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(4) 687–694, 1999.—Bisphenol A (BPA)
is an environmental estrogen with potentially aversive effects on public health. In rats, we studied the effects of perinatal ex-
posure to BPA on nonsocial behaviors partly influenced by gonadal hormones. BPA was administered orally to one group of
mother rats at a concentration within the range of human exposure from 10 days before mating until the weaning of the pups.
In a second group, BPA was given at a higher dosage during a critical period for brain organization, i.e., from day 14 of gesta-
tion until day 6 after birth. The offspring of the treated mothers were tested in the holeboard and the elevated plus-maze at 85
days of age. Various aspects of nonsocial behavior were affected by BPA, differently in males and females, confirming that
exposure to a weak environmental estrogen in the period of sexual differentiation of the brain can influence adult behavior.
However, contrary to our expectation, a clear masculinization of females was not observed. In general, the factor analysis in-
dicated that in treated males both the motivation to explore and anxiety are reduced, while in females, motor activity and mo-
tivation to explore are depressed. Because there were no substantial differences between the two modalities of BPA adminis-
tration, we suggest that the prolonged treatment with the low dosage compensates for the higher dosage given during a
shorter steroid-sensitive period. This may be a cause of concern for public health, given the greater incidence of prolonged
exposure of humans to low concentrations released into the environment. © 1999 Elsevier Science Inc.
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THERE is increasing concern about the potential negative
impact on public health of a class of environmental chemicals
with estrogenic activity: the potential effects of these environ-
mental estrogens include breast cancer (7,37), falling sperms
counts (3), and a variety of reproductive abnormalities
(5,13,14). Nevertheless, reliable direct evidence of the harm-
ful effects of these substances at the concentrations found in
the environment is lacking or controversial. As it was recently
stressed (8), much debate is generated by the difficulty of ex-
trapolating in vitro effects to an in vivo situation and by the
use of the breast and uterus as models to assess the estrogenic
activity of the substances.

Given the well-known ability of estrogens to affect sexual
differentiation of the brain during a critical period, i.e., peri-
natal life (16), it is likely that behavioral systems organized
under the influence of gonadal hormones can be affected by
precocious exposure to environmental estrogens. Behavior,

as the final point of a cascade of events, may reveal subtle ef-
fects not easily detectable at each single step of the process.

In addition to reproductive behavior, a variety of behav-
ioral activities in rodents are organized and possibly sexually
differentiated under the influence of perinatal gonadal hor-
mones (1,22,23). Social and nonsocial behaviors are masculin-
ized in female rats by neonatal androgenization of females
[see (36)]. This could be mediated by the aromatization of tes-
tosterone into estradiol.

Bisphenol A (BPA) is a particularly important environmen-
tal estrogen. Not only is it widespread in the environment, but it
is commonly ingested by humans, being released by polycar-
bonate plastics, the lining of food cans, and dental sealants
(2,19,27). BPA has a weak estrogenic activity in vitro and in
vivo (18,31), but recent evidence indicates that this substance is
able to interact with the estrogen receptor alpha (ERa) in a
unique manner, somewhat different from estradiol (12).
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BPA is able to affect in mice the development of reproduc-
tive organs and their function in the male offspring of mothers
fed with this chemical during pregnancy (32). The same authors
report that exposure during fetal life to other estrogenic chemi-
cals can influence the development of territorial behavior (33).

In the present work, we study the effects of precocious ex-
posure to BPA, at concentrations within the range of human
exposure and not patently teratogenic (2,24,27), on forms of
nonsocial behavior sensitive to the action of perinatal gonadal
hormones (21,35). To this purpose, we administered BPA
orally to female rats by two modalities: (a) a low dosage (40

 

m

 

g/kg) from before mating with stud males until weaning of
the pups, to analyze the behavioral effects in offspring of
chronic exposure to BPA; and (b) a high dosage (400 

 

m

 

g/kg)
from day 14 of gestation until day 6 after delivery, to analyze
the effects in the offspring of acute exposure during a period
that is critical for brain organization.

 

METHOD

 

Subjects

 

We used 84 Sprague–Dawley rats (42 females and 42
males) that were 85 days old at the time of testing, the off-
spring of the treated mothers, and born and bred in the De-
partment of Animal Biology, University of Florence. Rats
were housed in groups of six per cage (42 

 

3

 

 26 

 

3

 

 15 cm), all
of the same sex and treatment, in a room adjacent to the test-
ing rooms, under a reversed light–dark cycle (lights off from
0900 to 1900 h). Food and water were freely available.

During the fetal and neonatal period, the animals were ex-
posed to Bisphenol A, which was administered to their moth-
ers, as subsequently reported.

Experimental procedures followed the regulations of the
European Communities Council Directive 86⁄609/EEC.

 

Treatment Procedure

 

Two dosages of Bisphenol A (FLUKA Ltd.), 40 and 400

 

m

 

g/kg body weight, were administered daily to two groups of
mothers during pregnancy and lactation, for periods of differ-
ent duration. Thirty-one females in reproductive age were ran-
domly allocated to three groups: low dosage (

 

n

 

 

 

5

 

 11), receiv-
ing 40 

 

m

 

g/kg Bisphenol A, administered from day 10 preceding
conception until the weaning of the pups; high dosage (

 

n

 

 

 

5

 

11), receiving arachis oil from day 10 preceding conception un-
til day 13 of gestation, followed by 400 

 

m

 

g 7 kg Bisphenol A
until day 6 after delivery, and then arachis oil again until the
weaning of the pups; control (

 

n

 

 

 

5

 

 9), receiving arachis oil from
day 10 preceding conception until the weaning of the pups.
The substance, dissolved in arachis oil at the concentration of
5.32 and 53.2 

 

m

 

g/ml, for the low and high dosages, respectively,
was administered orally by micropipette, in a variable volume
according to body weight. Because the animals were trained to
receive the oil, the procedure was not stressful.

