD7 and 10 (F2,36 = 3.97, P < 0.05, Cohen’s f = 0.48, and

F2,36 = 4.09,P< 0.05, Cohen’s f = 0.48, respectively). Post hoc

analyses revealed that LiCl-treated pups, when compared

with the remaining conditions, consumed more saccharin

on PD7 but less saccharin on PD10. Saccharin intake in am-

phetamine and vehicle-treated subjects did not differ across

days (Figure 2b, left side).

The difference scores were analyzed by a one-way ANOVA
with drug treatment (vehicle, 1%LiCl, 3mg/kg amphetamine)

was considered the only between-subject variable. This analy-

sesprovidedasimilar result, indicatingasignificantmaineffect

of drug treatment, F2,36 = 3.49,P< 0.05, Cohen’s f = 0.43. Ac-

cording to post hoc analyses, the increase in saccharin intake

Figure 2 (a) Left side: saccharin consumption (% BWG) as a function of age and drug treatment (vehicle, 3 mg/kg amphetamine, 0.5% LiCl or 1% LiCl)
across conditioning (C1 and C2) and testing days. Right side: difference score (test intake subtracted from intake during the first day of conditioning) as
a function of drug treatment and age. Vertical lines illustrate standard errors of the means. *P < 0.05 versus vehicle-control. (b) Left side: saccharin
consumption (% BWG) as a function of drug treatment (vehicle, 3 mg/kg amphetamine or 1% LiCl) across conditioning (C1, C2, C3 and C4) and testing days.
Right side: difference score (test intake subtracted from intake during the first day of conditioning) as a function of drug treatment. Vertical lines illustrate
standard errors of the means. *P < 0.05 versus vehicle-control.
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was significantly lower in the LiCl-treated group when com-

pared with the remaining conditions (Figure 2b, right insert).

Experiment 2c

In this control experiment, we analyzed saccharin intake on

PD10 as a function of the US-only treatment (vehicle, am-

phetamine 3 mg/kg or LiCl 1% body weight) administered

from PD6 to PD9. The one-way ANOVA failed to find sig-

nificant differences between groups (data not shown). Means

and standard errors of the means obtained in each condition

were vehicle: 1.90 ± 0.16 (n = 7); 3 mg/kg amphetamine:

1.55 ± 0.24 (n = 6); 1% LiCl: 1.76 ± 0.32 (n = 6).

Experiment 2d

Experiment 2d, the control experiment for the older age

group, tested saccharin consumption on PD16 as a function

of the US-only treatment (vehicle, amphetamine 3 mg/kg or

LiCl 1% body weight) administered on PDs 14 and 15. The
one-way ANOVA did not revealed significant differences

across US conditions (data not shown). Means and standard

errors of the means from each experimental condition were

vehicle: 3.10 ± 0.31 (n = 7); 3 mg/kg amphetamine: 3.14 ±

0.39 (n = 7); 1% LiCl: 3.74 ± 0.35 (n = 7).

Experiment 3

Figure 3 shows saccharin and quinine consumption in infant

rats during the sensitive period (from PD 7 to 9). The percent-

age of body weight was analyzed by a 3 (intake solution: sac-

charin, quinine 0.006% or 0.025%) by 3 (day) mixed ANOVA.

The ANOVA revealed a significant effect of solution (F2,24 =

4.54, P < 0.05, Cohen’s f = 0.50) and day (F2,48 = 3.60, P <

0.05, Cohen’s f = 0.33). Post hoc analyses revealed that sub-

jects given saccharin consumedmore than those given quinine

(0.025%). Intake of the 0.006% quinine solution did not differ

from the remaining solutions. Additionally, subjects con-

sumed significantly more on PD9 than on PD7.

Although pups given saccharin had greater increase in in-
take across days than those given quinine (see Figure 3, right

insert), differences between groups did not reach statistic sig-

nificance. The one-way ANOVA conducted with the differ-

ence scores did not find a significant effect of solution.

