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Abstract

Adolescence is associated with an increased risk of developing drug abuse/dependence. During this ontogenetic phase, brain and hormona
systems are still undergoing crucial maturational rearrangements, which take place together with significant modifications in psychosocial
development. However, the neurohormonal and behavioral facets of adolescence have been poorly investigated in relation to the vulner-
ability to psychostimulants such as MDMA (“Ecstasy”) and amphetamine (AMPH). Novelty-seeking, a temperamental/behavioral trait that
is typical of this age period, might substantially contribute to both psychological and psychobiological vulnerability. In humans, an elevated
score of novelty-sensation seeking and a derangement of monoaminergic function were both associated with late adolescence MDMA users
compared to controls. In animal models of periadolescence, the search for novel stimuli and sensations actually shares a common neuro-
biological substrate (the reward-related brain mesolimbic pathways) with psychostimulants. The present review summarises recent work in
mice, which indicates that periadolescent subjects are characterized by an unbalanced and “extremes-oriented” behavior and by elevated
novelty-seeking compared to adults. Repeated and intermittent administration of cocaine or AMPH was associated with the development of a
prominent locomotor sensitization in periadolescents, which failed to exhibit the marked sensitization of the stereotyped behavioral
syndrome—possibly associated with poor welfare—that was typical of adults. A unique profile of integrated behavioral and physiological
hyporesponsivity to both forced novelty and acute AMPH administration during periadolescence was also found. As a whole, these results,
together with previous work on this topic, suggest that periadolescents may be more “protected” from AMPH-related aversive properties, and
perhaps more vulnerable to the experience of internal states of reward, than older animals. Thus, the present animal model of adolescence
seems to represent a reliable and useful method for the investigation of vulnerability to a variety of habit-forming agents or emaotional
experiences whose positive reinforcing properties may rely on common neurobiological substrates. A deeper understanding of psychosti-
mulant effects during adolescence on the complex interaction between genetic, neurobiologic, psychosocial, and environmental factors will
lead to earlier and more effective prevention and treatn@ri999 Elsevier Science Ltd. All rights reserved.
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1. Introduction this context, drug use seems to be one of the several coping
responses that can be used when the individual is exposed to
Even if most people occasionally come into contact with an increasing number of vulnerability conditions [2,3]. For
psychoactive substances, it is clear that not all start a regularthese reasons, considerable research effort has been devoted
use of these compounds. Indeed, the identification of risk to the study of risk factors that make some individuals more
factors that might enhance or reduce the risk of developing vulnerable than others. These individual differences may be
drug dependence and related problems is very important intraced back to either genetic or environmental factors, and
order to reduce the prevalence of these problems in themost reasonably to an interaction between the two (see, e.g.
population. Risk factors are those characteristics of the Refs. [4,5]).
person or the environment that are associated with an Recent research has suggested that, within the same
increased probability of maladaptive developmental subject, vulnerability also varies with age. Specifically, an
outcomes (for literature and discussion, see Ref. [1]). In increased risk of developing drug abuse and drug-related
problems is associated with the adolescent period, during
* Corresponding author. Tel.+ 39-06-4990-2105; fax:+ 39-06-4957- which different patterns of tem.porar'y deymnce are quite
821. often observed [1]. Indeed, epidemiological data suggest
E-mail addresslaviola@iss.it (G. Laviola) that the use of various kinds of psychoactive agents is
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widespread during this period, ranging in a strict sense from is novelty or sensation seeking. According to Zuckerman
11-12 to 17-18 years of age [6]. Adolescents are likely to [14], such a trait is characterized by “the continuing neces-
start with tobacco and/or alcohol, followed by marijuana, sity to experiment various, novel and complex sensations”,
and eventually psychostimulants and/or opiates (see Ref.which are hypothesized to be rewarding. Involvement in
[7]). Adolescent involvement with drugs seems to be multi- risky and stressful activities that are avoided by others, as
ply determined: exposure to a higher number of risk factors well as in illicit drug use, has been shown to be more preva-
is not only a reliable correlate of drug use, but it also lentinindividuals showing elevated scores on this trait [15].
increases drug use over time, implying a true etiological Indeed, in a review by Arnett [16], human adolescents are
role [1,3,8]. reported to be statistically over-represented, when

Adolescence is a unique ontogenetic period during which compared to adults, in the group showing a prominent moti-
plasticity of the brain continues through neuroanatomical, vation towards seeking novel sensations. Thus, in human
neurochemical, and neurophysiological processes. Corre-adolescents, the continuing search for sensations and the
sponding to shifts in brain maturation are significant transi- need for novel stimuli may account, at least partially, for
tions in cognitive, psychological and social development, as the elevated level of “curiosity”, and for the first approach,
well as age-specific alterations in behavior and in psycho- towards the experience of psychoactive agents.
pharmacological responsivity [3,9—11]. Thus, environmen-  Furthermore, sensation seeking has been associated with
tal influences during adolescence are bound to interact withall three groups of traits (impulsivity, aggression, as well as
unique neurobiological and psychosocial strengths and approach and reward seeking) which the biochemical model
weaknesses to predispose or protect an individual from developed by Zuckerman (for literature, see Ref. [17])
drug abuse and/or dependence. Although it is during adoles-describes as related to three specific monoamine neurotrans-
cence that most drug use and abuse patterns are initiatedmitters, dopamine (DA), norepinephrine (NE), and seroto-
there have been relatively few investigations of the factors nin (5-HT). These neurotransmitters have long represented
contributing to this age-specific propensity, and very little is primari foci for the investigation of the biological bases of
known about the unique effects and consequences which thdundamental behavioral mechanisms such as approach, inhi-
exposure to potent psychoactive agents may have duringbition, and arousal. Other psychobiological models of
this developmental period. However, recent epidemiologi- personality, proposed by authors such as Depue, Cloninger
cal research has shown that individual differences in the ageor Gray (for literature and discussion, see Ref. [17]) have
of first contact with psychoactive compounds may influence also emphasized the relationships between basic behavioral
subsequent patterns of drug use as well as the developmentnechanisms in animals and humans, personality traits in
of drug-related problems. Indeed, certain patterns of humans, and the monoamine neurotransmitters. Further-
consumption, as well as the likelihood to shift from use to more, recent advances in molecular genetic research may
abuse and the chances of developing dependence, all seermold the promise of more direct and definitive findings link-
to be positively correlated with an early approach to drugs ing neurotransmitters, hormones and their regulators to
(for literature see Refs. [8,12,13]). An early onset of drug personality traits in humans and behavioral traits in other
use might have such effect by disrupting developmental species. The notion that novelty-seeking really has a basis in
processes that lead toward successful adaptation duringgenetic abnormalities of the DA receptor has recently been
adolescence. Acute or chronic drug exposure could interfereconfirmed by genetic studies [18]. It was shown that
with normal growth, maturation, as well as the development subjects carrying a particular allele of the D4 receptor had
of cognitive and psychosocial competence. higher scores in novelty-seeking than those with the normal

