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Precocious weaning and changes in 
social variables during prepuberty affect 

cocaine reinforcing properties in adult mice 

GIOVANNI LAVIOLA and GIACOMO DELL'OMO 
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-l 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, Lp.), 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 meso limbic 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 ofCNS 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). 
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As reported above, the "organization" ofmonoaminer
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 ai., 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 offunctional CNS disorders 
(Bowling & Bardo, 1994; Sahakian et ai., 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 ai., 1993; Laviola, 
1994). Since cocaine is also one of the most potent ad
dictive agents, whose reinforcing properties rely on 
meso limbic 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-I strain, purchased from Charles 

River Italia (Calco, Italy), were used as subjects. Upon arrival, they 
were housed in standard conditions (temperature 21 o±l °C, relative 
humidity 60%±1O%), with lights on from 9:30 a.m. to 9:30 p.m. 
Males and nulliparous females were housed separately in groups of 
8 in 42 x 27 x 15 em 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 em 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 IS, 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 em 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 ai., 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 14-16, 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 16-17 (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 IS), and a series of previous studies from our group (Terra
nova, Alleva, & Laviola, 1994; Terranova & Laviola, 1995; Loggi 
et ai., 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± I. All mice were used only once. Each single treatment 
group was represented by 8 animals, with only I animal per origi
nallitter 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 
(lor 5 mg/kg) or saline (NaCl 0.9%) given i.p. in a volume of 
0.01 mllg body weight, according with dosages and schedule of ex
posure suggested in the literature (Laviola et ai., 1992). Tests were 
performed between 9:30 and 6:00 p.m. The apparatus (four identi
cal units) was similar to Laviola et ai.'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 em) with two compartments separated by 
a wall, which could be used either with or without an inverted U
shaped 4 X 7 em 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 of2-mm 
width and depth separating flat square portions of7 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 I, habituation session: Inexperienced animals were allowed 
to explore the apparatus for to min between 9:30 and II :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 Yarimex 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 
to-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 
Yarimex 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 (ANOYA) 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 Yarimex activity data, 
the ANOYA included the within-subjects (repeated measures) vari
able offive 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 
I 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(l,168) = 1O.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 I), 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. 



166 LA VIOLA AND DELL'OMO 

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), 
a sex 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 I-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 ofthe schedule), a significant main effect 
of segregation [Fs(1,168) = 6.127,p < .01] and a segre
gation X weaning interaction just missing significance 
[F(l,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) 

Regular Weaning Precocious 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: 

I. 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 aI., 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 aI., 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 
et aI., 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 (n = 16). For an elaboration ofthe 
multiple comparisons, see the Results section. **p < .01; "'p < .01; ##p < .01; $p < .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 aI., 1992). 

Prepubertal sexual segregation altered the function of 
monoaminergic eNS systems mediating the drug action
a neural substrate considered an important participant in 
an organism's responding to environmental challenge 
(Laviola et aI., 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 playa 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 peri pubertal sexual segregation with gonadal hormones 
and their metabolites on pubertal development (Drick
amer 1992; Lupo di Prisco et aI., 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. 

REFERENCES 

ABBEY, H., & HOWARD, E. (1973). Statistical procedure in develop
mental studies on species with multiple offspring. Developmental 
Psychobiology, 6, 329-335. 

ALLEVA, E., CAPRIOLI, A., & LAVIOLA, G. (1986). Postnatal social en
vironment affects morphine analgesia in male mice. Physiology & 
Behavior, 36, 779-781. 

ALLEVA, E., CAPRIOLI, A., & LAVIOLA, G. (1989). Litter gender com
position affects maternal behavior of primiparous mouse dam (Mus 
musculus). Journal o!Comparative Psychology, 103, 83-87. 

ANTELMAN, S. M., EICHLER, A. J., BLACK, C. A., & KOCAN, D. (1980). 

Interchangeability of stress and amphetamine in sensitization. Sci
ence, 207, 329-331. 

BARDO, M. T., NEISEWANDER, J. L., & MILLER, J. S. (1986). Repeated 
testing attenuates conditioned place preference with cocaine. Psycho
pharmacology, 89, 239-243. 