The litters were weaned on day 21. For each treatment
group, the animals were randomized and housed in mixed-sex
groups of three males and three females. The three treatment
groups consisted of: low dosage, 30 pups (15 males and 15 fe-
males), high dosage, 24 pups (12 males and 12 females), and
control, 30 pups (15 females and 15 males). Three weeks be-
fore testing, the animals were housed as groups of six per
cage, of the same sex and treatment.

 

Behavioral Testing

 

Behavioral testing started at day 85 after birth and was
completed in 3 days. Animals belonging to the same treat-
ment and sex were tested in separate sessions. Animals of the
same cage were tested in sequence. Each subject performed
the two tests in sequence, the holeboard (5 min) being fol-
lowed immediately by the elevated plus-maze (5 min). The
tests were carried out during the dark phase under dim red
light, combined with a low, indirect white light. All animals
were unfamiliar with the two apparatuses. Both apparatuses
were thoroughly cleaned at the end of each test. All sessions
were recorded with a videocamera (Sony HI8) positioned
above each apparatus. We subsequently scored the video-
tapes with software that allowed analysis of the frequency and
duration of the behavioral parameters (Observer software,
Noldus Information Technology).

The holeboard was a black Perspex box (63 

 

3

 

 63 

 

3

 

 43 cm)
with four holes (3.8 cm diameter) equally spaced on the floor.
The floor was divided into 36 squares. Frequency and dura-
tion of head dipping, self-grooming, and rearing were re-
corded, while locomotor activity was recorded as the number
of squares crossed. In addition, the percentage of internal
crosses [no. internal/total crosses 

 

3

 

 100] was calculated. The
number of boluses was recorded at the end of the test. The
holeboard apparatus provides separate measures of motor ac-
tivity and exploration (6,10).

The elevated plus-maze was made of black Perspex, and
consisted of 2 open arms (50 

 

3

 

 10 cm) and 2 closed arms (of
the same size but with 34 cm high walls) extending from a cen-
tral square platform (10 

 

3

 

 10). The arms were arranged so
that those of the same type were opposite each other. The ap-
paratus was elevated 60 cm above the floor. Each animal was
placed in the central square facing an open arm. We then re-
corded standard spatiotemporal measures: the numbers of en-
tries into the open and closed arms (arm entry defined as 

 

3

 

⁄

 

4

 

 of
body into an arm), and the time spent in both types of arms.
In addition to these parameters, the time spent in the central
square was also recorded. We also calculated the percentage
of time spent in each of the three sections of the plus-maze
(time/300 s 

 

3

 

 100), the number of total entries (open 

 

1

 

 closed
entries), and the percentage of open entries (open entries/to-
tal entries 

 

3

 

 100).
In addition to these traditional spatiotemporal measures,

giving separate measures of anxiety and locomotion (15,20),
we also recorded some behavioral parameters that have re-
cently been included in an enlarged version of the elevated
plus-maze test in mice (28) and rats (6) to supplement and
strengthen the traditional measures. In our experiments, these
were confined to the frequency of head dips (protruding the
head over the edge of the apparatus) and of stretched-attend
posture (stretching the body forward without movement of
the paws and then returning it to the original position). The
frequency and duration of self-grooming and rearing were
also scored.

 

Statistical Analysis

 

The holeboard and elevated plus-maze data were tested by
two-way ANOVA with the factors sex (males and females)
and treatment (low dosage, high dosage, control). One-way
ANOVA (treatment) was later applied to males and females.
Post hoc analysis was used for comparisons between groups
(Fisher LSD test; level of significance required 0.05).

A factor analysis was applied to the data from both tests
for all groups of animals; the principal components method
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with an orthogonal rotation (varimax) of the factor matrix
was employed. To determine the number of factors, we used a
combination of two criteria: the criterion of 75% variance rule
(11) and the root curve criterion (4). The factor loading of
each variable indicates how the variable is correlated with the
factor; only factor loadings higher than 0.5 are reported. To
avoid redundance, we preliminarily selected the measures to
be entered in the analysis, taking into account the matrix sam-
pling adequacy, both totally and for each variable (17).

 

RESULTS

 

There were no evident signs of maternal toxicity or fetal
malformations.

Tables 1 and 2 report the results of the two-way ANOVA
(treatment and sex) of the data from holeboard and elevated
plus-maze tests, respectively. The means and SE of the behav-
ioral parameters for both sexes are reported in Table 3 for the
holeboard test, and in Table 4 for the elevated plus-maze test.

 

Holeboard Test

 

The two-way ANOVA (Table 1) revealed significant ef-
fects of the factor treatment: independently of sex, self-
grooming (frequency and duration) was increased by mater-
nal treatment with BPA, while head dipping (frequency and
duration), number of crosses, and the percent of internal
crosses were decreased.

The factor sex significantly affected the percent of internal
crosses, with higher levels in males than females, and marginally
affected the number of boluses, higher in males than females.