The studies illustrated in this paper will focus on age- genotype.
specific neurobehavioral function in adolescents, placing The studies reported by Netter and associates [19] repre-
particular emphasis on developmental and experiential sent a major contribution to this literature. Relevant to the
factors which contribute to drug use and abuse (often role of physiological parameters (such as levels of the
using synthetic psychostimulants as an example). The inten-stress-related hormone cortisol) in sensation seeking, the
tion is to provide evidence of the importance of the assess-high sensation (experience) seekers demonstrated a blunted
ment of adolescents per se for this kind of research. Indeed,response to a 5-HT agonist (ipsapirone), indicating a weaker
the continued integration of research on normative and devi- serotonergic reaction to the drug. Indeed, the novelty-seek-
ant development during adolescence has proven to be usefuing subjects have been found to present a 5-HT deficit and a
to the field, as research on normative and clinical popula- derangement in monoaminergic systems which is probably
tions can inform each other. Furthermore, the integration of independent from chronic substance abuse [17]. As such,
longitudinal and laboratory experimental research, includ- the relationship between novelty-seeking levels and hormo-
ing the integration of research with animal and human popu- nal parameters in response to 5-HT system stimulation was
lations, should provide a more complete and rich specifically investigated—in the clinical laboratory of one
understanding of adolescent development and vulnerability. of our group [2]—as a function of the past history with

A particular temperamental trait, which has been put psychostimulants (see below).
forward in both epidemiological and experimental studies, It is notable that, in spite of the scientific evidence
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Fig. 1. Time course of prolactin (upper panel) and cortisol (lower panel) responsefetdluramine stimulation (mearr SE) in * 3,4-methylene-
dioxymethamphetamine (MDMA) late adolescence users (closed circle) and in normal volunteers (open(Nireldp). (Reprinted with permission
from Ref. [2].)

concerning its neurotoxicity [20,21], young human indivi- normally involved in emotional behavioral and physio-
duals are increasingly involved in the recreational use of logical changes [20,31,32].

amphetamine-type stimulants such as MDMA (or  The relationships between temperamental features, such
“Ecstasy”), a synthetic psychostimulant which exerts its as impulsivity and aggressiveness, and the use of this speci-
effects by massive releasing of both serotonin and dopaminefic psychostimulant agent are still poorly understood in the
from nerve terminals. MDMA (3,4-methylene-dioxy- few experimental protocols in humans [26], as are the biolo-
methamphetamine) effects on the central nervous systemgical and psychological consequences of chronic use of
have been widely investigated in experimental animals MDMA. For this reason, in a very recent clinical investiga-
[22,23]. Dopamine synthesis inhibitors have also been tion [2], a number of late adolescence MDMA users, who
found to induce significant changes in ecstasy effects [24], did not show other drug dependencies or alcohol abuse and
supporting the hypothesis of an involvement of the dopami- who had not used other drugs for prolonged periods, under-
nergic system in MDMA action [25] which may underlie its went a series of neuroendocrine and psychometric tests.
rewarding properties [26]. These drugs are used in danceTheir responses were compared to healthy NON-USER
parties, “rave” parties and after-hour dancing with techno- controls in a test of mental stress as well as a drug challenge
music, in the attempt to decrease fatigue perception andwith d-fenfluramine (a specific serotonergic stimulus).
increase endurance [21,27,28]. The expected MDMA Many clinical studies had previously shown that hormone
effects, reported by ecstasy users, include mood improve-responses to neurotransmitter challenges are suitable tools
ment, closeness, sensual and perceptual enhancemenfor investigating the sensitivity of 5-HT and DA receptors.
gained insight and general activation [29,30], suggesting The results obtained indicate that MDMA users, who were
that this amphetamine-type stimulant exerts also in humansevaluated at least three weeks after MDMA discontinuation,
a variety of influences on the monoaminergic pathways were characterized by significantly reduced prolactin and
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Table1l of the features found in human high-sensation seekers.
Psychometric assessment. Environmental exploration represents a fundamental aspect

Val EM.*p < 0. l. . . .
alues are expressed as meansSEM. *p < 0.05 vs contro _ of the behavioral repertoire, and has both ontogenetic and
Personality was investigated by Minnesota Multiphasic Personality

Inventory (MMPI) and by the Personality Diagnostic Questionnaire- phylogenetic significance. Unlike other vertebrates,
Revised (PDQ-R). Characters and quantification of aggressiveness (definednammals are capable of coordinating the disparate informa-
as direct, indirect or verbal, as irritability, negativism, resentment, suspi- tion from different senses to create in the brain a model of
ciousness and total score) were analyzed by the BDHI, Buss-Durkee Hosti- tha real world [33]. This picture of reality is established in

lity Inventory; Depression was monitored by the Hamilton Rating Scale for . . .. . .
Depression (HRS-D). All the subjeatd = 15) have been submitted to the childhood and requires regular revision in the |Ight of

Tridimensional Personality Questionnaire (TPQ) to investigate the Changes thatoccur in the animals experience and surround-
temperamental aspects, and particularly “harm avoidant”, “novelty seek- iNgs. Thus, mammals are essentially information seekers,
ing”, “reward dependent”. (Reprinted with permission from Ref. [2].) and are biologically designed to pay more attention to
novel information than to the familiar. They actually seem

MDMA subjects Control subjects . . .

: : to be both attracted to and activated by novel stimuli as well
MMPI-depression 64.3 3.7 485+ 3.2 as by variations in the setting or intensity of familiar ones
PDQ-R total Score 3% 24 1711 [34,35]. Experimental evidence indicates that the experi-
BDHI total score 62.8=5.7 55.6x 4.9 ence of novelty is associated with activation of the meso-
BDHI direct 57.1+ 4.3* 425+ 3.9 limbic d . . t in the CNS: f |
BDHI guilt 584+ 6.2 418+ 40 imbic dopaminergic system in the ; for example,
HAMD 14.9 + 3.4* 51+ 22 entering a novel environment in rats is associated with an
TPQ novelty seeking 27.94 5.3* 16.7% 3.1 elevation of dopamine levels within the nucleus accumbens
TPQ harm avoidant 18357 12.0x 4.1 [36]. Furthermore, lesions of this area, induced by 6-OHDA,
TPQ reward dependent 1153.9 13.4+ 3.0

block the expression of novelty-seeking behavior [37,38].
Indeed, these same brain areas are involved in reward-
cortisol responses to drug challenge, as well as by a combi-related phenomena induced by salient natural stimuli as
nation of depressive pattern, dysphoria, high levels of well as by drugs of abuse such as psychostimulants [39—
outward-directed aggressiveness and elevated scores ofi2]. Consequently, the satisfaction of a novelty-stimulated
novelty-seeking (sensation-seeking/risk-taking) behavior “curiosity” seems to have most of the characteristics of
(see Fig. 1 and Table 1). It was therefore concluded that anatural rewarding events [43].
psychostimulant such as MDMA, which exerts its effects by ~ Over the last few years, we have investigated age-related
massive release of both serotonin and dopamine from nervedifferences, among several other facets of the behavioral
terminals, could arguably have been chosen by these indi-repertoire, in exploratory behavior of both rats and mice,
viduals as an unconscious self-medication for an underlying in an attempt to identify the differential behavioral and
dysfunction in monoaminergic (mostly 5-HT) pathways physiological characteristics of age-related discontinuities
(see also Ref. [17]). in behavioral reactivity to novelty. Our findings raise
The studies reviewed here clearly illustrate the fruitful- the question of the nature of the behavioral and biological
ness of a comparative approach for understanding brain—relationships and suggest some general theoretical
behavior relationships. Indeed, we can study behavior in considerations.
both humans and animals and attempt to look for common
biological correlates. Novelty-seeking and positive reac-
tions to novel situations have been an essential part of the2. Novelty-seeking and periadolescence
definition of sensation seeking from the start, and have
provided a basic model in animals as well as in young As suggested above, the identification and thorough char-
humans. The model proposed by Zuckerman (for literature, acterization of critical ontogenetic periods associated with
see Ref. [17]) was initially developed through psychometric increased basal levels of novelty-seeking and, perhaps, by
and behavioral studies in humans. However, current increased biological vulnerability to the effects of drugs
advances are largely based on studies of other speciesbuse, could have great psychobiological and clinical—
such as rats, cats and monkeys, and correlational and experitherapeutical importance. Human sensation-seeking scores
mental data from both animal and human studies tend to have been reported to decline with age, after having reached
support the model. A comparative approach toward the a peak in late adolescence [14]. However, the experimental
study of sensation seeking has long been advocated—uwithevidence on the interaction between psychostimulants and
an emphasis on exploratory behavior in novel situations, novelty-seeking in animal models is mixed, and mainly
approach to novel stimuli, sociability and sexual and derives from the study of adult subjects [44,45]. In fact,
consummatory behavior, as well as on drug self-administra- although an age-related decline of novelty-seeking scores
tion—as a useful means to investigate the genetic and biolo-has also been found in rats [4], no systematic studies of the
gical basis of the trait [14]. topic are available on periadolescence, defined as the onto-
Some behavioral and physiological characteristics have genetic period that encompasses the 7—10 days preceding
been described both in rats and mice which resemble somethe onset of puberty (at about 40 days of age in rats and
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Tail Rattling expression of exploration and sociability (for literature
6 N . and discussion see Refs. [11,47,50,62]).
--0-- Pair-Dom
--4-- Pair-Sub
—e— Isol-gom . . .
4 —4— Isol-Sub 2.1. Novelty-seeking (free-choice paradigm) and acute