Experiment 4a

Figure 4a represents saccharin intake during the sensitive

period (PDs 7, 8, and 9) as a function of drug (vehicle, 1

or 3 mg/kg amphetamine) and corticosterone (vehicle or

3 mg/kg) treatments administered during the conditioning

days (PDs 7 and 8). The analysis of the % BWG (Figure

4a, left side) was performed by a 3 (drug treatment: vehicle,

1 or 3 mg/kg amphetamine) by 2 (corticosterone treatment:

vehicle or 3 mg/kg) by 3 (day) mixed ANOVA. This analysis
revealed only a significant effect of day (F2,126 = 8.05,

P < 0.05). According to the post hoc analyses, subjects

consumed less saccharin the first day than the remaining

ones. The difference scores were analyzed by a 3 (drug treat-

ment) by 2 (corticosterone treatment) between-factor

ANVOA. This analysis did not reveal any significant effects

(Figure 4a, right insert).

Experiment 4b

Figure 4b represents saccharin intake after the sensitive pe-

riod (PDs 14, 15, and 16) as a function of drug (vehicle or

1 mg/kg amphetamine) or metyrapone (vehicle or 10 mg/

kg) treatments. These data were analyzed by a 2 (drug

Figure 3 Left side: quinine intake (% BWG) as a function of solution (saccharin, quinine 0.006% or 0.025%) across postnatal days 7, 8, and 9. Right side:
difference score (test intake subtracted from intake during the first day of conditioning) as a function the solution (saccharin, quinine 0.006% or 0.025%).
Vertical lines illustrate standard errors of the means. Rats ingested significantly more saccharine than quinine solutions.
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treatment: vehicle or 1 mg/kg amphetamine) by 2 (metyra-

pone treatment: vehicle or 10 mg/kg) by 3 (day) mixed AN-

OVA. This analysis revealed significant main effects of drug

and metyrapone treatments (F1,40 = 11.20, P < 0.05; F1,40 =

18.02, P < 0.05, respectively) and of day (F1,80 = 6.37, P <

0.05) and the interactions, drug dose by day and drug treat-
ment by day (F2,80 = 4.13, P < 0.05; F2,80 = 8.42, P < 0.05,

respectively). The loci of these interactions were explored

by means of follow-up one-way between-factor ANOVAs

with the intake data for each day. In these analyses, drug

treatment was treated as the only between-factor variable.

According to these analyses, acute administration of metyr-

apone during conditioning significantly reduced saccharin

intake when the drug was administered during the condition-

ing days (PDs 14 and 15, F1,42 = 6.03P< 0.05; F1,42 = 11.72,P

< 0.05, respectively), but there was no effect on the test day

(PD16) (when metyrapone was not administered). Addition-

ally, amphetamine administered during conditioning sup-
pressed saccharin acceptance on the test day (F1,42 =

66.81, P < 0.05, Cohen’s f = 0.90).

The difference scores were analyzed by a 2 by 2 between-

factor ANOVA, in which drug treatment and metyrapone

were the between-subject variables. This analysis revealed

a significant effect of drug treatment (F1,40 = 18.41,

Figure 4 (a) Left side: saccharin consumption (% BWG) as a function of corticosterone (0 or 3 mg/kg) and amphetamine treatment (vehicle, 1 or 3 mg/kg)
across conditioning (C1 and C2) and testing days. Right side: difference score (test intake subtracted from intake during the first day of conditioning) as
a function of corticosterone and amphetamine treatments. Vertical lines illustrate standard errors of the means. (b) Left side: saccharin consumption (% BWG)
as a function of metyrapone (0 or 10 mg/kg) and amphetamine treatment (vehicle or 1 mg/kg) across conditioning (C1 and C2) and testing days. Right side:
difference score (test intake subtracted from intake during the first day of conditioning) as a function of metyrapone and amphetamine treatments. Vertical
lines illustrate standard errors of the means. *P < 0.05 versus vehicle-control.
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P < 0.05, Cohen’s f = 0.64, see Figure 4b, right insert),

indicating that increments in saccharin consumption were

significantly greater in rats given vehicle than in those treated

with amphetamine.

