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Precocious weaning and changes in
social variables during prepuberty affect
cocaine reinforcing properties in adult mice

GIOVANNI LAVIOLA and GIACOMO DELLOMO
Istituto Superiore di Sanita, Rome, Italy

The aim of this study was to determine whether manipulation of weaning time and of social variables
during prepuberty in mice would account for the individual features of behavior that are correlated
with the abuse of drugs. This issue was addressed by searching for differences in cocaine effects in the
adult offspring of both sexes from outbred Swiss CD-1 mouse litters. On Postnatal Day 15, litters were
split into two halves, with one half litter weaned (precocious weaning, PW) while the other remained
with the dam (regular weaning, RW). At the same time, pups in each half litter were assigned to either
a unisex or a mixed-sex rearing condition. From Postnatal Day 25 to adulthood (time of testing,
70 days), all mice were rehoused according to both sex and weaning. Both adult PW male mice and
unisex-reared animals of both sexes were, in general, more active than corresponding controls. In a place-
conditioning schedule, aimed at assessing the reinforcing properties of cocaine HCI (two drug pairings;
0, 1, or 5 mg/kg, i.p.), mixed-sex mice of both sexes were readily conditioned by the drug. Time of wean-
ing determined the direction of the conditioned performance. In fact, although RW mice in this specific
paradigm showed a reduction of time spent in the drug-paired area, subjects weaned precociously de-
veloped a quite clear conditioned place preference in a dose-dependent fashion. Interestingly, irre-
spective of their weaning history, cocaine failed to induce conditioning in animals that had undergone
sexual segregation during development. These differential cocaine effects (1) suggest alterations in
the function of mesolimbic and nigrostriatal DA systems linked to subtle changes in social stimulation
during development, and (2) may be associated with an acquired predisposition to exhibit an individ-

ual responsivity to drugs of abuse.

There is a growing body of evidence in animal models
investigating the role of acquired experiential deviations
(for the literature and a discussion, see Laviola & Alleva,
1995, and Terranova & Laviola, 1995) in brain and behav-
ior regulations occurring early in life, that is, during a pe-
riod of organization and as a consequence of increased
vulnerability of CNS structures (Greenough, Whiters, &
Wallace, 1990). In this regard, Bowling, Rowlett, and
Bardo (1993) recently reported that with environmental
enrichment during development the response to amphet-
amine in adult rats can increase. In addition to the ma-
nipulation of spatial complexity of the rearing environ-
ment, the changes operated by these authors varied along
a social dimension as well. Social factors have long been
known to influence the effects of dopamine agonists and
antagonists (for mixed results obtained with individual
housing, see, for example, Bowling & Bardo, 1994; Boyle,
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Gill, Smith, & Amit, 1991; Sahakian, Robbins, Morgan,
& Iversen, 1975).

A series of recent studies have also shown that a dif-
ferent type of manipulation of social variables, namely
sexual segregation in infancy can qualitatively affect
some aspects of the animal’s behavioral repertoire or its
response to psychoactive drugs in adulthood, while not
altering neurobehavioral development (Alleva, Caprioli,
& Laviola, 1986; Laviola & Loggi, 1992; Loggi, Dell’
Omo, & Laviola, 1996). As for the mechanisms that may
be responsible for the differences related to the sex of lit-
termates, one working hypothesis includes a joint action
of at least two factors (Laviola & Loggi, 1992), namely:
(1) variations of the dam’s behavior as a function of lit-
ter gender composition (Alleva, Caprioli, & Laviola, 1989;
Moore & Morelli, 1979), and (2) changes in the nature of
interactions among siblings (e.g., different levels of so-
cial grooming or play behavior) as a function of sex of
littermates (Denenberg & Morton, 1964; Gray, Lean, &
Keynes, 1969). In a series of developmental investiga-
tions, various degrees of sexual segregation of infant
mouse litters were related to different levels of both soli-
tary and social play behavior (Laviola & Alleva, 1995;
Terranova & Laviola 1995), as well as to profound changes
in both activity and novelty-related behaviors at the adult
stage (Laviola & Loggi, 1992; Loggi, Dell’Omo, & Lavi-
ola, 1996).