AMPH effects

Frequency

Consistent with the above considerations, a first study in
mice investigated the interplay between a particular natural
willingness to search for novel stimuli and the effects of
repeated and intermittetkamphetamine (AMPH) admin-
istration. Indeed, according to Bardo and colleagues [63],
Fig. 2. Mean frequency£ SEM) of the ambivalent behavidmil Rattling who recently reviewed the evidence for a psychobiological
recorded (single 30-min session) during development in dominant (DOM) association in animal models between the tendency to sensa-
and submittgd (SUB) mice, kept in either paired (PAIR) or indiv?dual tion/novelty-seeking and the willingness to use psychosti-
SSOL) hqu_s_lng. Somal_c_encoun_ters were conducted b_etween (_e)_(penmentalmulant drugs, all these experiences share a common

yads of initially unfamiliar subjects of the same housing condition, every . : . .
third day, from pnd 23 to 4 = 7-10 subjects in each final experimental N€Urobiological substrate, namely the activation of brain
group. Post-hocs: DOM vs SUB on PNDs 35, @8< 0.05). (Reprinted meso-limbic dopaminergic pathways [36] (for human
with permission from Ref. [52].) studies, see Refs. [18,64]). The latter pathways have also

been consistently related to reward-related phenomena
[39,41] (for a review see Refs. [40,42]).

mice), and the first few days thereafter [11]. The investiga-  Following repeated association between psychostimulant
tion of an animal model of adolescence was thus felt drugs and a distinct environment, contextual cues acquire
necessary. the ability to elicit a conditioned approach response in

Periadolescent rats and mice are reported to be hyperactodents (for literature, see Refs. [65,66]). To shed more
tive according to several behavioral measures [9,11,46]. light on the nature of the above processes and underlying
However, as evidenced by Spear and associates, “hole-neurobiological mechanisms, an experimental procedure
poke” behavior, a measure of exploratory motivation— was designed [67], which allowed both familiarization to
which is largely independent from the animal’s gross loco- one specific compartment of the apparatus and repeated
motor activity—is expressed more frequently and for a associations between AMPH and this environment. During
longer time by 35-day-old rats compared to younger and this Training period, adult (pnd> 70) and periadolescent
older animals. From a social perspective, animals around (pnd 33—43) mice were randomly assigned to three different
this age are characterized by a pervasive expression of thereatment history groups, which were injected with different
affiliative and playful components of the behavioral reper- doses of AMPH (0, 2 or 10 mg/kg i.p. once/day) for three
toire [47-53]. In particular, Panksepp [49] (see also Refs. days in a familiar environment. To investigate the potential
[48,53]) reported that the ontogeny of rat social play is carry-over effects exerted by repeated AMPH-induced
characterized by an inverted-U-shaped function, with a stimulation on later responses to natural rewarding events
peak between 32 and 40 days of age. According to Williams (such as novelty), the animals were tested following a 48 h-
and Scott [54], a crucial period for social development may wash-out period from the last drug injection in a free-choice
occur around this age, when adult-like fighting develops in novelty preference paradigm by placing them on Testing
association with the pubertal surge in androgens [55-58]. day in the familiar and pretreatment-paired environment.
Terranova and colleagues [52], as shown in Fig. 2, observedThey were also challenged with either saline (SAL) or a
that the period around postnatal day (pnd) 35 also corre- standard AMPH dose (2 mg/kg), to assess the acute effects
sponds to an important phase in the determination of a of the same drug on novelty-seeking performance. In agree-
clear-cut differentiation in the social roles of mouse pairs ment with previous reports [44,45,68], on Testing day, when
(i.e. formation of adult-like dominance/submission relation- mice were allowed to freely move from the familiar to a
ships), with a high expression of the “ambivalentail completely unknown environment (the novel side of the
Rattling behavior that is typically elicited in contexts of apparatus) (see Fig. 3, upper panel), all subjects
uncertainty and contains both threatening and fleeing showed—irrespective of previous treatment history—both
components [59-61]. an increased arousal (data not shown) and a marked prefer-

These behaviors, which correlate only loosely with ence for the novel environment. However, consistent with
simple activity measures, are functionally similar, occur our hypothesis, periadolescent mice spent a significantly
only in the presence of conspecifics and, most interestingly higher percentage of time in the novel compartment, when
for our purposes, they follow a similar ontogenetic trend. It compared to adult subjects, suggesting a higher novelty-
has been hypothesised by several authors that such a specifiseeking trait to be characteristic of this age. This approach
behavioral profile may be adaptive for the particular “ecolo- response has been considered as indirect behavioral
gical niche” of periadolescent animals, facilitating the evidence of an internal state of reward, because it is

Postnatal day
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SAL challenge AMPH challenge in that, whereas such a challenge is reported to have no
100 effect in adult rats [44], a dose-dependent reduction of

novelty preference has been found following the adminis-

— tration of metamphetamine in adult mice [45]. No direct

% > E;;ié\**\?** comparisons with these reports are possible, due to impor-

—
o
o

~
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tant methodological differences. However, the data reported
here clearly indicate that the AMPH challenge had quite
opposite effects depending on the age of the subjects (see
Fig. 3, upper panel), strongly increasing novelty seeking in
adults while decreasing it in periadolescents. It has been
previously shown that response to AMPH is strongly depen-
AMPH Challenge dent on the baseline level, because it enhances the response
when the baseline is low, but reduces it when the baseline is
high [70]. As we have seen in the present experiment,
animals of the two ages actually showed different baseline
o 2 ) novelty-seeking profiles, consistently lower in adults
SAL  AMPH2 AMPH 10 SAL  AMPH 2 AMPH 10 compared to periadolescents. Thus, a higher threshold for