BOWLING, S. L., & BARDO, M. T. (1994). Locomotor and rewarding ef
fects of amphetamine in enriched, social, and isolate reared rats. 
Pharmacology, Biochemistry & Behavior, 48, 459-464. 

BOWLING, S. L., ROWLETT, J. K., & BARDO, M. T. (1993). The effect of 
environmental enrichment on amphetamine-stimulated locomotor 
activity, dopamine synthesis and dopamine release. Neuropharma
cology, 32, 885-893. 

BOYLE, A. E., GILL, K., SMITH, B. R., & AMIT, Z. (\ 991). Differential 
effects of an early housing manipulation on cocaine-induced activity 
and self-administration in laboratory rats. Pharmacology, Biochem
istry & Behavior, 39, 269-274. 

CARR, G. D., & WHITE, N. M. (1986). Anatomical dissociation of am
phetamine's rewarding and aversive effects: An intracranial micro in
jection study. Psychopharmacology, 89, 340-346. 

CHEN, C. J., & VANDENBERGH, J. G. (\ 993). Cocaine attenuates puberty 
acceleration in female house mice. Pharmacology, Biochemistry & 
Behavior, 44, 281-285. 

CHIAROTTI, E, ALLEVA, E., & BIGNAMI, G. (1987). Problems of test 
choice and data analysis in behavioral teratology: The case of pre
natal benzodiazepines. Neurobehavioral Toxicology & Teratology, 9, 
179-186. 

CICERO, T. J., & O'CONNOR, L. H. (1990). Abuse liability of anabolic 
steroids and their possible role in the abuse of alcohol, morphine, and 
other substances. In G. C. Lin & L. Erinoff(Eds.), Anabolic steroid 
abuse (NIDA Research Monographs, Vol. 102, pp. 1-28; DHHS Pub
lication No. ADM 90-1720). Washington, DC: U.S. Government 
Printing Office. 

CIRULLI, E, SANTUCCI, D., LAVIOLA, G., ALLEVA, E., & LEVINE, S. 
(1994). Behavioral and honnonal responses to stress in the newborn 
mouse: Effects of maternal deprivation and chlordiazepoxide. De
velopmental Psychobiology, 27, 301-316. 

DEMINIERE, J. M., PIAZZA, P. v., LE MOAL, M., & SIMON, H. (\989). 
Experimental approach to individual vulnerability to psychostimu
lant addiction. Neuroscience & Biobehavioral Reviews, 13,141-147. 

DENENBERG, V. H., & MORTON, J. R. (1964). Infantile stimulation, pre
pubertal sexual-social interaction, and emotionality. Animal Behav
iour, 12, 11-13. 

DRICKAMER, L. C. (1992). Pre- and post-weaning excretion of puberty
influencing chemosignals in house mice. Developmental Psychobi
ology, 25,1-16. 

GRAY, 1. A., LEAN, 1., & KEYNES, A. (1969). Infant androgen treatment 
and adult open-field behaviour: Direct effects of injections to sib
lings. Physiology & Behavior, 4, 177-181. 

GREENOUGH, W. T., WHlTERS, G. S., & WALLACE, c. S. (\ 990). Mor
phological changes in the nervous system arising from behavioral ex
perience: What is the evidence that they are involved in learning and 
memory? In L. R. Squire & E. Lindenlaub (Eds.), The biology ofmem
ory (Symposia Medica Hoechst 23, pp. 159-185). StuttgartlNew York: 
Schattauder. 

HAYASHI, S., & KIMURA, T. (1978). Effects of exposure to males on sex
ual preference in female mice. Animal Behaviour, 26, 290-295. 

HENRY, c., GUEGANT, G., CADOR, M., ARNAULD, E., ARSAUT, J., 
LE MOAL, M., & DEMOTES-MAINARD, J. (1995). Prenatal stress in 
rats facilitates amphetamine-induced sensitization and induces long
lasting changes in dopamine receptors in the nucleus accumbcns. 
Brain Research, 685, 179-186. 