Copyright 1997 Psychonomic Society, Inc.
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As reported above, the “organization” of monoaminer-
gic functions in the CNS and the adult response to psycho-
active drugs appear to be responsive to developmental
manipulation of spatial complexity or social characteris-
tics of the rearing environment (Bowling et al., 1993;
see also Matthews, Wilkinson, & Robbins, 1996). This
view suggests that noradrenergic and dopaminergic reg-
ulations mature early in ontogeny (see Laviola, Renna,
Bignami, & Cuomo, 1988), and that these CNS systems
are involved in the mediation of affiliative social behav-
iors early in development (Kehoe & Boylan, 1992).
Overall, these findings are consistent with the proposi-
tion that changes in the characteristics of early social en-
vironment are able to modulate function at the level of spe-
cific neurochemical CNS systems. Accordingly, it
should be kept in mind that environmental factors may
be important in the genesis of functional CNS disorders
(Bowling & Bardo, 1994; Sahakian et al., 1975; see also
Winn, 1994). :

The general hypothesis driving the present experiment
was that providing prepubertal mice with different kinds
of family units to be raised in would affect specific pat-
terns of adult behavior thought to reflect changes in
responsivity to cocaine (Bowling et al., 1993; Laviola,
1994). Since cocaine is also one of the most potent ad-
dictive agents, whose reinforcing properties rely on
mesolimbic dopaminergic mechanisms, the positive re-
inforcing or aversive effects produced by the drug were
measured by using a short repeated schedule of place
conditioning (see Laviola, Dell’Omo, Alleva, & Big-
nami, 1992).

Moreover, with the aim of investigating the direct ef-
fects of early weaning, a group of animals, which had been
precociously separated from their mothers on Postnatal
Day 15, were also tested (for the literature and discus-
sion on this, see the Method section below). The inclusion
of this experimental group also allowed us to separate
the potential carryover effects of the two factors discussed
above, namely, biased maternal care and changes in social
interactions between littermates as a function of type of
family unit.

METHOD

Animals, Breeding, and Rearing Conditions

Mice of an outbred Swiss CD-1 strain, purchased from Charles
River Italia (Calco, Italy), were used as subjects. Upon arrival, they
were housed in standard conditions (temperature 21°+1°C, relative
humidity 60%+10%), with lights on from 9:30 a.m. to 9:30 p.m.
Males and nulliparous females were housed separately in groups of
8in42 X 27 X 15 cm Plexiglas boxes with sawdust as bedding and
a metal top. Pellet food (Enriched Standard Diet purchased from
Mucedola, Settimo Milanese, Italy) and water were continuously
available.

After 2 weeks, breeding pairs were formed and housed in 33 X
18 X 14 cm boxes. Females were inspected daily at 10:00 a.m. for
the presence of vaginal plug (Pregnancy Day 0) and for delivery
(Postnatal Day 1). At birth, litters were reduced to 8 pups, 4 males
and 4 females. On Postnatal Day 15, each litter was divided in half;
one half were randomly assigned to a precocious weaning (PW,
mother removed) group, while the other half were kept with the

mother and transferred to a new cage (regular weaning, or RW). At
the same time, the sexes were segregated (see Laviola & Loggi,
1992; Terranova & Laviola, 1995): each half litter was randomly
assigned to either a unisex (all males and all females) or a mixed-
sex family unit condition. On Postnatal Day 25, mice in each of the
two weaning conditions were rehoused according to sex in 42 X 27
X 15 ¢m Plexiglas boxes (4 individuals per cage).