To analyze more specifically the effects in both sexes of the
two modalities of maternal treatment with BPA, we tested the
male and female data separately with one-way ANOVA (treat-
ment). This was followed by the appropriate post hoc compari-
sons (Fisher LSD test). The results are reported in Table 3.

In females, the duration of head dipping showed a signifi-
cant decrease with both dosages (

 

F

 

 

 

5

 

 5.57, 

 

p

 

 

 

,

 

 0.01), while
the frequency of head dipping (

 

F

 

 

 

5

 

 5.16, 

 

p

 

 

 

,

 

 0.01) was re-
duced only with the high dosage. In contrast, the number of
crosses (

 

F

 

 

 

5

 

 4.71, 

 

p

 

 

 

,

 

 0.01) was significantly reduced with the
low dosage. The effect on the percent of internal crosses was
only marginally significant (

 

F

 

 

 

5

 

 2.68, 

 

p

 

 

 

,

 

 0.1).
In males, there was a significant effect of treatment only on

the frequency of head dipping (

 

F

 

 

 

5

 

 3.13, 

 

p

 

 

 

5

 

 0.05), due to a

decrease in the high dosage group. As in the females, the ef-
fect on percent of internal crosses was only marginally signifi-
cant (

 

F

 

 

 

5

 

 2.96, 

 

p

 

 

 

,

 

 0.1).

 

Elevated Plus-Maze Test

 

The two-way ANOVA (Table 2) revealed various signifi-
cant effects on the spatiotemporal measures and behavioral
parameters recorded in the plus-maze test.

 

Spatiotemporal measures. 

 

Both the factor treatment and
the interaction treatment 

 

3

 

 sex had significant effects on the
number of open arm entries, which indicates a different effect
of maternal BPA treatment in the two sexes. The same was
true for the percent of open-arm entries. There was a signifi-
cant effect of treatment on the number of closed-arm entries
and a significant effect of the interaction treatment 

 

3

 

 sex on
the percent of time spent in the closed arms. The effect on the
percent of time spent in the central square was significant for
the factor treatment and marginally significant for the interac-
tion treatment 

 

3

 

 sex.

 

Behavioral parameters. 

 

The factor treatment had a signifi-
cant effect only on the frequencies of self-grooming and
stretched-attend posture.

These findings indicate that most of the plus-maze parame-
ters are affected differently in the two sexes by maternal treat-
ment with BPA. To obtain more information about the two
modalities of treatment in each sex, we applied one-way
ANOVA followed by the appropriate post hoc comparisons
(Fisher LSD). In females, treatment had marginally signifi-
cant effects on the number of closed-arm entries (

 

F

 

 

 

5

 

 3.09,

 

p

 

 

 

,

 

 0.057) and the number of total entries (

 

F

 

 

 

5

 

 2.56, 

 

p

 

 

 

,

 

0.09), both parameters being decreased by the high dosage
treatment (Table 4). The percent of time spent in the central
square was significantly decreased (

 

F

 

 

 

5

 

 3.50, 

 

p

 

 

 

,

 

 0.05) by
both dosages. Among the behavioral parameters, only fre-
quency of self-grooming was significantly affected (

 

F

 

 

 

5

 

 3.41,

 

p

 

 

 

,

 

 0.05), with an increase in the low-dosage group.
In males, treatment significantly affected the number of

open-arm entries (

 

F

 

 

 

5

 

 4.8, 

 

p

 

 

 

,

 

 0.01), the percent of open-arm
entries (

 

F

 

 

 

5

 

 12, 

 

p

 

 

 

,

 

 0.0001), and the percent of time spent in
the open arms (

 

F

 

 

 

5

 

 3.4, 

 

p

 

 

 

,

 

 0.05); the low-dosage maternal
treatment significantly increased all these parameters, while
the high dosage treatment increased the percent of open-arm
entries. The only behavioral parameter significantly affected

 

TABLE 1

 

TWO-WAY ANOVA FOR MEASURES OBTAINED IN THE HOLEBOARD TEST

Treatment
(

 

df

 

 

 

5

 

 2.76)
Sex

(

 

df

 

 

 

5

 

 1.76)
Treatment 

 

3

 

 Sex
(

 

df

 

 

 

5

 

 2.76)

 

F p F p F p

 

Self-grooming (f) 3.12

 

,

 

0.05 0.02 NS 0.48 NS
Self-grooming (d) 3.17

 

,

 

0.05 2.51 NS 0.14 NS
Rearing (f) 0.46 NS 0.30 NS 0.63 NS
Rearing (d) 0.57 NS 0.02 NS 0.47 NS
Head dipping (f) 7.69

 

,

 

0.001 1.95 NS 0.08 NS
Head dipping (d) 4.65

 

,

 

0.01 1.30 NS 0.07 NS
No crosses 6.58

 

,

 

0.002 0.87 NS 0.46 NS
% internal/total crosses 5.05

 

,

 

0.01 5.27

 

,

 

0.02 0.67 NS
No boluses 0.45 NS 3.27

 

,

 

0.1 1.33 NS

 

df

 

: degrees of freedom; NS: not significant; (f): frequency; (d) duration.
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was the frequency of stretched-attend posture (

 

F

 

 

 

5

 

 8.6, 

 

p

 

 

 

,

 

0.001) which was decreased by both dosages (Table 4).
Principal components analysis was applied to the data from

both tests for all groups of animals. The measures used for the
analysis were preliminarily selected to avoid redundance (see
the Methods section). Table 5 shows the loading of each mea-
sure on five independent factors, accounting for 80% of the to-
tal variance. Only loadings higher than 0.5 were selected.