Treatment History Treatment History the incentive stimulation induced by novelty might be
Fig. 3. Novelty-seeking as measured by the meanSEM) percentage of hypothesized for th,e ad‘,"ts’ SO th?.t acute AMPH Sj[l,mmatlon
time spent in the novel compartment by subjects of both ages on testing day.WOUId be needed in this group in order to sensitize CNS
During the Training period (days 1, 2 and 3), mice received a daily AMPH Systems underlying novelty-seeking behavior and therefore
injection (treatment history: 0, 2, or 10 mg/kg) immediately before being allow them to reach the elevated levels of novelty prefer-
placed for 20 min irj the_ familiar compartment. On Testing day, animals ence shown by drug-free periadolescents. On the contrary,
were challgnged with either SAL ('Ieft panel) or a standard AMPH dose when the latter subjects were injected with AMPH, the over-
(2 mg/kg, right panel) and placed in the drug-paired compartment. After . . ;
20 min, a partition was removed and mice were allowed free access to aStimulation of drug-targeted CNS systems might have
novel compartment of the apparatus for a 15-min session. Upper panels: theproduced a marked reduction in the active search for
behavioral profile over the session is presented as a function of the age ofnovelty, which apparently lost its incentive properties. As
the subjects_. Lower panels: d_ata are presented as a functiqn of the_ age angy whole, the different baseline levels expressed by animals
treatment history of the subjectstp < 0.01 (n=10). (Reprinted with ¢ o v ages, as well as the age-related differences in the
permission from Ref. [46].) .

response to the AMPH challenge, could be interpreted as
evidence of a shift to the left in the inverted-U shaped profile

unconditionally elicited by a number of rewarding natural of drug response during periadolescence.
stimuli [69]. Interestingly, when spending time in the novel
environment, periadolescents seemed to express somewhaj o AMPH-conditioned incentive properties
higher levels than adults, suggesting a more marked profile
of novelty-induced arousal to be typical of this age (for  In this experiment, the unconditioned novelty-related
literature and discussion, see Ref. [46]). motivation towards an unknown environment was directly

These results were not unexpected, on the basis of humarcompared with the drug-conditioned incentive motivation
data reporting that novelty-seeking is typically high during for a familiar and pretreatment-paired one (conditioned
adolescence, and undergoes a subsequent decrease ptace preference, CPP procedure) [67]. With respect to the
subjects grow older [14]. However, the profile obtained carry-over effects of each animal’s history of AMPH treat-
provides some confirmation of the validity of the present ment, and in the absence of differences within the group
animal model, and suggests its utility as an experimental acutely injected with SAL, significant carry-over effects of
paradigm. From an eco-ethological perspective, it is during the past experience with the same drug on the time spent in
the periadolescent period that rodents are seen to leave thehe novel environment were found upon AMPH stimulation
nest and begin to explore at some distance from the nest sitqsee Fig. 3, lower panel). In fact, within the adult group,
[62]. Thus, elevated levels of novelty-seeking and novelty- mice with an AMPH 2 treatment history showed signifi-
induced arousal seem to be highly adaptive for animals cantly lower levels of novelty preference than SAL treat-
around this age. In the context of the present study, the ment history controls. Consistent with a previous report
experience of novelty can also be thought to have a some-[67], these results suggest that AMPH-conditioned incentive
what higher rewarding value for periadolescents than for properties, experienced in and associated with the familiar
adults, leading to the hypothesis that the CNS regulatory compartment during the Training period, were able to deva-
systems underlying novelty-seeking behavior are set at alue the strength of the unconditioned motivation towards
different basal level in the two age groups (see below). novelty on the Testing day. An opposite profile was found

The available literature on the effects of acute AMPH for adult mice with a treatment history of AMPH 10, which
administration in novelty preference paradigms is mixed, spent significantly more time in the novel environment

Novelty preference (%)

w
o

0-5 6-10 11-15 50° 0-5 6-10 11-15

Minutes Minutes

(f Periadolescents H —{ Adults J

SAL Challenge

100 100

r * %

75 75

Novelty preference (%)

50
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compared to mice from the other two groups. In this case, it AMPH-induced stereotyped behavior that was typical of
can be hypothesized that an excessive arousal (for a possibl@dults. Accordingly, subjects of this age were found not to
role of drug-induced stereotypies see also Fig. 6, bottom develop a conditioned aversion for the pretreatment-paired
panel) induced by an elevated AMPH (10 mg/kg) dosage environment (see Fig. 3, lower panels).
on Training day 1 produced a conditioned place aversion Overall, these results indirectly suggest that periadoles-
for the familiar drug-paired compartment, so that when cents may be more “protected” from AMPH-related aver-
offered a free choice, the mice took refuge in the other sive properties, and perhaps more vulnerable to the
one [67] (see also Refs. [66,71]). experience of internal states of reward, than are older
Conversely, no carry-over effects of treatment history animals. Thus, the present animal model of adolescence
were found in the periadolescent animals. To explain why seems to represent a reliable and useful model for the inves-
this group did not develop an adult-like conditioned place tigation of the issue of vulnerability to a variety of habit-
aversion for the familiar compartment repeatedly paired to forming agents or emotional experiences whose positive
AMPH 10, it should be noted that an age-related difference reinforcing properties may rely upon a common neurobio-
appeared in the expression of stereotyped patterns of behalogical mechanism.
vior on Training day 1. In fact, following acute AMPH 10 In the course of the same study, important age-related
administration, only adult subjects exhibited elevated levels differences were also detected by the application, on obser-
of stereotyped behavioral activity. This raises the possibility vational data from the Testing day, of a multivariate statis-
that periadolescent animals did not experience the negativetical methodology (Principal Components Analysis, for
correlates (see below) of AMPH effects (see, e.g. Refs. literature and application see Ref. [46]) allowing each indi-
[71,72]). Thus, as a function of the drug dosage and of the vidual to be represented by co-ordinates in multidimen-
age of the subjects, differential positive or negative incen- sional space. As shown in Fig. 4, periadolescent baseline
tive properties appear to be evoked by the AMPH-condi- behavior (SAL-injected) was unbalanced towards self-
tioned environment. directed activities, as animals of this group clustered closer
In response to the AMPH administration, rodents gener- to the grooming pole, whereas the corresponding adult
ally show either a profile of locomotor hyperactivity or a group occupied an intermediate position. Upon acute
stereotyped behavioral syndrome, as a function of drug AMPH administration, a significant shift from the pole of
dosage (see, e.g. Refs. [66,73,74]). Locomotor hyperactivity groomingto the opposite pole afrossing-rearing (envir-
is produced by certain dosages of AMPH, as well as by other onment-directed behaviors) was seen. Again, the shift
drugs of abuse [73]. AMPH-induced release of dopamine exhibited by the young subjects was much more pronounced
within the nucleus accumbens is considered to be involved than that shown by adults. It seems therefore that periado-
in such behavioral change [74]. As the same neural substratdescent mice express in both cases a more unbalanced and
seems to modulate both unobservable subjective reward andextreme-oriented” behavior than adults, and this result
measurable locomotion, the AMPH-induced behavioral provides additional evidence that periadolescence repre-
hyperactivity has been considered as an indirect index of sents a peculiar age-period from both behavioral and phar-
reward [75], resembling the “euphoria” induced by this drug macological point of view (for human studies, see also Ref.
in humans. Behavioral sterotypies have instead been[1]).
proposed to serve as a coping mechanism for drug-induced
excessive arousal [76,77]. Because of such a “poor welfare”
experience, stereotypies might also underlie potential 3. Age-related changes in response to chronic or acute
AMPH-related aversive properties [66,71,72,78]. Results drug administration
derived from the detailed behavioral analysis carried out
in the present study seem to be consistent with these hypoth-3.1. Development of sensitization
eses. In fact, within the AMPH challenge group, a clear-cut
and dose-dependent sensitization profile emerged (see the Substance abuse is a major issue in today’s society and is
following paragraph 3.1 for a definition of sensitization). It of critical importance in the adolescent population.
should be noted that an age-related difference appeared irResearch indicates that substance use is often initiated
this profile (data not shown), where adult subjects with a during the adolescent period and that brain reward areas
treatment history of AMPH 10 showed significantly lower are still undergoing changes during this time [10,46,71].
levels of hyperactivity compared to the corresponding peri- Despite this, only a few studies investigated the effects of
adolescent group. Accordingly, concomitant observational chronic drug use on the reward mechanisms of periadoles-
data indicated that this group of adult mice engaged parti- cent animals. The alterations that occur in these systems
cularly in AMPH-inducedcompulsive lickingstereotypy. may produce, in reinforcement mechanisms, changes
The general profile can be interpreted in the context of a which make continued drug use more likely.
response competition model. On the contrary, AMPH-10  Repeated drug injections often result in a reduction in the
treated Periadolescents showed a greater sensitizatiormagnitude of the drug’s effects upon subsequent adminis-
of the locomotor response, but failed to show the tration. This phenomenon, characterized by a shift to the
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right in the dose-response curve, is known as tolerance.repeated and intermittent administration of high dosages of
Conversely, some regimens of drug administration produce AMPH, a more marked sensitization of the locomotor
an increased response to the drug with subsequent adminisresponse is typical of periadolescent subjects when
tration. This phenomenon is associated with a shift to the compared to adults. Conversely, the former subjects failed
left in the dose—response curve and is known as “reverseto develop sensitization for the stereotyped pattern of beha-
tolerance” or sensitization [79]. The development of both vior. Both these findings are strongly consistent with data
tolerance and sensitization to drug effects after repeatedfrom a very recent rat study [71], showing age-related differ-
administration of the same agent is thought to contribute ences in cocaine sensitization profile.
to the establishment of drug dependence and addiction
both in animals and humans [80]. 3.2. Assessment of sensitization to cocaine

