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Abstract

This study examines the developmental effects of prenatal exposure to cocaine in the rat, evaluated during the first month of life through
open-field behavior. The offspring of Wistar dams that received 60 mg/kg of cocaine, from gestational day 8 to 22, were examined in the
open-field during the second, third and fourth weeks of postnatal life in three consecutive 15-min daily sessions, starting on postnatal day
(PND) 14, (PND 14-16), PND 21 (PND 21-23) and PND 28 (PND 28-30). Results show that prenatal exposure to cocaine increased total
activity and rearing behavior on PND 22 and PND 29. Also, on PND 14, cocaine-exposed animals reared significantly more than control
rats. There were no significant differences in the frequency of center and peripheral ambulation, nor in the defecation rate. The present
results evidence alterations in the emotional behavior of rats prenatally exposed to cocaine. The delayed onset of exploration in the open-field
observed in cocaine-exposed animals suggests that they take more time to become habituated to a novel and open environment.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction al., 1992h. These differences are evident also in locomotor
activity (Hutchings et al., 1989; Smith et al., 1989; Church
Prenatal exposure to cocaine can produce several deleteand Overbeck, 1990; Henderson and McMillen, 1994
rious outcomes on the neurobehavioral development of thethe rat, prenatal cocaine exposure was reported to increase
offspring Church and Overbeck, 1990; Spear, 19%6ow- activity in the offspring Henderson and McMillen, 1990
ever, there are some discrepancies in literature about the podecrease activitySmith et al., 1989; Church and Overbeck,
tential effects of cocaine administration during pregnancy. 1990; Kunko et al., 1993 or not to affect it at all Foss and
While some studies have observed no signs of toxicity follow- Riley, 1991; Riley and Foss, 199TThese seemingly contra-
ing prenatal cocaine exposureahtel and MacPhail, 1982 dictory results may be explained, in part, by methodological
others have reported a variety of biochemical and functional differences such as subject age, length of the test session,
changes$obrian etal., 1989; Woolverton and Johnson, 1992; dose of drug administereddhns et al., 1992and the type
Spear, 1996; Morrow et al., 200Rand also, several behav- of apparatus.

ioral alterations in the performance of learning taskmith Open-field test is one of the most widely used measures
etal., 1989; Spear et al., 1989; Heyser et al., )98Qhe wa- to evaluate changes in locomotor activity, which are posi-
ter maze mith et al., 1988 in the forced swim tesHjlitzke tively correlated with emotional reactivity and exploratory

and Church, 1992; Molina et al., 1994, 1995; Overstreet et behavior Denenberg, 1969 This test exploits the natural
al., 2000, and in displaying neophobic behavialopins et aversion of rodents to a bright and open afdarftgomery,
1959. In this context, a novel situation can produce changes
* Corresponding author. Tel.: +351 22 6074945; fax: +351 22 6099157, IN the emotional state, although repeated experiences may at-
E-mail addressanam@ibmc.up.pt (A. Magadies). tenuate the emotional respons@ilkarni, 1977. Rats with
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higher emotional state, so called “emotional rats”, when ex- 0.9%), isovolumetric to cocaine and were submitted to food
posed to a novel and aversive stimulus display little motor restriction (pair-fed to the cocaine females).

activity and a high defecation ratBénenberg, 1969; Walsh Onthe day after birth, PND 1, each litter was culled to eight
and Cummins, 1976 The locomotor activity is an indicator  pups, gender balanced, and pups weighed, marked with a
of exploratory behavior but it is also a measure for emotional felt-tip pen for identification and housed in standard polycar-
reactivity @enenberg, 1969Therefore, high activity onthe  bonate cages, living directly on wooden bedding. Pups were
first day of testing has a positive association with high emo- weaned on PND 21. All procedures used were approved by
tionality, while high activity in subsequent testing days is the Portuguese Agency for Animal Welfare (General Board
associated with low emotional reactivitp€nenberg, 1969 of Veterinary Medicine).