The measures loading on factor 1 were all from the ele-
vated plus-maze test: number of closed-arm entries, number
of total entries, percent of time spent in the central square,
and self-grooming, with a negative sign and a poor loading.
This factor can be interpreted as general activity in the ele-
vated plus-maze.

The measures loading on factor 2 were also from the ele-
vated plus-maze test: percent of open-arm entries, percent of
time spent in the open arms, frequencies of head dips, and

stretched-attend posture, the latter with a negative sign. This
factor seems to be related to anxiety.

The measures loading on factor 3 were from the holeboard
test: head dipping (frequency and duration). This factor rep-
resents motivation to explore.

The measures loading on factor 4 were also from the hole-
board test: rearing (frequency), number of crosses, and self-
grooming (duration), the latter with a negative sign. This fac-
tor likely represents the motor activity, both horizontal and
vertical, in this test.

The only measure loading (highly) on factor 5 was from
the elevated plus-maze test: rearing (frequency).

When the factor analysis was applied separately to males
and females (Table 6), differences between the sexes were
found in the number and position of factors. Five factors were
extracted in females, but only four in males.

In males, factor 1 (high loading of number of open-arm en-

TABLE 2

 

TWO-WAY ANOVA FOR MEASURES OBTAINED IN THE ELEVATED PLUS-MAZE TEST

Treatment
(

 

df

 

 

 

5

 

 2.75)
Sex

(

 

df

 

 

 

5

 

 1.75)
Treatment 

 

3

 

 Sex
(

 

df

 

 

 

5

 

 2.75)

 

F p F p F p

 

Open-arm entries 3.07

 

,

 

0.05 2.02 NS 2.95

 

,

 

0.05
% time in open arms 2.14 NS 2.00 NS 1.85 NS
Closed-arm entries 3.84

 

,

 

0.03 0.00 NS 0.44 NS
% time in closed arms 0.72 NS 0.00 NS 3.26

 

,

 

0.05
% time in center 3.09

 

,

 

0.05 1.03 NS 2.79

 

,

 

0.1
Total entries 1.57 NS 0.59 NS 1.73 NS
% open/total entries 5.66

 

,

 

0.005 1.92 NS 3.53

 

,

 

0.03
Rearing (f) 2.20 NS 0.34 NS 0.09 NS
Rearing (d) 1.89 NS 1.06 NS 0.07 NS
Self-grooming (f) 4.14 ,0.02 0.00 NS 0.72 NS
Self-grooming (d) 0.37 NS 0.09 NS 2.10 NS
Head dips (f) 0.31 NS 0.02 NS 1.88 NS
Stretched-attend posture (f) 6.82 ,0.002 3.56 ,0.1 1.09 NS

df: degrees of freedom; NS: not significant; (f): frequency; (d) duration.

TABLE 3
EFFECTS OF PRECOCIOUS BISPHENOL A EXPOSURE IN FEMALE AND MALE RATS

{ACTIVITY IN THE 5-MIN HOLEBOARD TEST (MEANS 6 SE)]

Females Males

Control
(14)

Low Dosage
(15)

High Dosage
(12)

Control
(14)

Low Dosage
(15)

High Dosage
(12)

Self-grooming (f) 5.7 6 1.0 8.5 6 1.3 8.1 6 1.2 6.5 6 1.1 7.6 6 0.7 8.5 6 0.7
Self-grooming (d) 25.8 6 5.9 36.2 6 6.7 41.6 6 7.4 34.4 6 6.4 41.7 6 6.7 54.7 6 8.9
Rearing (f) 20.8 6 2.2 16.9 6 2.2 18.0 6 1.8 17.6 6 1.9 18.1 6 1.6 17.2 6 2.5
Rearing (d) 43.1 6 4.8 37.3 6 6.2 35.0 6 4.1 37.4 6 5.2 41.7 6 5.4 34.6 6 5.9
Head dipping (f) 5.8 6 0.6 3.9 6 0.9 2.4 6 0.6* 6.6 6 1.3 5.3 6 0.6 3.2 6 0.7*
Head dipping (d) 16.7 6 3.5 9.2 6 2.2* 4.3 6 1.3* 18.8 6 7.1 14.1 6 2.1 7.8 6 2.5
No. crosses 156.2 6 11.0 107.3 6 12.8* 125.4 6 10.3 141.0 6 11.6 111.0 6 8.4 110.2 6 15.2
% internal/total crosses 18.9 6 1.8 19.7 6 2.1 13.4 6 2.3 20.9 6 2.8 27.1 6 2.8 17.7 6 2.7
No. boluses 3.9 6 1.4 4.1 6 0.8 2.4 6 0.8 6.0 6 1.8 3.7 6 0.6 5.8 6 0.9

Number of rats in each group in parentheses; (f): frequency; (d) duration.
Post hoc comparisons (Fisher LSD test): *p , 0.05 compared to control group of the same sex.
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tries, percent of time spent in the open arms, head dips, and
stretched-attend posture) reflects anxiety. Factor 2 (number
of total and closed-arm entries, rearing, percent of time spent
in the central square) reflects motor activity in the plus-maze;
self-grooming loaded negatively on this factor.

Factors 3 and 4 reflect, respectively, exploration and motor
activity in the holeboard; self-grooming loaded negatively on
factor 4.