There is also ample evidence for interindividual vari-
ability in response to psychoactive drugs due to genetic, In this study, periadolescent (pnd 34—39) and adult (pnd
experiential or age-related causal factors [65,66,81—-85]. 60—70) rats of both sexes were repeatedly administered
For instance, young human subjects around or shortly cocaine (COC) for four consecutive days (see the legend
after puberty report negligible effects after “snorting some of Fig. 5). Forty-eight hours after the last injection, all the
lines” of cocaine, so that they may feel encouraged to do animals were challenged with a standard 10 mg/kg cocaine
more to see what would happen [86]. Yet, the progression of dose, and their behavior was scored. As expected, acute
cocaine use appears to be more rapid among human adoleszsocaine induced a prominent increase in a number of beha-
cents than among adult cocaine abusers, a finding whichviors, and this response profile was less marked in periado-
suggests that cocaine may have a greater addictive potentialescent compared to adult animals. The development of
among adolescents than among adults [87]. This is of parti- behavioral sensitization to cocaine compared to the chronic
cular concern given that it is during adolescence that humansaline group (see differences in bar length between the white
subjects usually make the first contact with the drug, whose bars (the group receiving COC for the first time) and the
usage peaks in the early 20s [88]. shaded bars (the groups with a COC treatment history)) was

Sensitization phenomena at developmental ages havea function of age-specific alterations in sensitivity to
been poorly investigated, yet important ontogenetic changespsychostimulants, with periadolescent animals showing
in the neurobiological systems underlying the development sensitization to the locomotor activating effects of cocaine
of sensitization may be expected, and this in turn might be (see Fig. 5, upper panels). In contrast, no evidence of sensi-
responsible for different levels of vulnerability to drugs at tized hyperactivity, but rather a consistent sensitization
different developmental ages (see Refs. [71,89,90]). The profile for both stereotypethead scanningand focussed
results summarized above indicate that, following chronic sniffing activities was found in adults. The latter behavior
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Fig. 5. Upper panels: Mean number of matrix crossingsEM) of periadolescent or adult female rats injected with a standard cocaine (10 mg/kg) dose on

the Testing day. White bars indicate the acute response to cocaine by control animals (Sal Chronic treatment), whereas the shaded bars ilsdicate anima

repeatedly administered cocaine (Coc Chronic treatment, 10 or 20 mg/kg once/day) for four days in the test-chamber. Lower panels: mearfr8&h&ncy (
of stereotyped sniffing behavior by periadolescent or adult female hits.&10 in each final group; animals are the same of the upper panels). (Reprinted
with permission from Ref. [71].)

was found to be poorly expressed in periadolescents (seedevelopmental differences in response to repeated psycho-
Fig. 5, lower panels). The progressive augmentation of stimulant administration.
stereotyped patterns of behavior also appeared to be more Furthermore, such developmental differences could
rapid among adult animals than among periadolescentreflect anatomical differences in the ontogeny of such plas-
animals. Such findings suggest that, as a function of age,ticity. Locomotion is elicited by drug-induced stimulation
distinct components of the behavioral repertoire are affected of dopaminergic mesolimbic brain areas, while stereotyped
by repeated intermittent administration of the same drug behaviors are associated with an increased dopaminergic
doses. It is tempting to speculate that the lower frequency activity at the extrapyramidal level [74]. There are reports
of drug-induced stereotypies among adolescent vs adult ratghat nigrostriatal DA neurons from immature rats are less
may also be seen as an index of differential affective compo- sensitive to the inhibitory effects of cumulative ampheta-
nents of the drug experience for animals of the two ages (seemine doses than neurons from adult rats [94]. This insensi-
also Refs. [66,78,91] for discussion). tivity might limit adaptations of stereotyped behavior, while
The expression of an augmented behavioral response to a&hanges might occur more easily in mesolimbic projections.
challenge dose of a psychostimulant has been associated\lternatively, it can be hypothesized that the nigrostriatal
with enhanced DA release. Several studies have demon-feedback pathways and/or the dopamine transporter in peri-
strated that when exposed to psychostimulants for extendedadolescents may differ from those of adult rats (see Ref.
durations, biochemical and functional changes in DA [10]). The neurochemical mechanism for the decreased
systems are observed [92,93]. For instance, repeated stimusensitivity to psychostimulants in periadolescent animals
lation-induced subsensensitive DA autoreceptors have beeris unclear, as most indices of dopaminergic function includ-
postulated to enhance DA release from drug-stimulated ing cell firing, terminal density dopamine content and trans-
mesolimbic and nigrostriatal neuronal terminals and these porter density and receptor number have achieved adult
changes could play a role in the behavioral sensitization levels by this time [95]. However, some neuropharmaco-
phenomenon [93]. It is thus possible that a developmental logical reports suggest a differential degree of functional
difference in plasticity of dopaminergic function underlies maturation for dopamine autoreceptors in mesolimbic and
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striatal regions during the periadolescent period [96]. This reactivity to novelty, and individual vulnerability towards
developmental phenomenon has been hypothesized tadrug-taking behavior [4,107].
account at least partially for the differences in the pattern  Furthermore, besides classical behavioral effects,
of psychopharmacological sensitivity between animals of psychostimulants (such as AMPH) activate the HPA axis
the two ages (see Ref. [11] for a review). and increase levels of both plasma adrenocorticotropic
In the present study, chronic cocaine also reduced bodyhormone (ACTH) and CORT [110]. Age-related differences
weight and food consumption, but these alterations were in the hormonal effects of AMPH were thus hypothesized.
evidenced in adult males only, and were not found in peri- So far, the experimental evidence pertaining (in animal
adolescents of either sex. These profiles of chronic drug models) to the interplay between a number of factors,
action suggest the involvement of a hormonal component; such as the response to novelty and the function of the stress
namely, the presence of high levels of testosterone, whichresponse system, as well as the effects of psychostimulant
makes adult males more susceptible than either younger andagents thereon, has been mainly derived from adult subjects
sexually immature animals or adult females. There is some (see Ref. [63]). Thus, in keeping with epidemiological data,
evidence in the literature of an inverse relationship between it seemed of interest to investigate the issue of these psycho-
plasma testosterone levels and the acute effects of amphebiological risk factors in an animal model of adolescence
tamine or cocaine, as well as between testosterone and thésee also Ref. [3]).
behavioral sensitization observed after repeated treatment
with these drugs [97—100] (see also Refs. [71,101]). 4.2. Forced exposure to novelty