Postnatal Days 14-25 were chosen for the manipulation of social
variables because they delimit a critical period in development dur-
ing which the future pattern of social response in mice is deter-
mined (Denenberg & Morton, 1964; Hayashi & Kimura, 1978). In
addition, significant changes in social interactions have been asso-
ciated with prominent carryover consequences on a series of be-
havioral and physiological parameters (Loggi et al., 1996; Terra-
nova & Laviola, 1995). To minimize distress, the precocious
weaning procedure was begun when all pups in a litter were able to
take solid food, and were presumably able to compensate for the
suppression of milk intake (see Terranova & Laviola, 1995). Milk
cream in a dish and food pellets were put on the flocr of the cage
on Postnatal Days 1416, in order to limit the potentially stressful
experience related to the sudden removal of the dam and conse-
quent abrupt suppression of food intake. The first appearance of
weaning behavior and eating of solid food are normally observed
around Postnatal Days 1617 (see Smith, 1991; Terranova & Lavi-
ola, 1995). Moreover, it has been reported that weaned mice can
subsist on solid food as soon as their eyes open (around Postnatal
Day 15), and a series of previous studies from our group (Terra-
nova, Alleva, & Laviola, 1994; Terranova & Laviola, 1995; Loggi
et al., 1996) have shown that there are no significant carryover ef-
fects of precocious weaning on body weight.

The animals were classified as adults when they reached Postna-
tal Day 70+1. All mice were used only once. Each single treatment
group was represented by 8 animals, with only 1 animal per origi-
nal litter contributing to each mean.

Apparatus and Procedures

When they became adults, the animals were weighed and ran-
domly assigned to one of the following treatments: cocaine hy-
drochloride (Merck, 223 Darmstadt) in physiological saline vehicle
(1 or 5 mg/kg) or saline (NaCl 0.9%) given i.p. in a volume of
0.01 ml/g body weight, according with dosages and schedule of ex-
posure suggested in the literature (Laviola et al., 1992). Tests were
performed between 9:30 and 6:00 p.m. The apparatus (four identi-
cal units) was similar to Laviola et al.’s (1992) and was provided
with an automatic data recording system (custom made by Elma
System, 1-00100 Rome, Italy), which measured the time each ani-
mal spent in each compartment. Data for each subject in each ses-
sion were stored in a file for direct transfer to the system used in sta-
tistical analyses. Briefly, it consisted of a rectangular Plexiglas
chamber (34 X 32 X 30 cm) with two compartments separated by
a wall, which could be used either with or without an inverted U-
shaped 4 X 7 cm opening. Two cues, one visual (white vs. black in-
ternal surface) and one tactile (“wide-mesh” vs. “narrow-mesh”
floor), were associated with each of the two compartments. The
floors of these compartments were engraved with incisions of 2-mm
width and depth separating flat square portions of 7 X 7 mm in the
white “wide-mesh” compartment and of 2 X 2 mm in the black
“narrow-mesh” compartment.

Preliminary data from our laboratory indicated that naive adult
mice show a slight natural tendency to spend more time in the black
compartment than in the white compartment when given free-
choice access to the entire apparatus for 10 min (see also Laviola,
Dell’Omo, Alleva, & Bignami, 1994). The procedure most fre-
quently adopted in the literature is to pair the drug administration
almost always with the least preferred side (Bardo, Neisewander, &
Miller, 1986; Lett, 1988). Thus, animals were conditioned in the white
side with either cocaine or saline and given preference tests on the
days intervening between conditioning trials. Each conditioning
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trial consisted of a 2-day procedure in which the animals were
trained or tested:

Day 1, habituation session: Inexperienced animals were allowed
to explore the apparatus for 10 min between 9:30 and 11:00 a.m.
The habituation trial was also aimed at avoiding any disturbance
due to the combination of the novelty of the apparatus and the ef-
fects of cocaine at the time of drug injection. No formal record of
individual preference was taken.

Day 1, conditioning training: At the end of the previous session,
the animals were injected with either saline or cocaine at doses of
I or 5 mg/kg and then confined immediately in the white and less
preferred compartment of the apparatus for 30 min (for literature
and discussion also on the efficacy of one single drug pairing to ob-
tain a place conditioning profile, see Bardo et al., 1986; Laviola
et al., 1992; Laviola et al., 1994). At the end of the exposure, the
mice were put into a Plexiglas box that was similar to their home
cage and placed on a Varimex activity meter apparatus (Columbus
Instruments, OH), where activity counts were recorded at 6-min in-
tervals during a single 30-min session.

Day 2, conditioning training: At the same time as on the day be-
fore, all subjects received a saline injection before being confined
in the opposite compartment for 30 min.