In females, factor 1 represents activity in the plus-maze, with
additional loading of stretched-attend posture and self-groom-
ing, the latter with a negative sign. Factor 2 represents anxiety

and includes head dips. Factors 3 and 4 represent, respectively,
motor activity and exploration in the holeboard. Rearing in the
elevated plus-maze loaded on a single factor, Factor 5.

DISCUSSION

Our data show that various aspects of nonsocial behavior
are affected by perinatal exposure to Bisphenol A. This con-
firms the hypothesis that exposure to an environmental estrogen
in the critical period of sexual differentiation can permanently
influence the neural systems involved in the organization of be-

TABLE 4
EFFECTS OF PRECOCIOUS BISPHENOL A EXPOSURE IN FEMALE AND MALE RATS

{ACTIVITY IN THE 5-MIN ELEVATED PLUS-MAZE TEST (MEANS 6 SE)]

Females Males

Control
(14)

Low Dosage
(15)

High 
Dosage

(11)
Control

(14)
Low Dosage

(15)

High 
Dosage

(12)

Open-arm entries 1.4 6 0.4 1.5 6 0.4 0.8 6 0.2 0.9 6 0.3 2.5 6 0.4* 1.7 6 0.4
% time in open arms 5.5 6 1.8 5.7 6 1.4 5.0 6 1.1 4.0 6 1.6 10.3 6 2.0* 7.7 6 1.5
Closed-arm entries 4.2 6 0.7 2.9 6 0.4 2.5 6 0.3* 3.7 6 0.5 3.1 6 0.4 2.8 6 0.5
% time in closed arms 79.0 6 6.0 87.9 6 2.5 90.5 6 1.7 89.1 6 2.2 82.7 6 3.1 85.9 6 2.6
% time in center 15.6 6 4.8 6.4 6 1.6* 4.5 6 1.0* 6.9 6 0.9 7.0 6 1.6 6.4 6 1.8
Total entries 5.7 6 0.9 4.3 6 0.7 3.3 6 0.4* 4.6 6 0.8 5.6 6 0.7 4.5 6 0.7
% open/total entries 21.9 6 5.5 26.1 6 6.3 23.2 6 5.2 12.0 6 4.4 40.3 6 3.9* 36.7 6 5.4*
Rearing (f) 14.1 6 1.9 11.5 6 1.3 13.2 6 2.1 13.9 6 1.5 10.1 6 0.8 12.5 6 2.0
Rearing (d) 26.4 6 4.4 20.9 6 3.4 21.1 6 4.3 23.7 6 4.0 16.3 6 1.5 19.2 6 3.1
Self-grooming (f) 5.9 6 0.5 8.7 6 1.1* 6.2 6 0.6 6.6 6 0.8 7.7 6 0.7 6.4 6 0.4
Self-grooming (d) 52.7 6 8.5 70.4 6 10.9 84.7 6 13.1 78.3 6 9.9 72.7 6 11.5 64.9 6 10.2
Head dips (f) 7.0 6 1.8 4.7 6 0.9 5.5 6 0.9 4.5 6 09 5.9 6 1.1 7.0 6 1.1
Stretched-attend posture(f) 4.6 6 0.7 3.3 6 0.6 3.8 6 0.7 4.6 6 0.6 1.7 6 0.4* 2.6 6 0.5*

Number of rats in each group in parentheses; (f): frequency; (d) duration.
Post hoc comparisons (Fisher LSD test): *p , 0.05 compared to control group of the same sex.

TABLE 5
ORTHOGONAL FACTOR LOADINGS FOR HOLEBOARD AND

ELEVATED PLUS-MAZE MEASURES
(ACCOUNTING FOR 80% OF THE TOTAL VARIANCE)

Factor 1
(30%)

Factor 2
(21%)

Factor 3
(13%)

Factor 4
(9%)

Factor 5
(7%)

PM Closed-arm entries 0.86 – – – –
PM Total entries 0.81 – – – –
PM % time in center 0.75 – – – –
PM Self-grooming (d) 20.55 – – – –
PM % open/total entries – 0.89 – – –
PM % time in open arms – 0.83 – – –
PM Stretched-attend posture (f) – 20.70 – – –
PM Head dips (f) – 0.68 – – –
HB Head dipping (d) – – 0.96 – –
HB Head dipping (f) – – 0.94 – –
HB Rearing (f) – – – 0.87 –
HB No. crosses – – – 0.77 –
HB Self-grooming (d) – – – 20.76 –
PM Rearing (f) – – – – 0.87

Only factors loading .0.5 are reported; percentage of total variance accounted for by each factor in
parentheses; HB: holeboard; PM: elevated plus-maze; (f): frequency; (d): duration.
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havior. In the present experiments, this influence is proved
through the use of a simple experimental paradigm, measur-
ing forms of nonsocial behavior (related to anxiety, explora-
tion, and locomotion) known to be sensitive to the actions of
perinatal hormones (21,35).

The effects of precocious exposure to BPA were indepen-
dent of sex for some behaviors and sex dependent for others.
However, contrary to our expectation, based on the estro-
genic action of BPA and the critical period of administration,
a clear masculinization of females was not observed. In the
holeboard, locomotion and exploration were on the whole de-
pressed, accompanied by an overall increase of self-grooming
(see Table 1): the latter activity has been described as a form
of displacement in conflict situations, which thus competes
with movement and exploration.

When the sexes were analyzed separately, however, the ef-
fects on motor activity and exploration were more evident in
females (Table 3).