In an effort to characterize the animals’ reaction to
novelty, two different experimental paradigms are reported
in the literature (see Refs. [4,63,111]). In the free-choice
paradigm, which was adopted in the study discussed
above, subjects can freely move between familiar and
novel chambers within the apparatus. In this case, mice
usually exhibit a marked preference for the novel environ-
d’nent [44,45,67,68] (see also Ref. [112]), and they falil to
show any significant increase of blood CORT levels [113].
This indicates the absence of any stress-induced HPA axis

4. Interplay between the response to novelty, the stress-
response system and psychostimulants

4.1. Novelty, HPA and AMPH effects

As discussed above, sensation seekers are often involve
in risky and stressful activities that are avoided by others, as

well as in illicit drug use [15]. The continuing search for oo . .
_— ; . activation. Conversely, in the forced-exposure paradigm,
novel stimuli may account in these subjects for the elevated . . ) :
experimental subjects are placed into an inescapable novel

levels of restlessness, recklessness, curiosity, and perhaps’ ™. o .
. : environment. In these conditions, rats and mice show an
the first approach towards psychoactive drugs use, that. :
; ntegrated stress response, namely, a behavioral hyper-
appear to be widespread among human adolescents [6] .~ . o
. ctivity profile—consisting of both escape attempts and
(see also Ref. [1]). These data lead to the hypothesis that ; . .
. . L exploration [43,114,115]—and a prompt elevation in
the experience associated with risk and novelty, as well as
. . ; .“blood CORT levels [113,116,117].
with psychostimulant drug use, may have a greater incentive

potential among adolescents than among adult subjects (for A.S _reported above, perladolescent_ mice were founo! to
discussion, see Ref. [46]) exhibit elevated levels of novelty-seeking in the free-choice

In this context, a great interest has been recently devotedp.alradlgm compared to adults [46]. In that study, such beha-

. i . . vioral differences among subjects of different ages were
to the interaction between the brain reward system, i.e. the : . ; .
mesolimbic dopamine pathways, and the hormonal stress-m/pmhe.Slzed to .be Ilnkeq 0 a peculiar fungtlon of the
response svstem. namel the, hvpothalamic—pituitary— HPA axis. Thus, it was of interest to extend this character-

P y ! y e hyp . P y ization to the locomotor and hormonal profile emerging in a

adrenal (HPA) axis. The mesolimbic dopaminergic system i : .
has been shown to have a stimulatory action upon the HPAforced novelty experimental paradigm (see below for the
axis (see Refs. [102,103]). Indeed, a 6-OHDA lesion of results of this study). In this setting, the integrated stress

) N o ' response was investigated by performing a detailed time-
dopaminergic neurons in the ventral tegmenta}l area (VTA) ourse analysis of both responses in mice of the two ages.
causes a decrement in both basal and stress-lpduced COR ndeed, age-related discontinuities in response to psycholo-
release [104]. It has been shown that the functional state of . | st h b indicated hobiological risk
the HPA axis can modulate the rewarding eflects of B0 S0 ICr il T oot Shuse [46.71,108),
psychostimulant drugs (see Refs. [105,106] for a review; y 9 e ’
[107], see also Ref. [108]), and that the hormone corticos- 4 3 Acute AMPH effects on locomotor activity
terone (CORT) has rewarding effects in itself, as it is readily
self-administered by animals [109]. Also, a dysregulationin A first experiment [9], characterized the acute behavioral
the negative feedback of stress-induced CORT secretion hasffects of AMPH in both periadolescent and adult mice
been associated with a particular behavioral trait, consistingwhen faced with an inescapable and novel environment.
of elevated levels of novelty-seeking, increased behavioral With respect to locomotion, the results indicated (see
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Fig. 6. Upper panels: meant{ SEM) activity (number of photobeam interruptions/s). Animals of both ages were injected with either SAL or AMPH (2 or

10 mg/kg) immediately before being placed in the novel environnipnt 0.05, **p < 0.01, in multiple comparisons performed between the two ages within

the same treatment. Middle panels: mean $EM) plasma corticosterone levels shown by subjects of both ages, measured as percentage of increase over the
baseline. Animals were the same as above. At specific time points, animals were sacrificed and trunk blood collected. Lower paneSBEMpduration of

each single episode adfick—-Gnawbehavior (total duration/frequency). Animals were the same as abtye< 0.01 in multiple comparisons performed
between the two age&N = 10). (Reprinted with permission from Ref. [9].)