The aim of the present study was to examine the devel-
opmental effects of prenatal exposure to cocaine during the
first month of life through open-field behavioral testing. With
this purpose, the locomotor activity, emotional response and
animal habituation to the open-field, were investigated on the
end of the second, third and fourth weeks of life, in three con-
secutive days in each week, covering three key developmentay
states. These developmental ages correspond to three critic
periods of development.éviola et al., 1992 postnatal day
14 (PND 14) — in the preweaning period, corresponding to
the day of eye opening in the strain usédder and Zbinden,
1977; PND 21 — the day of weaning; and PND 30 — the end

of the critical period for motor development/lton et al., PF group) from different litters were individually tested in
1992 and beginning of prepubescent peri&péar, 200D the open-field for three consecutive days, starting on PND 14

Both females and male;were teste_d inthe open-field, in orderq14_16), PND 21 (21-23) and PND 28 (28-30). In each ses-
to assess any gender differences in the outcomes of prenatal. . :
; sion, the rat was removed from its home cage in the colony
cocaine exposure. . . ) . .
room, brought into the adjacent testing room (illuminated
with 100Ix and noise attenuated) and placed in the center
of the open-field arena. The behavior in the open-field was
registered for 15min. The following behavioral categories
were analysed: locomotor activity (i.e. total number of move-
ments); peripheral activity or thigmotatic scanning (i.e. fre-
guency of locomotion along the walls of the open-field); cen-
ter activity (i.e. frequency of locomotion in the central section
of the open-field), and rearing behavior (i.e rat reared on its
hindpaws, both on or off the walls). Additionally, the number
of faecal boli present in the arena at the end of each ses-
sion was registered on second (PND 21-23) and third (PND
with free access to food and water. At the onset of breeding, 28-30) Se’F of sessions. The open-field arena was thoroughly
. ; cleaned with neutral soap after each test session. The animal
adult nulliparous females were mated with one male of the o o
habituation to the open-field in each set of three consecu-

same strain. The morning a copulatory plqg orsperm—p05|_t|ve ive sessions was analyzed by studying different behaviors
vaginal cytology was observed, was considered as gestationa, etween sessions

day 1 (GD 1). Pregnant females were weighed, housed in-

dividually in standard cages containing wood bedding, and 2.3. Data analyses

assigned to one of the following prenatal groups: a cocaine-

exposed group (CC) and a control group, pair-fed to the CC  Behavioral data and defecation rate were analyzed
group (PF). Dams in the CC group received subcutaneousby a 3-way analysis of variance (ANOVA) (treat-
injections (s.c.) of cocaine hydrochloride (Sigma Chemical mentx genderx session) with repeated measures. Since this
Co., St. Louis, MO) at 60 mg/kg of body weight/day from ANOVA did not indicate a significant effect of the interac-
GD 8 to 22 and were given ad lib food and water. The pe- tion of gender factor. Data was collapsed across gender and
riod of exposure comprises the major periods of organogene-reanalysed by a 2-way ANOVA (treatmentsessions) with

sis and of neurogenesis, migration and gliogenesis, coveringrepeated measures for each age tested and for each behav-
also the onset of synaptogenedissél, 1995; Henck, 2002 ior scored in the open-field. This analysis also evaluated the
Each daily dose was divided into two equal parts, adminis- animal pattern of habituation to the open-field. Differences
tered between 8:30-9:00 a.m. and 5:00-6:00 p.m. Dams inacross age throughout development were analyzed by 2-way
the PF group received daily s.c. injections of vehicle (saline ANOVA (treatmentx age) with repeated measures for each

2.2. Behavioral testing: open-field

The open-field consisted of acrylic cubic test arena
(0.4mx 0.4 mx 0.4 m) equipped with two parallel arrays of
photocells, one on a lower level with photocells in #&nd
planes and another with photocells only in thglane, and
laced at different heights (according to the age of the tested
pup), superimposing an invisible grid over the behavioral ac-
tivity arena (San Diego Instruments, San Diego, CA), which
allowed automatical recording of horizontal and vertical ac-
tivity.

Thirty-two rats (16 from the CC group and 16 from the

2. Materials and methods
2.1. Subjects and protocol of drug exposure

Rats used in this study were offspring born from Wistar fe-
males purchased from the colony of the Gulbenkian Institute
of Science, Oeiras, Portugal. They were bred at the Institute
of Molecular and Cell Biology, University of Porto, Portu-
gal. Animals were housed in atemperature and humidity con-
trolled colony room maintained on a 12/12 h light/dark cycle,
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session. Whenever statistically significant differences were
found between treatments or sessiontest comparisons

were used to test the post hoc mean comparisons. Results

were analyzed at a significance level of 58« (.05), using
the software Statistica version 5.5 (Statsoft Inc., 1999).

3. Results

Prenatal exposure to cocaine significantly altered open-
field behavior in developing rat pups offspring. A signifi-
cant main effect of treatment was observed for total activity
on the second (PND 21-23) and on the third (PND 28-30)
set of sessions (respectivel§(L,30) =5.98;p<0.05] and
[F(1,30)=4.52;p<0.05]). Within each set sessions, further
post hoc analysis of data, revealed that offspring prenatally
exposed to cocaine exhibited higher levels of total activity
on PND 22 and on PND 29 (respectively(32)=11.05;
p<0.05] and {(32)=7.13;p<0.05]) (Fig. 1A and B). On
the first set of evaluations, no significant differences in total
activity along the three consecutive sessions (PND 14-16)
were found.