Day 2, conditioning test: Four hours after the end of the previous
session, the first place conditioning assessment was conducted in a
drug-free state, by placing uninjected mice in the white compart-
ment with their heads pointing away from the black compartment,
and allowing them free access to both end compartments during a
10-min test.

On Days 3 and 4, the procedure described for the first 2 days of
the schedule was repeated without the activity measurements in the
Varimex apparatus. The experimental design was counterbalanced
in order to equate the representation of various groups at different
test times.

Statistical Analysis

The data were analyzed by means of a mixed-model analysis
of variance (ANOVA) considering all fixed variables (2 X 2 X 2 X
3) in addition to the litter random variable (Abbey & Howard, 1973;
Chiarotti, Alleva, & Bignami, 1987), with time of weaning (regu-
lar vs. precocious), sex (males vs. females), prepubertal sexual seg-
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regation (segregation: mixed sex vs. unisex), and drug treatment as
between-subjects factors. In the case of the Varimex activity data,
the ANOVA included the within-subjects (repeated measures) vari-
able of five 6-min blocks. Post hoc comparisons within logical sets
of means were performed using Tukey’s HSD test, whose use is per-
missible or even recommended in the absence of significant main
or interaction effects in the ANOVA, in order to minimize both
Type I and Type II errors (Wilcox, 1987, pp. 187-189).

RESULTS

Body Weight

Body weights were assessed, and, as expected, the two
sexes differed [F(1,168) = 120.02, p <.01], with females
weighing generally less than males, while no significant
carryover effects of either segregated rearing or the wean-
ing variable were found.

Activity

Activity in a Varimex apparatus upon acute cocaine
exposure was assessed on Day 1 of Phase 2 of the sched-
ule. As expected, acute cocaine administration [treatment,
F(2,168) = 8.63, p < .001] induced a clear-cut dose-
dependent increase of locomotion (sal 111.7 + 3.4, coc
1 mg/kg 120.0 + 3.2, coc 5 mg/kg 136.6 + 2.7). Prepu-
bertal sexual segregation also had carryover effects on
activity levels [F(1,168) = 10.9, p <.001], with animals
reared unisexually being in general more active than
mice reared in mixed-sex groups (131 £ 2.6 vs. 114
2.6). Moreover (see Figure 1), the sex of subjects and time
of weaning interacted with repeated measures [F(4,672) =
3.63, p < .01], with males weaned precociously being
significantly more active than both similarly weaned fe-
males and regularly weaned males on the second and
third 6-min blocks (ps < .05) of the session.
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Figure 1. As assessed in a Varimex apparatus (single 30-min session), mean loco-
motion (+SEM) of regularly and precociously weaned adult male and female mice
(N = 48) immediately after being confined for 30 min in the white (drug-paired) side
of a place-conditioning apparatus (drug state, Day 1 of the schedule); data are col-
lapsed over drug treatment. *p <.05; **p < .01.
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Latency to Leave Apparatus

With regard to latency to leave the drug-paired area of
the apparatus as assessed on Days 2 and 4 of the sched-
ule (drug-free state), no significant effects were found for
latency to leave the white paired area during the first be-
havioral assessment performed on Day 2. In the second
assessment, performed on Day 4, however (see Table 1),
asex X weaning interaction appeared [F(1,168) = 5.02,
p <.05], with male mice weaned precociously leaving the
paired area of the apparatus later than both similarly
weaned females and regularly weaned males (p < .05).
Moreover, a higher level interaction of sex, segregation
and treatment [F(2,168) = 4.89, p < .01], also emerged
in the ANOVA (see Figure 2), with females reared uni-
sexually and injected on the day before with saline show-
ing a significantly shorter latency to leave the paired area
than both similarly injected males reared unisexually and
mixed-sex females (ps < .05).