Fig. 6, upper panels) that when compared to adults, peri- administration of catecholamine agonists such as cocaine
adolescent SAL-injected controls were characterized by and amphetamine, and an accentuated behavioral response
activity levels that were still elevated at the end of a long- to a catecholamine antagonist such as haloperidol (see also
lasting 120-min session. These results might be interpretedRefs. [10,11,46,71,119]). For the behavioral profile of
as an evidence of a deficit in habituation to novel stimuliin AMPH 10-treated subjects of both ages, see Section 4.5.
the case of periadolescent subjects. Consistent with this As outlined in a classical review by Spear and Brake [11],
proposal, previous reports showed that periadolescent ratsvhen compared with younger or older animals, periadoles-
and mice are characterized by elevated basal levels of behaeent rats show alterations in psychopharmacological sensi-
vioral activation and that they are apparently somewhat tivity, which apparently do not rely on an age-specific
unable to focus their attention on salient environmental decrease in brain drug availability, but rather appear to be
cues (for a review, see Ref. [11]). related to an alteration in nervous system sensitivity. To test
As expected, the administration of an AMPH 2 dosage this hypothesis, Spear and Dendel (cited in Ref. [11]) exam-
produced the well-known increase in locomotor and ined brain amphetamine levels in rats of both sexes at
exploratory activity. However, a lower hyperactivity profile various ages after injection of 5 mg/kg AMPH. At all time
was shown by periadolescents when compared to adults.periods after injection, brain AMPH levels did not differ
This is consistent with previous reports, showing that among pnd 35, pnd 45 and adults. However, the behavioral
animals around this developmental stage show a characterresponse pattern to AMPH was similar in young and adult
istic hyporesponsivity to the locomotor effects of acute rats; it was the 35-day-old rats that exhibited the relatively
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attenuated response to AMPH. These results agree with aHence, behavioral subsensitivity during periadolescence
report by Campbell and colleagues [119], in which age- could be attributed to increased cholinergic transmission
related decreases in drug sensitivity were found to be despite an increased regulatory influence of DA on striatal
substantially independent from the route of drug adminis- cholinergic interneurons. Considering this view, an upregu-
tration (PO, IP, ICV), which was systematically varied in an lation of postsynaptic dopamine receptors in rat striatal
attempt to bypass potential “pharmacokinetic” influences. slices has been suggested to be typical of periadolescence
A number of developmental factors may be involved in [10].
this phenomenon, one of which might be a temporary
decrease in the functional efficacy of mesolimbic dopamine 4 4 Acute AMPH effects on corticosterone release
projections resulting in decreased overall activity of the
dopaminergic system (see Ref. [11]). Importantly, recent Inthe course of the study reviewed above, important age-
studies reported lower dopamine levels in periadolescentrelated differences were also found in the hormonal assess-
rats [120,121], and this lower dopamine level is consistent ment, with naive non-injected periadolescent mice exhibit-
with the hypothesis of a lower functional activity within the ing two-fold basal plasma CORT levels compared to adults
mesolimbic system. Indeed, the behavioral and pharmaco-(10.5 = 4.5 vs 47 = 1.9 wg/ml, respectively). This may
logical profile shown by periadolescent rodents seems to suggest a higher level functionality in the neuroendocrine
resemble that of the adult animals with lesions of the dopa- HPA axis of animals around this age (see also Ref. [128]),
minergic system (see Ref. [11]). Also, the functional devel- which may be ascribed, at least for males, to an immaturity
opment of dopamine autoreceptors, which actually seem toin gonadal function. Indeed, a chronic inhibitory androgen-
reach a functional maturation during periadolescence, hasmediated action on baseline HPA activity has been hypothe-
been suggested [11] as a possible causal factor. Thesesized [98,99], and peripubertal rodents are known to have a
authors proposed that the onset of this negative-feedbackmuch lower testicular weight/body weight ratio than adults
control might be responsible for a transient hyporesponsiv- [129].
ity within the mesolimbic system. Indeed, some dopaminer- ~ As shown in Fig. 6 (middle panels), following a forced
gic agonists are able to reduce spontaneous locomotorexposure to novelty, adult SAL-injected subjects exhibited
activity, possibly via activation of the D2 autoreceptor, an increasing profile of CORT release as the session
and administration of a low dose of apomorphine reduces progressed, whereas only a tendency towards a slight eleva-
spontaneous activity in 35-day-old rats, but not in younger tion was found for periadolescents. These results indicate
ones [122]. periadolescence to be associated in mice with a reduced
However, other findings are apparently in contrast with neuroendocrine response to a prolonged condition of mild
this picture. In microdialysis studies, the administration of psychological stress. Thus, the HPA axis seems to be some-
dopaminergic agonists, such as quinpirole or apomorphine,what hyporesponsive to external perturbations during this
are reported to decrease dopamine release as early as 5 dayfevelopmental stage. Interestingly, a stress-hyporesponsive
of age [120,123]. These studies support the idea that pre-period—taking place during the first two postnatal weeks—
synaptic autoreceptors are already functional in early has been reported in infant rats and mice (see Ref. [118] for
infancy. Thus, maturation of dopamine autoreceptors a review, see also Ref. [130]]. However, apparently
seems to be achieved after weaning, and possibly duringcontrasting results have also been reported, with an inverted
periadolescence, when considering a behavioral parameteprofile of age-related differences appearing in the case of
such as locomotor activity, but not when considering a repeated and intermittent stress exposure. Greater beha-
neurochemical parameter, such as dopamine release. vioral effects of stress are found in pre-pubertal mice, as
To account for the paradoxical behavior and neurochem- compared to mature ones [131]. As expected on the basis
ical findings in periadolescent rats, an additional and more of the literature [110,132], the administration of the AMPH
recent hypothesis implicates a mechanism involving a tran- 2 dose also produced a prominent increase of CORT release
sient elevation in DA transmission. The latter can have a in adult subjects, when compared to SAL-injected controls.
role in opposing the dopaminergic—cholinergic relationship In animals of this age, the elevated AMPH 10 dose actually
which has been proposed with respect to the regulation of seemed to reduce blood CORT concentrations, suggesting
brain structures that control motor function [124-126]. The that an inverted-U-shaped profile could account for this kind
decreased cholinergic tone is an expected secondary consesf dose—response curve. For a possible role of behavioral
guence resulting from increased dopaminergic tone stereotypies, see Section 4.5.
[126,127]. This results in post-synaptic supersensitivity of ~ With respect to the periadolescent group, in the absence
cholinergic receptors and consequently increased choliner-of AMPH 2-induced changes, only a tendency towards
gic tone, which may mediate behavioral subsensitivity when increased CORT levels was found with the administration
challenged with dopaminergic drugs [10]. The authors of the high AMPH 10 dosage. Thus, a shift to the right in the
propose that, in periadolescent subjects, a more efficientdose—response curve for the AMPH-induced CORT release
regulation of cholinergic neurons by DA leads to a transient (measured as percent of the baseline) is suggested during
up-regulation of post-synaptic striatal cholinergic receptors. periadolescence, apparently resulting also in a marked
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hyporesponsivity of the HPA axis to AMPH administration. 4.5. Acute effects of amphetamine administration on
Such a finding is particularly intriguing in view of the few stereotyped patterns of behavior
studies devoted to the ontogenetic characterization of
AMPH-induced CORT release. A recent study actually In keeping with the results of the studies reported above
noted an AMPH-induced reduction in CORT levels in 18- [46,66], a fine-grain behavioral analysis of the AMPH-
day-old animals treated with an AMPH 3 dosage [118], induced stereotypy profile was carried out (for the ontogeny
whereas the opposite profile is typical of adults (present of spontaneous stereotypies, see Ref. [136]; for the onto-
data; [110,132]). Thus, from these data, periadolescencegeny of AMPH-induced stereotypies, see Ref. [66]). In
appears to have the characteristics of an age of transitionresponse to acute administration of a high drug dosage,
for the function of the HPA axis. AMPH 10 treated periadolescents were more involved in
As the function of the mesolimbic dopamine system is elevated levels of locomotion across the whole session
known to modulate HPA axis activity [102—104], a number (see Fig. 6, upper panels) compared with the corresponding
of hypotheses can be formulated. Firstly, the neuronal path-Adult group. Conversely, when compared to peri-
ways by which the latter is controlled by the former may be adolescents, adult subjects exhibited almost maximal levels
not yet mature; secondly, the mesolimbic dopamine path- of the compulsivelLick—Gnaw stereotypy (see Fig. 6,
ways may undergo a reduced stimulation by AMPH during bottom panel). This general profile can be interpreted in
periadolescence. In this view, however, it has been shownthe context of a response competition model. In these
that DA receptors modulating CORT secretion are already animals, the stereotyped behavioral profile was particularly
fully mature in 30-day-old rats [133]. Further work would interesting, as each single compulsive episode was very
be necessary to investigate developmental changes in théntense and lasted several minutes. Such stereotyped activity
control of the HPA response by brain systems targeted by also appeared to be “focused”, as adult subjects scarcely
AMPH administration. moved away from the part of the floor to which they were
In this framework, a series of very recent studies by compulsively directing their attention.
Kellogg's group [134,135] have pointed to the role played  Stereotyped behavioral syndromes are thought to rely on
by maturational changes occurring in stressor-sensitive AMPH-induced stimulation of the dopamine pathways in
forebrain dopamine projections and related neural systemsthe caudateputamenarea in the CNS [73,74]. The present
during the adolescent period. Thus, the noradrenergic (NE)behavioral results may be compared with a recent charac-
projection from the brainstem to the hypothalamus, which terization of developmental profile of dopamine receptors in
has been shown to influence an organism’s ability to appro- the rat brain. An overexpression of striatal DA receptors is
priately react or adapt to an episode of environmental chal- reported to occur prior to puberty (pnd 40), receptor density
lenge, seems not to have achieved an adult state by latedecreasing to adult levels thereafter [137]. Brain areas such
juvenile ages but continues to undergo changes in functionas thestriatum and thenucleus accumberare thought to
throughout adolescence. mature at a different pace, the neural organization reached
In these studies, the effect of an environmental stressor,during periadolescence being markedly different from that
such as restraint, markedly reduced the release of hypotha-of the adults. As outlined by Teicher and associates [138],
lamic NE at the juvenile (pnd 28), had no effect at the these and related findings support the hypothesis that the
adolescent (pnd 42) and slightly, but significantly, increased marked overproduction and elimination of synapses and
release in the adult (pnd 70) male rat. While the hormonal receptors during adolescence may serve as a permissive factor
(CORT) response to the same stressor was similar across théor a number of psychiatric disorders, including schizophrenia,
ages studied, the hypothalamic NE response to a stressoattention-deficit hyperactivity disorder, and perhaps substance
varied across adolescent development. Thus, while adultsabuse. These preclinical data are also consistent with clinical
are reported to meet a challenge by increasing NE utilization, (human autopsy) specimens that demonstrated marked over-
juveniles appear to meet the same challenge by decreasingroduction and elimination of D1 and D2 receptors in
utilization. Juveniles and adolescents appear to respond to astriatal areas during childhood and adolescence [139].
mild environmental challenge by conserving and limiting the ~ As mentioned above, sterotypies have been proposed to
use of their endogenous transmitter stores. The stressorserve as a behavioral mechanism for coping with drug-
responsiveness of this system appears to be blunted ainduced excessive arousal [76,77]. The present results in
mid-adolescence. We should therefore consider that theadult mice are in line with this hypothesis, as AMPH 10-
development of this catecholaminergic system may play atreated subjects showed at the same time a very intense
key role in the emergence of appropriate adult neural and stereotyped behavioral syndrome and a reduction of
behavioral responses to stressful or challenging situations. AMPH-induced CORT levels. However, the literature on
As outlined by Kellogg [134,135], as changing systems are this issue is mixed, and contrasting results are also available
vulnerable to perturbation, the changes taking place in the (see Refs. [110,118,140]); further work seems essential.
hypothalamus during adolescence may contribute not only Nevertheless, it is noteworthy that such an integrated beha-
to the emergence of adult-typical responses but also to thevioral and neuroendocrine response is apparently absent in
appearance of clinical disorders during adolescence. mice around the periadolescent period.
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In animal models, a dysregulation of CORT secretion has CNS (hamely, theucleus accumbeps implicated both in
been identified as a crucial factor in individual susceptibility AMPH-induced locomotor hyperactivity and in the modula-
towards risk, as well as drug-taking behaviors (see also Ref.tion of AMPH-induced reward (see Refs. [42,75]), subjects
[4] for a review). Indeed, involvement in risky activities is around this age might perhaps be predicted to develop an
usually associated at least to a certain degree with theincreased sensitivity to internal states of reward following a
experience of psychological stress, which ultimately leads repeated experience with psychostimulants, when compared
to a prompt activation of neuroendocrine pathways in the to adult subjects.