For data concerning the first set of three sessions (PND
14-16), ANOVA revealed a significant effect of the differ-
ent sessions in the rearing behavig(4,60) = 7.03p < 0.05]

and a significant interaction between treatment and session

[F(2,60)=3.58;p<0.05]. The analyses of animal habitua-
tion to the open-field throughout sessions showed that on
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Fig. 1. Total activity in the open-field. (A) Data obtained along the third
postnatal week (PND 21-23); (B) data obtained along the fourth postnatal

week (PND 28-30). The data represent the mean plus standard error of the
mean (S.E.M.) expressed as arbitrary activity counts per session of 15 min.

*Significantly different from controlf< 0.05).
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Fig. 2. Rearing behavior in the open-field. (A) Data obtained along the sec-
ond postnatal week (PND 14-16); (B) data obtained along the third postnatal
week (PND 21-23); (C) data obtained along the fourth postnatal week (PND
28-30). The data represent the mean plus S.E.M. expressed as rearing counts
per session of 15 min. Labelled columns are significantly different from con-
trol *p<0.05 and ***p<0.001.

the second week cocaine-exposed animals had a different
rhythm of rearing behavior. Prenatal cocaine-exposed pups
reared more than control animals on PND 1(82) =8.63;
p<0.05], whereas, on PND 16, they reared apparently less.
However, this decrease did not reach significardg. (2A).

No other behavior category presented a significant main ef-
fect of session.

ANOVA showed also significantly altered rearing behav-
ior in rats prenatally exposed to cocaine on the second (PND
21-23) F(1,30)=16.02;p<0.001] and on the third (PND
28-30) F(1,30) =8.95p < 0.05] set of sessions. Further test-
ing has shown that rats prenatally exposed to cocaine reared
more than PF control animals on PND 223R)=17.71,;
p<0.001], PND 23 {(32)=6.36;p<0.05]) and PND 29
[t(32)=7.83;p<0.001] Fig. 2B and C).



770 A. Magaltges et al. / Environmental Toxicology and Pharmacology 19 (2005) 767773

—m— Control produced alterations in the open-field behavior of rats pre-
39 —@— Cocaine natally exposed to this drug. These animals displayed sig-
70 bd nificantly higher levels of total activity at 22 and 29 days of
- 60 ac age compared with the pair-fed group. Increased locomotor
EF sod '}/i/{ activity after prenatal cocaine was previously observed after
gg 404 6 h of testing in the open-fielddenderson and McMillen,
Eo?a 30 d 1990. However, in that study, the first 15 min of activity on
§§ R PND 30 were analyzed separately and showed no signifi-

204 . . . . .
cant effect of cocaine exposure. This first period of testing,

corresponds, although at a different stage of development,
to the first test session of the present experiment, in which
the same result was observed. Nevertheless, other authors
reported decreased total activity in rats prenatally exposed
Fig. 3. Rearing behavior in the open-field, data obtained in the second ses-t0 cocaine $mith et al., 1989; Church and Overbeck, 1990;
sion of each tested week. Values represent the mean plus S.E.M. expressed d€unko et al., 1993 Direct comparisons are difficult to estab-
rearing counts per session of 15 min; (a) and (b) represent significant differ- |ish since those studies employed different routes of admin-
e '°<O£f?1) be“’veenoaggls W'th'nthelsarlne group, (¢) and (d) representsyration (intragastric administratiokunko et al., 1998 a
significant differencesp(<0.001) to control values. wide range of doses (i.e. 6 mg/Kguinko et al., 199340, 60,
80 and 100 mg/kgChurch and Overbeck, 19900 mg/kg,
Smith et al., 198) different ages (animals tested on PND
20, 49, 80—-90Church and Overbeck, 199BND 30 and 60,
Henderson and McMillen, 1998ND 25, 30 and 3% mith et

10 +

PND15 PND22 PND29
Age

Peripheral activity and the number of entries in the cen-
ter of open-field (central activity) did not differ significantly
among groups in the three developmental ages.