In the elevated plus-maze test (Table 4), we observed sex-
dependent effects of the BPA exposure. In particular, male
offspring of treated mothers exhibited more frequent entries
into the open arms and more time spent in them, accompa-
nied by a reduction of stretched-attend posture. These modifi-
cations are indicative of a reduced level of anxiety. The same
parameters remained unchanged in females, although other
parameters were affected by the maternal BPA treatment. In
particular, there was a reduction in the number of entries into
the closed arms and the number of total entries (both indica-
tive of general activity in this test), accompanied by increased
levels of self-grooming.

The application of factor analysis to all the data allowed us
to identify better the relationship between the two tests. In this
respect, the analysis confirmed that the tested variables are of
a different nature; thus, the two tests are complementary and
provide information about different processes (6,9,20). This
was particularly evident for the measures of motor activity in

the two tests; their loading on independent factors indicates
that the nature of the activity in the two tests is different.

There were sex differences in the structure of the factor
analysis applied separately to males and females. In males,
four factor were extracted, in the order: anxiety and locomo-
tion in the elevated plus-maze, and exploration and locomo-
tion in the holeboard. In females, five factors were extracted
in a different order from that of the males: activity and anxi-
ety in the elevated plus-maze, activity and exploration in the
holeboard, and rearing in the plus-maze.

In general, the behavior of females in each test was prima-
rily characterized by activity, whereas in males the strongest
behavioral factor was anxiety. This agrees with the results of a
basic study of sex differences in the structure of factor analysis
applied to the same measures of nonsocial behavior (Wilson
et al., this issue). Those authors also describe the prevalence
of anxiety in males and of activity in females.

Sex differences were also observed in the distribution
among the factors of a behavioral parameter recorded in the
plus-maze test, i.e., stretched-attend posture. Stretched-attend
posture is regarded as an index of risk assessment in a poten-
tially threatening situation, and in previous factor analysis stud-
ies, carried out in males, loaded on the factor anxiety (6,9,28);
this has been confirmed in the present study, for males, but in
females it loaded positively on the factor motor activity.

Sex differences were also found for rearing, which ap-
peared to be associated in males with other measures of motor
activity in each test (factors 2 and 4). This agrees with previous
findings (30), and suggests that rearing is a form of vertical mo-
tor activity. However, once again, this applies only to males. In
females, rearing in the elevated plus-maze test was indepen-
dent of motor activity. Finally, an inverse association between
rearing and self-grooming was found only in males.

A first general conclusion to be drawn is that behaviors
(even structurally identical ones) may have different meanings
in different contexts, in which it should be underlined, the ani-

TABLE 6
ORTHOGONAL FACTOR LOADINGS FOR HOLEBOARD AND

ELEVATED PLUS-MAZE MEASURES IN FEMALE AND MALE RATS
(ACCOUNTING FOR 81% OF THE TOTAL VARIANCE  IN FEMALES AND 75% IN MALES)

Females Males

Factor 1
(38%)

Factor 2
(17%)

Factor 3
(11%)

Factor 4
(8%)

Factor 5
(7%)

Factor 1
(27%)

Factor 2
(24%)

Factor 3
(15%)

Factor 4
(9%)

PM Closed-arm entries 0.79 – – – – – 0.91 – –
PM Total entries 0.67 – – – – – 0.81 – –
PM % time in center 0.61 – – – – – 0.27 – –
PM Self-grooming (d) 20.57 – – – – – 20.61 – –
PM % open/total entries – 0.90 – – – 0.84 – – –
PM % time in open arms – 0.93 – – – 0.81 – – –
PM Stretched-attend posture (f) 0.68 – – – – 20.80 – – –
PM Head dips (f) – 0.74 – – – 0.77 – – –
HB Head dipping (d) – – – 0.86 – – – 0.96 –
HB Head dipping (f) – – – 0.91 – – – 0.95 –
HB Rearing (f) – – 0.93 – – – – – 0.89
HB No. crosses – – 0.83 – – – – – 0.75
HB Self-grooming (d) – – 20.55 – – – – – 20.79
PM Rearing (f) – – – – 0.88 – 0.57 – –

Only factors loading .0.5 are reported; percentage of total variance accounted for by each factor in parentheses; HB: holeboard; PM: ele-
vated plus-maze; (f): frequency; (d): duration.
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mals are artificially confined. In addition, the processes under-
lying the behaviors may be different in the two sexes. This sug-
gests caution in extrapolating results obtained in males (the
case of most studies for the validation of the tests) to females.

The results of the factor analysis allow us to broaden the
interpretation of our findings concerning the effects of preco-
cious exposure to BPA on single behaviors.

In females, the parameters of motor activity in both tests
were depressed following maternal treatment, as was the moti-
vation to explore. Similarly, in males the motivation to explore
was reduced. However, the most relevant finding in this sex was
the reduction of anxiety. which was unmodified in the females.

In line with the present findings, it has been shown that
the absence of male gonadal hormones in the postnatal pe-
riod reduces anxiety in males (21) and that testosterone given
neonatally to female rats increases anxiety, as measured in
the plus-maze test (35). It is known that gonadal hormones in
the perinatal period organize the neural mechanisms under-
lying sex differences in adult behavior. Conversion of andro-
gens to estrogens through aromatization is a key step in this
process (29).

The mechanism of action of BPA, which mimics estrogens
in many respects (5,31), could be related to its capacity to
compete with estradiol for binding with the estrogen receptor
alpha (one of the two ER subtypes). However, in vitro and in
vivo studies have shown that BPA cannot be regarded merely
as a weak estrogen; it has unique ligand properties, which
stimulate some responses different from estradiol (12,31).