Discussion

The present study was designed to analyze ontogenetic dif-

ferences in sensitivity to conditioning of taste avoidance in-

duced by amphetamine in preweanling rats. Results from

these experiments indicate that rats younger than PD10

(within the ‘‘sensitive period’’) are highly resistant to am-
phetamine-induced taste avoidance learning. No evidence

of taste avoidance learning was found at this age even with

4 conditioning trials during the sensitive period (Experi-

ments 1, 2a, 2b, and 4a), whereas rats only a few days older,

at the end of the second postnatal week, rapidly acquired this

learning (Experiments 1, 2a, and 4b). Sensitivity to LiCl-

induced aversive learning also varied across age. Under

the present experimental conditions, within the sensitive pe-
riod, infants required 4 conditioning trials (Experiment 2b)

to condition avoidance of a taste paired with LiCl (although

no conditioning occurred if amphetamine rather than LiCl

was the US), whereas after this period, only 2 conditioning

sessions were needed to induce conditioned avoidance with

either LiCl or amphetamine as US (Experiment 2a). Finally,

we found that resistance to acquisition of amphetamine-

induced taste avoidance within the sensitive period is not
related to the low corticosterone response characterizing

this ontogenetic period. Pharmacological manipulations of

this hormone did not modified amphetamine-induced condi-

tioning within or after the sensitive period (Experiments 4a

and 4b).

Resistance to the acquisition of taste avoidance in the

youngest rats cannot be explained by the insensitivity of

the procedures employed in the present study because in Ex-
periment 3 infant rats evaluated within the sensitive period

rejected quinine solutions. Additionally, infants during this

period acquired LiCl-induced taste aversion, although this

learning took more conditioning trials than after the sensi-

tive period (Experiment 2b). Hence, ontogenetic changes in

taste avoidance learning mediated by amphetamine cannot

be attributed to age-related differences in sensitivity for con-

ditioned taste avoidance generally. This result also supports
the hypothesis that taste avoidance learning generated by re-

warding drugs (such as amphetamine) is governed by differ-

ent mechanisms than taste aversion induced by emetic agents

(such as LiCl). As we mentioned above, mechanisms regulat-

ing taste aversion induced by LiCl are functional early in de-

velopment (Hoffmann et al. 1987; Hoffmann and Spear

1988; Hoffmann et al. 1990), even prenatally (Stickrod

et al. 1982). Our results suggest, however, that mechanisms
underlying taste avoidance induced by amphetamine may

not be functional before postnatal day 10. The highest am-

phetamine dose employed (3 mg/kg) is considered in the lit-

erature as a moderate dose (Parker 1995). Moreover,

previous research has shown that even younger infant rats

are sensitive to other amphetamine effects. For example,

Raskin and Campbell (1981) reported that amphetamine

doses still lower than those in the present study induced lo-
comotor stimulation in 5-day-old rats. Hence, the lack of

sensitivity in acquiring amphetamine-induced taste avoid-

ance during the sensitive period prior to P10 is not associated

with insensitivity to other effects of this drug.

From our results, we can also conclude that during the sen-

sitive period, rats are resistant to LiCl-induced taste aversion

relative to older rats. Before PD10, rats required 4 condition-

ing trials (Experiment 2b), whereas by the end of the second
postnatal week of life, they only needed 2 trials to learn the

aversion. This result is congruent with previous empirical ob-

servations showing ontogenetic differences in taste aversion

learning during this developmental stage (Hoffmann et al.

1987). Surprisingly LiCl generated conditioned taste prefer-

ence in the youngest rats after one conditioning trial (Exper-

iment 2a and 2b). A similar result was previously reported by

Kehoe (1988) employing similar procedures. This paradox-
ical effect may be related to the same effect observed during

the same ontogenetic period in response to other aversive

stimuli, such a mild footshock (Sullivan et al. 2000), mor-

phine (Kehoe 1988), or relatively high ethanol doses (Arias

and Chotro 2006a). It is interesting that the same footshock,

morphine, LiCl, or ethanol treatment that generated condi-

tioned preference during this ‘‘sensitive’’ ontogenetic period,

promoted aversive learning after the sensitive period (Kehoe
1988; Sullivan et al. 2000; Arias and Chotro 2006a). In our

study, however, amphetamine failed to generate preference

for the associated taste during this sensitive period.

Is it plausible that footshock, morphine, LiCl, and ethanol

may share a common mechanism responsible of their para-

doxical effects during this period? It has been reported that

opioid antagonists such as Naloxone or Naltrexone reversed

conditioned preferences produced by these aversive US
agents during the sensitive period (Kehoe 1988; Sullivan

et al. 2000; Chotro and Arias 2007). Hence, it is likely that

the paradoxical responses to LiCl, footshock or ethanol dur-

ing this period are associated with the capability of such

stimuli to induce opioid activity, in view also of the critical

role this neurochemical system seems to play in learning dur-

ing this developmental stage (Roth and Sullivan 2006).