With respect to drug effects, cocaine treatment given
24 h before showed a carryover influence by reducing
dose-dependently the response latency of mixed-sex reared
animals. This was significant with the high (5-mg/kg)
cocaine dose (p < .05) in the mixed-sex female group
when compared with corresponding controls, whereas
the performance of mixed-sex males was unaffected. With
respect to mice reared unisexually, cocaine administered
24 h previously had a mixed profile of effects by increas-
ing significantly, with the 1-mg/kg dose, the latency of
females reared unisexually when compared with both the
control and the 5-mg/kg groups ( ps <.05).

Acquisition

The acquisition of place conditioning was assessed on
Days 2 and 4 of the schedule (drug-free state). With re-
spect to the time spent in the drug-paired compartment,
as measured during the first assessment of place condi-
tioning (Day 2 of the scheduie), a significant main effect
of segregation [Fs(1,168) = 6.127, p <.01] and a segre-
gation X weaning interaction just missing significance
[F(1,168) = 3.483, p = .06] suggested that mice reared in
sexual segregation and weaned regularly generally spend
less time in the drug-paired compartment than do the other
three groups. No significant conditioning drug effects
were evidenced during this first assessment (see Figure 3,
upper panel).

Table 1
Mean Latency (= SEM) for Adult male and Female Mice
to Leave the Bright White (Drug-Paired) Area of the
Apparatus in the Second Place-Preference Test
(Drug-Free State, Day 4 of Schedule)

Precocious Weaning

Regular Weaning

M SEM M SEM
Males 5.78 0.45 7.48 0.45*
Females 6.62 0.66 6.02 0.49

*p < .05 for the comparison between regular and precocious weaning
conditions within the male group as well as for a comparison between
male and female mice within the precocious weaning condition. The
animals were the same as those used in Figure 1 (N = 48).

In the second place-conditioning test, performed on
Day 4 of the schedule (see Figure 3, lower panel), a main
effect of weaning [Fs(1,168) = 5.84, ps < .01] was evi-
dent. This was in the absence of the simple effects of ei-
ther segregation or treatment. Specifically, mice weaned
regularly spent less time in the paired compartment than
did those weaned precociously. In addition, there was a
weaning X segregation X treatment interaction [F(2,168)
= 3.09, p < .05] consisting of a dose-dependent reduc-
tion of time spent in the drug-paired area by mixed-sex
mice weaned regularly (p < .01 for the 5-mg/kg dose vs.
corresponding controls, see Figure 3, lower panel on the
left). Conversely, precocious weaning was responsible
for the production of a quite opposite profile (p <.01 for
the 5-mg/kg dose vs. controls), which suggests the ac-
quisition of a conditioned place preference. As a conse-
quence, with the 5-mg/kg cocaine dose, the difference in
performance between the two weaning groups also reached
significance (p < .01).

Finally (see Figure 3, lower panel on the right), the an-
imals reared in unisexual family units completely failed
to show any conditioning effects of the drug in either di-
rection. Thus, within the precocious weaning group, the
performance of these animals with the higher drug dose
(p <.05) was significantly different from that of the cor-
responding mixed-sex group.

DISCUSSION

The main results of the study reported above can be
briefly summarized as follows:

1. Adult mice of both sexes reared during prepuberty
within unisexual family units showed higher baseline
levels of activity than did corresponding animals reared
in a mixed-sex condition.

2. Males weaned precociously were more active than
those weaned regularly. No such difference was found
for females.

3. The latency of the precociously weaned males to
leave the drug-paired area of the place-conditioning ap-
paratus was longer than that of both similarly weaned fe-
males and males weaned regularly.

4. Precocious weaning was responsible for the devel-
opment of a cocaine-induced conditioned place prefer-
ence in mixed-sex subjects, whereas mice weaned regu-
larly spent less time in the same compartment.

5. Interestingly, irrespective of the weaning factor, an-
imals reared in unisexual family units failed to show any
response change to the conditioning drug effects.

A few comments should be made on some aspects of
these results:

First, the finding of a cocaine-related conditioned place
aversion in the mixed-sex and regularly weaned group
was intriguing but not unexpected in view of the avail-
able literature (see below). One simple explanation for
such results is that the immediate drug effects were re-
warding, but that these changes were followed by delayed
aversive effects (Sherman, Roberts, Roskam, & Holman,
1980), and that the mice associated the latter effects with
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Figure 2. As assessed in a place conditioning test (drug-free state, second choice test, Day 4
of the schedule), mean latency (+ SEM) of adult male and female mice reared during pre-
puberty in unisex or mixed-sex family units to leave the white area. The animals were in-
jected i.p. during conditioning training with either saline or cocaine at 1 or 5.0 mg/kg. The
animals were the same as those of Figure 1 (n = 16). *p <.05; **p < .01.

the cocaine-paired environment (see Laviola et al., 1994;
Laviola, Wood, Kuhn, Francis, & Spear, 1995; Lett, 1988;
Stewart & Grupp, 1989). Stimuli associated with drug
administration have been shown to elicit conditioned
compensatory responses which resemble withdrawal-like
symptoms (Siegel, 1983). As a consequence, during the
second choice test in the drug-free state, the animals
stayed away from the cues that elicited an aversive con-
ditioned compensatory response. However, a different
interpretation might take into account some aspects of
the conditioning procedure here adopted and the nature
of the temporal distance separating the habituation ses-
sion and the conditioning session. Pairing of side and
drug effects occurred just after habituation training (i.e.,
on the same day), and exposure to the to-be-conditioned
experience has been shown to affect both the level and
direction of conditioned performance (Kucharski, Rich-
ter, & Spear, 1985; see also Wall, Hinson, Schmidt, John-
ston, & Streather, 1990).

Second, the shift in balance from the place aversion
observed in RW subjects to a drug-conditioned prefer-
ence, which was exhibited by the group of animals weaned
precociously (Figure 3, lower panel on the left), might
perhaps be attributed to an increment in the relative con-
tribution of positive reinforcing properties in precociously
weaned subjects after the administration of repeated psy-
chostimulants (Lett, 1989). In fact, cross sensitization be-
tween an animal’s early and actual life events and the
effects of psychostimulants has also been reported (An-
telman, Eichler, Black, & Kocan, 1980; Deminiere, Piazza,
Le Moal, & Simon, 1989; Robinson, 1988; Swerdlow,
Koob, Cador, Lorang, & Hauger, 1993; for the results of
developmental stress experiences, see Henry et al., 1995,
and Kehoe, Triano, Rappolt, Austin-LaFrance, & Bron-
zino, 1995). The present results strongly suggest that an

increased sensitivity to the reinforcing effects of cocaine
was found in animals that had experienced the stress of
early weaning (see Cirulli, Santucci, Laviola, Alleva, &
Levine, 1994; Terranova & Laviola, 1995).

A divergent degree of maturation or functional activ-
ity of different anatomical CNS areas, which have been
shown to underlie the aversive and rewarding effects of
psychostimulants (Carr & White, 1986; see also Laviola
etal., 1994), cannot be excluded in the two weaning groups
(for an example of weaning-related changes in matura-
tion of specific receptor subpopulations, see Kitchen,
Crook, Muhammad, & Hill, 1994). Relatively small dif-
ferences in the sensitivity of only one of these systems may
be sufficient to produce a shift in the balance between the
two, with a corresponding difference in behavior. Whether
the positive reinforcing or aversive effects of cocaine pre-
dominate in a given situation may depend, at least in part,
on pharmacokinetic factors, and altered drug metabo-
lism or adsorbtion (Cicero & O’Connor, 1990; for changes
in general physiological parameters, see Smith, 1991) as
a function of prior weaning history also cannot be ex-
cluded. However, such an explanation, which remains
speculative, has the advantage of providing some clues
for the apparent paradox revealed in the present study,
that is, that adult mice—as a function of their weaning
history—would either approach or avoid, during a test
trial without drug, the place where cocaine administra-
tion had taken place during the conditioning phase. As
outlined in the introduction, the present results confirm
that intraspecific changes in the time of weaning is one
source of behavioral variability between individuals and
may influence the subsequent course of development.