There are indications that the influence of BPA on the
ERa is the basis of the behavioral effects of the substance.
In both male and female mice, the integrity of ERa gene ex-
pression is necessary for the activation not only of sexual
behavior, but also of aggressive and parental behavior
(25,26). It has also been suggested that ERa activation dur-
ing neural development is involved in the regulation of
these behaviors.

It cannot be excluded that other mechanisms of action of
BPA are the basis of the observed behavioral effects. For ex-
ample, it has been shown that BPA induces progesterone ex-
pression (18), which is important in view of the role played by

progesterone in the development of sex differences in the
brain and in behavior (34).

Finally, the presence of BPA in the perinatal period could
have differential effects in males and females, according to
the presence or absence of endogenous aromatizable gonadal
hormones.

In the evaluation of such a complex situation, however, it
should be borne in mind that the effects of BPA could be due
more to an alteration of the neonatal endocrine system than
to estrogen mimicry.

In this study, we explored the effects of two modalities of
maternal BPA treatment: the first was a prolonged treatment,
from before pregnancy until weaning, with a low dosage of
the substance; the second was treatment with a high dosage
for a shorter period of time, albeit one that is crucial for de-
velopment and sexual differentiation. It should be empha-
sized that in both forms of treatment, the offspring received
the substance via the placental circulation as well as via the
milk. Appropriate experiments will be necessary to explore
the contribution of the two forms of transfer from mother to
fetus and to newborn.

There were no substantial differences in the effects on the
offspring of the two modalities of maternal BPA administration.
We suggest that the prolonged treatment with the low dosage
compensates for the higher dosage given during the shorter ste-
roid-sensitive period. This may be cause for concern for public
health, given the greater incidence of prolonged human expo-
sure to low concentrations released into the environment (8,18).

ACKNOWLEDGEMENTS

We are very grateful to Paola Palanza and Stefano Parmigiani,
who provided valuable comments and suggestions during the plan-
ning of this study. Anna Franca Pantani and Stefania Palestina gave
valuable assistance during the animal treatment and behavioral ob-
servations. Alessandro Massolo provided useful suggestions for the
statistical analysis. We also thank Peter Christie for his careful lin-
guistic revision. This work was supported by funds from the Univer-
sity of Siena (60%, to Farabollini), University of Firenze (60%, to
Dessì-Fulgheri), by MURST (40%, to Dessì-Fulgheri), and Centro
SFET, CNR, Firenze.

REFERENCES

1. Beatty, W. W.: Gonadal hormones and sex differences in nonre-
productive behaviors in rodents: Organizational and activational
influences. Horm. Behav. 12:112–163; 1979.

2. Brotons, J. A.; Olea-Serrano, F. F.; Villalobos, M.; Pedraza, V.;
Olea, N.: Xenoestrogens released from lacquer coatings in food
cans. Environ. Health Perspect. 103:608–612; 1995.

3. Carlsen, E.; Giwercman, A.; Keiding, N.; Skakkebaek, N. E.: Evi-
dence for the decreasing quality of semen during the past 50
years. Br. Med. J. 305:609–612; 1992.

4. Cattell, R. B.: The scree test for the number of factors. Multi-
varate Behav. Res. 1:245; 1966.

5. Colborn, T.; Dumanoski, D.; Myers, J. P.: Our stolen future. New
York: Dutton; 1996.

6. Cruz, A. P. M.; Frie, F.; Graeff, F.G.: Ethopharmacological analy-
sis of rat behavior on the elevated plus-maze. Pharmacol. Bio-
chem. Behav. 49:171–176; 1994.

7. Davis, D. L.; Bradlow, H. L.: Can environmental estrogens cause
breast cancer? Sci. Am. 273: 167–172; 1995.

8. Feldman, D.: Editorial: Estrogens from plastic-are we being
exposed? Endocrinology. 138: 1777–1779; 1997.

9. Fernandes, C.; File, S. E.: The influence of open arm ledges and
maze experience in the elevated plus-maze. Pharmacol. Biochem.
Behav. 54:31–40; 1996.

10. File, S. E.; Wardill, A. G.: The reliability of the holeboard appa-
ratus. Psychopharmacologia 44:47–51; 1975.

11. Gorsuch, R.: Factor analysis. Hillsdale, NJ: Lawerence Erlbaum
Publishers; 1983.

12. Gould, J. C.; Leonard, L. S.; Maness, S. C.; Wagner, B. L.; Con-
ner, K.; Zacharewski, T.; Safe, S.; McDonnell, D. P.; Gaido, K.
W.: Bisphenol A interacts with the estrogen receptor a in a dis-
tinct manner from estradiol. Mol. Cell. Endocrinol. 142:203–214;
1998.

13. Guillette, L. J. J.; Pickford, D. B.; Crain, D. A.; Rooney, A. A.;
Percival, H. F.: Reduction in penis size, and testosterone concen-
trations in juvenile alligators living in a contaminated environ-
ment. Gen. Comp. Endocrinol. 101:32–42; 1996.

14. Hileman, B.: Environmental estrogens linked to reproductive
abnormalities, cancer. Chem. Eng. News Jan. 31:19–23; 1994.

15. Hogg, S.: Validity and variability of the elevated plus-maze as an
animal model of anxiety. Pharmacol. Biochem. Behav. 54:21–30;
1996.