KEHOE, P., & BOYLAN, c. B. (\ 992). Cocaine-induced effects on iso
lation stress in neonatal rats. Behavioral Neuroscience, 106, 374-
379. 

KEHOE, P., TRIANO, L., RAPPOLT, G., AUSTIN-LAFRANCE, R., & BRON
ZINO, 1. (1995, May). Neonatal isolation results in behavioral sensi
tization both immediately following stress and later in adulthood. 
Paper presented at the 4th International Behavioral Neuroscience So
ciety Conference, Santiago de Compostela, Spain. 

KITCHEN, I., CROOK, T. 1., MUHAMMAD, B. Y, & HILL, R. G. (1994). Ev
idence that weaning stimulates the developmental expression of a 



170 LAVIOLA AND DELL'OMO 

delta-opioid receptor subtype in the rat. Developmental Brain Re
search, 78, 147-150. 

KUCHARSKI, D., RICHTER, N. G., & SPEAR, N. E. (1985). Conditioned 
aversion is promoted by memory of CS -. Animal Learning & Be
havior, 13,143-151. 

LAVIOLA, G. (1994, November). Early manipulation of social variables 
affects cocaine conditioned place preference in adult mice. Paper pre
sented at the International Society for Developmental Psychobiology, 
Islamorada, FL. 

LAVIOLA, G., & ALLEVA, E. (1995). Sibling effects on the behavior of 
infant mouse litters (Mus domesticus). Journal of Comparative Psy
chology, 109, 68-75. 

LAVIOLA, G., DELL'OMO, G., ALLEVA, E., & BIGNAMI, G. (1992). On
togeny of cocaine hyperactivity and conditioned place preference in 
mice. Psychopharmacology, 107,221-228. 

LAVIOLA, G., DELL'OMO, G., CHIAROTTI, F., & BIGNAMI, G. (1994). 
d-Amphetamine conditioned place preference in developing mice: 
Relations with changes in activity and stereotypies. Behavioral Neuro
science, 108, 514-524. 

LAVIOLA, G., & LooGI, G. (1992). Sexual segregation in infancy and bi
directional benzodiazepine effects on hot-plate response and neo
phobia in adult mice. Pharmacology, Biochemistry & Behavior, 42, 
865-870. 

LAVIOLA, G., RENNA, G., BIGNAMI, G., & CUOMO, V. (1988). Ontoge
netic and pharmacological dissociation of various components oflo
comotor activity and habituation in the rat. International Journal of 
Developmental Neuroscience, 24, 431-438. 

LAVIOLA, G., WOOD, R. D., KUHN, c., FRANCIS, R., & SPEAR, L. P. 
(1995). Cocaine sensitization in periadolescent and adult rats. Journal 
of Pharmacology & Experimental Therapeutics, 275, 345-357. 

LETT, B. T. (1988). Enhancement of conditioned preference for a place 
paired with amphetamine produced by blocking the association be
tween place and amphetamine-induced sickness. Psychopharmacol
ogy, 95, 390-394. 

LETT, B. T. (1989). Repeated exposures intensify rather than diminish 
the rewarding effects of amphetamine, morphine, and cocaine. Psy
chopharmacology, 98, 357-362. 

LOGGI, G., DELL'OMO, G., & LAVIOLA, G. (1996). Individual differ
ences in response to psychological stress and chlordiazepoxide in 
adult mice: Relations with changes in early social milieu. Psychobi
ology, 24,147-153. 

Lupo DI PRISCO, c., LUCARINI, N., & DESSI' -FULGHERI, F. (1978). 
Testosterone aromatization in rat brain is modulated by social envi
ronment. Physiology & Behavior, 20, 345-348. 

MATTHEWS, K., WILKINSON, L. S., & ROBBINS, T. W. (1996). Repeated 
maternal separation of preweanling rats attenuates behavioral re
sponses to primary and conditioned incentives in adulthood. Physi
ology & Behavior, 59, 99-107. 

MOORE, C. L., & MORELLI, G. A. (1979). Mother rats interact differ
ently with male and female offspring. Journal of Comparative Psy
chology, 93, 677-684. 