HPA axis and an increase in plasma CORT levels [141].

This hormone has actually been shown in rats to have intrin-

sic rewarding properties, and to potentiate the incentive 5. Concluding remarks

effects of psychostimulants that are abused by humans

(see above). As such, it was hypothesized that periadoles- During the period of late childhood and adolescence,
cent and adult mice would exhibit substantial differences in neurobiological systems are still undergoing important
their behavioral and hormonal response to a mild psycholo- developmental rearrangements. Early in infancy, final
gical stress, such as forced exposure to a novel environmentbrain size and the number of available neurons and axons

To summarize, we have shown that periadolescent mice:appear to be established. However, plasticity of the brain
(1) are characterized by a higher basal function of the continues during adolescence through an integrated process
hormonal stress-response system; (2) exhibit a reducedof overproduction and elimination of synapses, evolution of
habituation to the novel environment, which might perhaps neurotransmitter systems, and progressive myelination (for
account for their elevated basal levels of locomotion; and literature and discussion, see Ref. [3]). In addition, hormo-
(3) show a lower integrated behavioral and physiological nal levels change dramatically during adolescence as a
response to a mild stress condition. In agreement with result of the onset of puberty. Concomitant to these changes
previous findings, reduced response to an acute AMPH in brain and hormonal status, significant transitions occur in
administration was seen in animals during periadolescence.cognitive, psychological, and social competence. However,
Similarly, periadolescents have been shown to exhibit a as outlined by Witt [3], the potential impact of environmen-
reduced sensitivity to AMPH-induced place conditioning tal factors during adolescence, including psychoactive
[46], as well as a marked resistance to AMPH-induced agents consumption, has received surprisingly little investi-
taste aversion [142]. When considered as a whole, thesegation. Yet, these factors may have a strong impact on the
data consistently support a picture of hyporesponsivity to unique neurobiological and psycho-physiological strengths
the acute effects of psychostimulants in subjects around thisand weaknesses that predispose or protect an individual from
age, from a behavioral, hormonal and motivational point of psychostimulant abuse and/or dependence. A better under-
view (for a review, see Ref. [11]). This complex and inte- standing of psychostimulant effects during adolescence on
grated profile has also been associated with age-relatedthe complicated interaction among genetic, neurobiological,
discontinuities in mesolimbic and striatal dopaminergic psychosocial, and environmental factors will allow earlier
systems [137]. and more effective prevention and treatment strategies.

On the basis of these considerations, it can initially be  As the results of the studies illustrated above indicate,
concluded that periadolescents are somehow “protected”when tested in a free-choice novelty preference paradigm,
from the acute effects of psychostimulant agents, and aperiadolescent mice are more aroused and spend a signifi-
certain degree of “invulnerability” towards the addictive cantly higher percentage of time in a novel compartment,
risk of these drugs might be expected. However, as outlinedthan the corresponding adult group [46]. These results
by Ramsay and Woods [143], the initial insensitivity to suggest that, across different mammalian species, adoles-
experience psychoactive drugs might underlie an increasedcence emerges as a period characterized by a strong inner
risk to subsequently develop addiction. This might be parti- drive to search for novel stimuli. Such a novelty-seeking
cularly true among human adolescents, since initially insen- trait, which has been shown to be typical of human adoles-
sitive individuals are perhaps more likely to have repeated cents [14], may perhaps explain the first approaches towards
experiences with a drug (due to its low impact among them), the experience of psychoactive agents. Moreover, it seems
and hence to develop problems linked with drug abuse. Onthat in animal models the search for novel experiences acti-
this view, it is interesting to note the anedoctal report that vates the brain’s reward system in the same way as do drugs
young human subjects around or shortly after puberty report of abuse (for a review, see Ref. [63]). The fact that novelty-
negligible effects after “snorting some lines of cocaine” seekers may be tapping into the same primal reward
[86], yet the progression of cocaine use appears to bemechanisms as drug abusers provide a biological interpreta-
more rapid among this group than among adults [87]. As tion of the fact that individuals who constantly seek new and
for animal models, following repeated and intermittent exciting experiences are much more likely to abuse drugs
administration of either cocaine or AMPH, a marked sensi- than are individuals who have less need for novel stimula-
tization of the locomotor response is typical of periadoles- tion. This finding suggests new ways to reach such indivi-
cent subjects [46,71]. As the same neural area within the duals with drug abuse prevention interventions.
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It has often been assumed that altered social needs, peer
pressure, and other socio-psychological variables have a
strong influence on the emergence of behavioral anomalies
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psychopharmacological
1983;16:83-109.

[12] Anthony JC, Petronis KR. Early-onset drug use and risk of later drug
problems. Drug Alcohol Dep 1995;40:9-15.

responsivity in rats. Dev Psychobiol

seen in human adolescents. The contribution of alterations [13] Breslau N, Peterson EL. Smoking cessation in young adults: age at

in brain anatomy and physiology to the behavioral charac-

teristics of human adolescents has not seriously been

initiation of cigarette smoking and other suspected influences. Am J
Pub Health 1996;86:214—-20.

considered. Yet. a deeper understanding of such factors [14] Zuckerman M. Behavioral expressions and biosocial bases of sensa-

appears to be worthy of inclusion in both social and health
programmes.
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