For data concerning behavioral differences across ses- . . .
sions throughout development, ANOVA showed a main ef- al., 1989, different observation periods (6 Henderson and

fect of age in rearing behaviorf{2,60) = 18.95p<0.001], g/chifII:an,t199Q.3O min,dstlj”(};th ettatl., 198}3fdifferefr_1t|r(;um-
[F(2,60) = 30.34p<0.001], [F(2,60) = 7.02p< 0.05] for the er of test sessions and different types of open-field appara-

first, second and third session respectively), central activ- s (Automex' 'S ac tvity meter’Hepderson and McMillen,

ity ([F(2,60) = 10.36p< 0.001], [F(2,60) = 11.49p < 0.001], 1990. Alt_eratlons in th_e glqbal activity are kr_10wn to reflect_
[F(2,60) = 23.77;p<0.001] for the first, second and third changesmt_hedopamlngrgmandserotonerglcsystems,Wh|ch
session respectively), peripheral activity(2,60) =12.02; were described to be triggered by prenaial exposure to co-
o001l F .60, ,11 55 be 0.001] F(2,60) 13 54f caine either by altering the levels of dopamine and serotonin
p<0.001], for :che first. s,econd an(,j thira sessi(;n ,re- in several brain areasliénderson and McMillen, 1993; Keller
spectively) and total activity F(2,60)=14.5;p<0.001], _et al., 1994; l_(eller and Snyder-Keller, 2000; Yan, Z1agy .
[F(2,60) = 15.7:p<0.001], [(2,60)=12.93p<0.001] for interacting with the standard development of the dopamine

the first, second and third session respectively). In summary,igg g'e;otolnmt:aTsrigggr;an%receptb:.wlv-El%vs\)/?rtlj—s e;c.al.,t |
all recorded behaviors increased its frequency with age. ; ocaizoetal., riendersonetal, Leslieetal,,

Rearing behavior was also affected by a significant interac- 1994, C.ho' etal., 1998a9r by altering dopaminergic neu-
tion between treatment and adg2,60) =13.38p<0.001] rons (\/Imabe e.t al., 1992; Morrow et al., ZQDExposure to
in the second session of each experimental week. Rats pre_cocaunefollowmg the same protocol used in the present work,

natally exposed to cocaine on PND 15 displayed a num- was shown to alter the patterns of neuronal migration result-
ber of rears similar to control rats. but on PND 22 and 29 ing in abnormal architecture of the hippocampus and cortical

these rats showed a much higher level of rearing than the PFS(f:"Ct'OnS Baratiﬁn et ?I" 19?9”][(:’ to |nFc;‘rNe§s]<reathe dens:jty
group (K(32) = 17.71p<0.001] and {(32) = 2,67;p < 0.05], of neurons on the prefrontal cortex on \ares an

respectively). Analyses across age within each group showedS ”;'ad’ _1996' The hlpgocam_[?_us a_lr_lﬁl cor_tu;al far_eas a_r; Itrr?p“-
that rats prenatally exposed to cocaine increased rearing pefated In memory and cognition. Thus, intertering wi ese
havior with age (from PND 15 to PND 29(B2) =—7.45; strgctures would.be expected to cause behavioral alterations,
p<0.001]), whereas in the PF group there was no diﬁerencesWh'Ch would mainly be reflected in the performance of rats
ACIOSS agésF(g 3 in the second and third open-field sessions of each tested

The number of faecal boli was also recorded in the second 29¢: 85 these sessions imply a component of learning and

and third sets of sessions, but differences between group ?b'jtfl_]at'ot?' _In fact, '3 theppl\:eDsggt Wgrléi\ltgtglgactlvny was
were not significant. significantly increased on an .