In this framework, the developmental manipulations
mice underwent during prepuberty may perhaps have af-
fected different important aspects of the animal’s neural/
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Figure 3. Mean time (+ SEM) spent, by adult male and female mice reared in unisex or mixed-
sex family units, in the drug-paired side during the 10-min place conditioning test in a drug-free
state—first choice test (upper panel), Day 2 of the schedule, and second choice test (lower panel),
Day 4 of the schedule. The animals were injected i.p. with either saline or cocaine at 1 or
5.0 mg/kg and were the same animals used in Figures 1 and 2 (# = 16). For an elaboration of the
multiple comparisons, see the Results section. **p < .01; 2 p <.01; #*p <.01; 3p <.01.

behavioral profile. When compared with mixed-sex sub-
jects, sexually segregated mice spent significantly more
time in the unpaired area of the apparatus, during the
second choice test (see Results). Also, a nice correlation
appears when considering jointly the latency data and the
time spent in the drug-paired area. In keeping with the
argument that fast latencies are generally interpreted as
aversion and slow latencies as preference, adult animals
weaned precociously were associated both with more
time spent and with longer latencies to leave the drug-
paired bright and white side of the apparatus. It can be
hypothesized that repeated cocaine administration may
have brought about a differential expression of prefer-
ence for the cues associated with the conditioning appa-
ratus. The latter are known to be of importance for the

establishment and maintenance of drug-related associa-
tive phenomena (see Laviola et al., 1992).

Prepubertal sexual segregation altered the function of
monoaminergic CNS systems mediating the drug action—
a neural substrate considered an important participant in
an organism’s responding to environmental challenge
(Laviola et al., 1994)—as revealed by the restriction to
mixed-sex reared mice of the modulatory effects of co-
caine (see, e.g., Figure 3, lower panel on the right). This
specific manipulation of rearing environment has also
been related to changes in gonadal hormone regulation
(Drickamer, 1992; Lupo di Prisco, Lucarini, & Dessi’-
Fulgheri, 1978), and Savageau and Beatty (1981) re-
ported that gonadectomy of male rats also affected the
behavioral response to an amphetamine challenge (see
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Laviola et al., 1995). In this view, it should be noted that
brain dopaminergic and adrenergic pathways are reported
to play a major role in the neuroendocrine control of re-
production, and that cocaine administration has been
shown to interact negatively with puberty-related pro-
cesses in mice (see Chen & Vandenbergh, 1993). Taken
together, these reports indirectely suggest that interference
by peripubertal sexual segregation with gonadal hormones
and their metabolites on pubertal development (Drick-
amer 1992; Lupo di Prisco et al., 1978; Vandenbergh,
1989) of modulatory monoaminergic systems in the CNS
should be considered.

In addition, by the inclusion of a group of animals re-
moved from the mother, the present study was able to
separate the potential role played by the two main factors
that have been critically implicated in the genesis of the
behavioral plasticity reported here (see the introduc-
tion): briefly, a biased maternal behavior, and differential
sibling interactions in family units, differing for pups’
gender composition. In fact, as shown in Figure 3 (lower
panel on the left), a segregation-related effect was still
evident in the group of animals reared in the absence of
the mother. The latter finding also suggests that the pe-
riod lasting from the end of the 2nd to approximately the
end of the 4th postnatal week is an important phase in
development (see the introduction) for the functional or-
ganization of CNS dopaminergic systems responsible
for the reinforcing properties of cocaine (see Laviola
et al., 1992; Laviola et al., 1994).

As a whole, the present results confirm and extend pre-
vious observations suggesting that manipulation of so-
cial milieu, within a natural range of variation, during
infancy and prepuberty (see Laviola & Alleva, 1995;
Terranova & Laviola, 1995) is a powerful determinant of
qualitative changes in sensory functions that modulate
both the process of coping with slightly aversive and nat-
ural stimuli, such as a bright white area, as well as those
that serve the reinforcing properties of a highly potent
and addictive agent, such as cocaine. Finally, this study
indicates that a wide range of individual behavioral dif-
ferences are observed in a heterogeneous group of mice
and that these differences can be acquired as a result of
changes in the characteristics of the family unit during de-
velopment. In addition, the functional deviations reported
in this study discriminating high- and low-risk subpopu-
lations, may be partially explained by variation in the sen-
sitivity of monoaminergic CNS systems.
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