One mechanism supporting the paradoxical learning in-
duced by footshock during the sensitive period is associated

with the low corticosterone response that characterizes this

period. Exogenous corticosterone administration before

odor–shock pairings during the sensitive period has been

found to suppress appetitive learning and allow emergence

of aversive learning (Moriceau and Sullivan 2004). In con-

trast, preweanling rats after the sensitive period learned pref-

erences when corticosterone activity was suppressed before
conditioning (Moriceau and Sullivan 2004). Parker and col-

laborators have suggested that taste avoidance induced by
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rewarding drugs is a learning process mediated by fear

(Parker 2003). In our study, amphetamine failed to generate

taste preference, a result which contrasts with the capability

of other aversive stimuli to induce preferences during this pe-

riod. Additionally, corticosterone manipulations did not al-
ter learning induced by this drug, suggesting that sensitivity

to amphetamine-induced taste learning is not associated with

the corticosterone response during this ontogenetic period.

In our study, amphetamine was peripherally administered.

Although there is much evidence showing that structures of

the central nervous system modulate taste learning induced

by rewarding (Grupp et al. 1976; Carr and White 1986;

Lovaglio et al. 2010) or aversive (Grupp et al. 1976; St Andre
et al. 2007) drugs, we cannot ignore their effects on the pe-

ripheral nervous system. Some authors have suggested that

the activity of the sympathetic-adrenal system may contrib-

ute to the expression of the aversive response elicited by

a taste previously associated with an aversive stimulus

(Amaro et al. 1996; Kassil et al. 1998). Interestingly, between

the first and second postnatal week of life in the rat, there are

critical changes in the functional development of the sympa-
thetic nervous system. For example, the heart rate response

to a Beta-adrenergic agonist (isoprenaline) is lower in PDs 4,

7, and 11 than in PD 16. At PD16, the response is similar to

the one observed in adults. This ontogenetic profile is corre-

lated with the one that we observed in terms of taste learning.

The aversive effect of psychostimulants such as amphet-

amine or cocaine is also mediated by the action of these drugs

on the catecholaminergic systems, an effect that seems to be
more related with the dopaminergic than the noradrenergic

system (Freeman et al. 2008). In fact, Beta-adrenergic antag-

onists, such as propanolol, enhanced the aversive effects of

cocaine instead of suppressing this effect (Freeman et al.

2008). Considering these antecedents, the question remains

open whether the functional maturation of the sympathetic

nervous system may contribute to the ontogenetic differen-

ces observed in response to different aversive stimuli during
the first 2 postnatal weeks of life, after which this system

starts functioning in a adult-like way.

As mentioned, several hypotheses have been raised to ex-

plain taste avoidance induced by rewarding drugs. Parker

(2003) proposed that taste avoidance in rats is mediated

by fear conditioning (Parker 2003). An alternative hypoth-

esis explained taste avoidance in terms of the anticipatory

contrast effect (Grigson 1997). Our results do not exclude
any of these hypotheses. Fear induced by amphetamine or

footshock may be mediated by different mechanisms that

may also have a different temporal pattern of development.

And, to our knowledge, there is no evidence of anticipatory

contrast effect in this stage of development. So we cannot

rule out the possibility that the neural substrates that medi-

ate this learning process are not functionally developed be-

fore PD10.
In sum, during the sensitive period prior to P10, rats seem

to be resistant to the acquisition of taste avoidance induced

by amphetamine. This experimental setting can aid in under-

standing the nature of taste avoidance induced by rewarding

drugs and the neural mechanisms underlying this controver-

sial and paradoxical effect. This strategy has been effective

for obtaining important information about mechanisms un-
derlying a variety of behavioral phenomena, such as fear

conditioning (Sullivan et al. 2000), freezing (Takahashi

1996), acute or chronic response to psychostimulants (Duke

et al. 1997; Sibole et al. 2003; McDougall et al. 2005), or the

affinity and response to drugs of abuse such as ethanol (Arias

and Chotro 2006a; Chotro and Arias 2007; Sanders and

Spear 2007). Additionally, the present data also provide use-

ful information for research focused on affinity for drugs of
abuse, such as ethanol, early in development (Spear andMo-

lina 2005; Chotro et al. 2007).
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