Cocaine administration to animals and humans may cause
fear and panic-like behaviordlayes et al., 1998; Blanchard
4. Discussion and Blanchard, 1999and as peripheral activity is considered
an index of timidity Denenberg, 1969central activity could
In the present study, it was shown that daily cocaine ad- be a useful indicator of fear reduction and higher exploration.
ministration of 60 mg/kg body weight from GD 8 to GD 22 Inthis sense, itwould be expected that rats prenatally exposed
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to cocaine would go to the center significantly less than con- control group were more rapidly habituated to the open-
trols and would have higher frequency of peripheral activity. field.
However in this study, no significant differences were found  The defecation rate is related with the emotional reactivity
in peripheral and central activity of offspring prenatally ex- (Denenberg, 1969; Walsh and Cummins, 197®&is param-
posed to cocaine. eter was analyzed and results did not show any significant
Besides horizontal locomotion, the behavioral response of differences on the defecation rate between cocaine and PF
rats to novelty is also characterized by rearing behavior (ver- groups. In this study, the scores of defecation were only reg-
tical activity). The rearing behavior, as a behavioral responseistered on the second (PND 21-23) and third (PND 28-30)
to novelty, is considered to reflect not only exploratory activ- set of sessions, since on PND 14 (PND 14-16), when ani-
ity, but also emotionalityThiel etal., 199% On PND 14, this mals contact for the first time the open-field, there is rarely
behavior was increased in rats prenatally exposed to cocainedefecation. The lack of differences in this parameter may be
during the first open-field session; which was the first time associated with the fact that the defecation scores started to be
that these animals experimented the open-field arena. Thereregistered when animals were placed in the open-field for the
fore, the present data suggest that rats prenatally exposed téourthtime. The repeated exposure to the open-field increased
cocaine were more emotional when in contact with the open- the animal’s familiarity and habituation to this environment
field for the first time than control animals. High activity on and consequently reduced fesglsh and Cummins, 1976
the first performance in the open-field was said to be more In the present study, prenatal cocaine treatment did not
related with high emotionality than with low emotionality affect behavioral responses to the open-field in a gender-
(Denenberg, 1969Conversely, the increased rearing behav- dependent way. However, other studies using similar experi-
ior displayed on PND 22, 23 and 29 in rats exposed to cocainemental protocols have found gender differences in locomotor
during prenatal life, may be related with higher global activ- activity (Dow-Edwards, 1989; Brunzell et al., 2002e well
ity and/or reduction of fear, which can indicate that offspring as in other behavioral patterrSt{urch and Overbeck, 1990;
of cocaine-exposed dams start displaying exploratory behav-Choi et al., 1998b; Brunzell et al., 2002IAlso, gender dif-
ior only after several exposures to the open-field arena. Fearferences in the outcomes of prenatal cocaine exposure are
and anxiety are under control of the limbic system, mainly clearly observed in several neurochemical and biochemical
the amygdala and the nucleus accumbens are limbic strucparameters, such as brain metaboli&w-Edwards et al.,
tures involved in emotional controLévant, 1997; Missale 1990, 200}, mesolimbic dopamine function and dopamine
et al., 1998. Prenatal exposure to cocaine was shown to de- turnover Minabe et al., 1992; Miller et al., 1995; Giustino et
crease the metabolisnbéw-Edwards et al., 1990and to al., 199§, or response to a cocaine challenge dose in the adult
increase the expression of c-fos in the amygd&lay(ler- rat (Miller and Seidler, 1991 The fact that no differences be-
Keller and Keller, 2001; Morrow et al., 2002b; Mitchell and tween males and females were observed in the present study
Snyder-Keller, 2008 affecting its standard developmentand does not mean that gender differences would not be evident
possibly inducing deficient function of this area, which may if these rats were tested in the adulthood, since most studies
account for fear reduction. Recently, 1-week pups prenatally report behavioral differences only at this stage.
exposed to cocaine were shown to present reduced serotoner- The open-field behavior increased with age in the two
gic innervation in the nucleus accumbens and striatdam ( groups. This increased activity in young rats can be a conse-
2002, matching the alterations previously described for the quence of increased familiarity with the environment and/or
dopaminergic systensalzo et al., 1990; Collins and Meyer, a manifestation of maturation per $8r¢nstein, 197p Re-
1996; Coulter et al., 1996; Giustino et al., 1998; Glatt et al., sults also showed that rats exposed to cocaine during prenatal
2000; Salvatore et al., 20Dp4These altered patterns of de- life increased rearing behavior throughout development.
velopment of the serotonergic and dopaminergic mesolimbic  In conclusion, the present study provides evidence that
structures are probably related to the altered patterns of acprenatal cocaine exposure alters the open-field behavior of
tivity observed in the present study, since the nucleus accum-rats during the early postnatal life. Rats prenatally exposed
bens is involved the activation of locomotor activity, while to cocaine are more emotional on the first exposure to the
the striatum is implicated in controlling the patterns of mo- open-field and present a delay on the onset of exploratory be-
tor activity (Voorn et al., 1988; Robbins and Everit, 1992; havior in the open-field arena, which may indicate that they
Calabresi et al., 2000 take longer to become habituated to a novel and open envi-
On PND 22 and 29, rats prenatally exposed to cocaine ronment. These effects of prenatal cocaine exposure indicate
showed higher activity levels than controls. In fact, cocaine consequences on the way animals explore and gather envi-
animals were generally more active during the three set of ronmental information, interfering with the standard pattern
sessions than controls, however, the significant increasedof cognitive development.
activity observed on the second sessions of both the sec-
ond and third experimental weeks (PND 22 and 29), may acknowledgements
be more related to the decrease of activity (when com-
pared to PND 21 and 28, respectively) observed in rats  This work was supported by Project POCTI/PSI/39491/
of the PF control group, and may indicate that rats of PF 2001 and Programa de Financiamento Plurianual (IBMC).
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