16. Hutchison, J. B.: Gender-specific steroid metabolism in neural
differentiation. Cell. Mol. Neurobiol. 17:603–626; 1997.

17. Kaiser, H. F. A.: A second generation little Jiffy. Psycometrika
35:401; 1970.

18. Krishnan, A. V.; Stathis, P.; Permuth, S. F.; Tokes, L.; Feldman,



694 FARABOLLINI, PORRINI AND DESSÌ-FULGHERI

D.: Bisphenol-A: An estrogenic substance is released from poly-
carbonate flasks during autoclaving. Endocrinology 132:2279–
2286; 1993.

19. Lazear, N. R.: Polycarbonate: High-performance resin. Adv.
Mater. Process. 147:43–45; 1995.

20. Lister, R. G.: The use of a plus-maze to measure anxiety in the
mouse. Psychopharmacology (Berlin) 92:180–195; 1987.

21. Lucion, A. B.; Charchat, H.; Pereira, G. A. M.; Rasia-Filho, A.
A.: Influence of early postnatal gonadal hormones on anxiety in
adult male rats. Physiol. Behav. 60:1419–1423; 1996.

22. McClusky, N. J.; Naftolin, F.: Sexual differentiation of the central
nervous system. Science 211:1294–1303; 1981.

23. McEwen, B. S.: Steroid hormones: Effect on brain development
and function. Horm. Res. 37:1–10; 1992.

24. Morrissey, R. E.; George, J. D.; Price, C. J.; Tyl, R. W.; Marr, M.
C.; Rimmel, C. A.: The developmental toxicity of bisphenol A in
rats and mice. Fundam. Appl. Toxicol. 8:571–582; 1987.

25. Ogawa, S.; Eng, V.; Taylor, J.; Lubahn, D. B.; Korach, K. S.;
Pfaff, D. W.: Roles of estrogen receptor-a gene expression in
reproduction-related behaviors in female mice. Endocrinology
139:5070–5081; 1998.

26. Ogawa, S.; Washburn, T. F.; Taylor, J.; Lubahn, D. B.; Korach, K.
S.; Pfaff, D. W.: Modifications of testosterone-dependent behav-
iors by estrogen receptor-a gene disruption in male mice. Endo-
crinology 139:5058–5059; 1998.

27. Olea, N.; Pulgar, R.; Perez, P.; Olea-Serrano, F.; Rivas, A.;
Novillo-Fertrell, A.; Pedraza, V.; Soto, A. M.; Sonnenschein, C.:
Estrogenicity of resin-based composites and sealants used in den-
tistry. Environ. Health Perspect. 104:298–305; 1996.

28. Rodgers, R. J.; Johnson, N. J. T.: Factor analysis of spatiotempo-
ral and ethological measures in the murine elevated plus-maze
test of anxiety. Pharmacol. Biochem. Behav. 52:297–303; 1995.

29. Roselli, C. E.; Klosterman, S. A.: Sexual differentiation of aro-
matase activity in the rat brain: Effects of perinatal steroid expo-
sure. Endocrinology 139:3193–3201; 1998.

30. Steenbergen, H. L.; Farabollini, F.; Heinsbroek, P. W.; Van de
Poll, N. E.: Sex-dependent effects of aversive stimulation on hole-
board and elevated plus-maze behavior. Behav. Brain Res.
43:159–165; 1991.

31. Steinmetz, R.; Brown, N. G.; Allen, D. L.; Bigsby, R. M.; Ben-
Jonathan, N.: The environmental estrogen bisphenol A stimu-
lates prolactin release in vitro and in vivo. Endocrinology
138:1780–1786; 1997.

32. vom Saal, F. S.; Cooke, P. S.; Buchanan, D. L.; Palanza, P.;
Thayer, K. A.; Nagel, S. C.; Parmigiani, S.; Welshons, W. V.: A
physiologically based approach to the study of bisphenol A and
other estrogenic chemicals on the size of reproductive organs,
daily sperm production, and behavior. Toxicol. Indust. Health
14:1–21; 1998.

33. vom Saal, F. W.; Nagel, S. C.; Palanza, P.; Boechler, M.; Parmigi-
ani, S.; Welshons, W. V.: Estrogenic pesticides: Binding relative
to estradiol in MCF-7 cells and effects of exposure during fetal
life on subsequent territorial behaviour in male mice. Toxicol.
Lett. 77:343–350; 1995.

34. Wagner, C. K.; Nakayama, A. Y.; DeVries, G. J.: Potential role of
maternal progesterone in the sexual differentiation of the brian.
Endocrinology 139:3658–3661; 1998.

35. Wilson, C. A.; Gonzalez, M. I.; Farabollini, F.: Behaivoural
effects in adulthood of neonatal manipulation of brain serotonin
levels in normal and androgenized females. Pharmacol.Biochem.
Behav. 41:91–98; 1991.

36. Wilson, C. A.; Gonzalez, M. I.; Albonetti, M. E.; Farabollini, F.:
The involvement of neonatal 5HT receptor-mediated effects on
sexual dimorphism of adult behaviour in the rat. In: Ellis, L.;
Ebertz, L., eds. Males, females and behaviour: Towards biologi-
cal understanding. Westport, CT: Praeger Publ; 1998:109–128.

37. Wolff, M. S.; Toniolo, P. G.; Leel, E. W.; Rivera, M.; Dubin, N.:
Blood levels of organochlorine residues and risk of cancer. J.
Natl. Cancer Inst. 85:648–652; 1993.