ROBINSON, T. E. (1988). Stimulant drugs and stress: Factors influencing 
individual differences in the susceptibility to sensitization. In P. W. 
Kalivas (Ed.), Sensitization in the central nervous system (pp. 145-
173). New York: Academic Press. 

SAHAKIAN, B., ROBBINS, T. W., MORGAN, M. J., & IVERSEN, S. D. 
(1975). The effects of psychomotor stimulants on stereotypy and loco
motor activity in socially-deprived and control rats. Brain Research, 
84, 195-205. 

SAVAGEAU,M. M., & BEATTY, W. W. (1981). Gonadectomy and sex dif
ferences in the behavioral responses to amphetamine and apomor
phine of rats. Pharmacology, Biochemistry & Behavior, 14, 17-21. 

SHERMAN, J. E., ROBERTS, T., ROSKAM, S. E., & HOLMAN, E. W. (1980). 
Temporal properties of the rewarding and aversive effects of amphet
amine in rats. Pharmacology, Biochemistry & Behavior, 13,597-599. 

SIEGEL, S. (1983). Classical conditioning in drug tolerance and drug 
dependence. In Y. Israel, F. B. Glaser, H. Kalant, R. E. Popham, 
W. Schmidt, & R. G. Smart (Eds.), Research advances in alcohol and 
drug problems (Vol. 7, pp. 207-246). New York: Plenum. 

SMITH, E. F. S. (1991). The influence of nutrition and postpartum mat
ing on weaning and subsequent play behaviour of hooded rats. Ani
mal Behaviour, 41, 513-524. 

STEWART, R. B., & GRUPP, L. A. (1989). Conditioned place aversion 
mediated by self-administered ethanol in the rat: A consideration of 
blood ethanol levels. Pharmacology, Biochemistry & Behavior, 32, 
431-437. 

SWERDLOW, N. R., KOOB, G. F., CADOR, M., LORANG, M., & HAUGER, R. 
(1993). Pituitary-adrenal axis responses to acute amphetamine in the 
rat. Pharmacology, Biochemistry & Behavior, 45, 629-637. 

TERRANOVA, M. L., ALLEVA, E., & LAVIOLA, G. (1994). Affiliation and 
neophobia in developing mice prenatally exposed to oxazepam. Be
havioural Pharmacology,S, 52-60. 

TERRANOVA, M. L., & LAVIOLA, G. (1995). Individual differences in 
mouse behavioural development: Effects of precocious weaning and 
ongoing sexual segregation. Animal Behaviour, 50, 1261-1271. 

VANDENBERGH, J. G. (1989). Coordination of social signals and ovar
ian function during sexual development. Journal of Animal Science, 
67,1841-1847. 

WALL, A., HINSON, R. E., SCHMIDT, E., JOHNSTON, C., & STREATHER, A. 
(1990). Place conditioning with d-amphetamine: The effect of the 
CS-UCS interval and evidence of a place avoidance. Animal Learn
ing & Behavior, 18,393-400. 

WILCOX, R. R. (1987). New statistical procedures for the social sci
ences. Hillsdale, NJ: Erlbaum. 

WINN, P. (1994). Schizophrenia research moves to the prefrontal cortex. 
Trends in Neurosciences, 17,265-268. 

(Manuscript received September 27, 1996; 
revision accepted for publication January 21, 1997.) 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /PDFA1B:2005
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (sRGB IEC61966-2.1)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<


    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200036002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200036002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>



    /HUN <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 6.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200036002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 6.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>


    /SKY <>

    /SUO <>
    /SVE <>
    /TUR <>

    /ENU <FEFF004a006f0062006f007000740069006f006e007300200066006f00720020004100630072006f006200610074002000440069007300740069006c006c0065007200200039002000280039002e0034002e00350032003600330029002e000d00500072006f006400750063006500730020005000440046002000660069006c0065007300200077006800690063006800200061007200650020007500730065006400200066006f00720020006f006e006c0069006e0065002e000d0028006300290020003200300031003100200053007000720069006e006700650072002d005600650072006c0061006700200047006d006200480020>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice




