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Abstract

We studied the effects of adverse conditions such as constant light (LL) on the circadian rhythm of malate (MDH, EC 1.1.1.37)
and lactate (LDH, EC 1.1.1.27) dehydrogenase activities of the testes of male Wistar rats on postnatal day 28 (PN28), anxiety-
like behavior (elevated plus-maze test) at PN60 and sexual behavior at PN120. The rats were assigned to mother groups on
day 10 of pregnancy: control (12-h light/dark), LL (light from day 10 to 21 of pregnancy), and LL+Mel (LL and sc injection to the
mothers of a daily dose of melatonin, 1 mg/kg body weight at circadian time 12, from day 17 to 21 of pregnancy). LL offspring
did not show circadian rhythms of MDH (N = 62) and LDH (N = 63) activities (cosinor and ANOVA-LSD Fisher). They presented
a 44.7% decrease in open-arm entries and a 67.9% decrease in time (plus-maze test, N = 15, P < 0.001, Mann-Whitney U-test
and Kruskal-Wallis test), an increase in mounting (94.4%), intromission (94.5%) and ejaculation (56.6%) latencies (N = 12, P
< 0.01, Mann-Whitney U-test and Kruskal-Wallis test) and lower numbers of these events (61, 59 and 73%, respectively; P <
0.01, N = 12) compared to controls. The offspring of the LL+Mel group presented MDH and LDH circadian rhythms (P < 0.05,
N = 50, cosinor and ANOVA-LSD Fisher), anxiety-like and sexual behaviors similar to control. These findings supported the
importance of the melatonin signal and provide evidence for the protective effects of hormones on maternal programming dur-
ing gestation. This protective action of melatonin is probably related to its entrainment capacity, favoring internal coupling of
the fetal multioscillatory system.
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Introduction

Melatonin is a multifunctional indolamine synthesized
and secreted by the pineal gland and other organs (1). In
rodents, the pattern of melatonin secretion is controlled by an
endogenous circadian timing system and conveys informa-
tion about the light-dark cycle to the organism, thus organiz-
ing its seasonal and circadian rhythms (1). Melatonin also
provides significant beneficial protection due to its powerful
antioxidant effects and immunomodulatory activity against
cellular degeneration associated with aging and adverse
conditions (2). The antioxidant properties of melatonin are
related to its neuroprotective activity (3). Baydas et al. (4)
showed a reduction of neural tissue lipid peroxidation in rat
brain caused by constant light (LL) protecting both neurons

and glial cells from free radicals.

Melatonin, one of the few maternal hormones crossing
the placenta without being altered, may play an important
role in the regulation of fetal daily rhythms (5-7). The fe-
tus, whose pineal gland does not synthesize melatonin, is
exposed to the maternal melatonin rhythm that begins to
increase from the 12th day of gestation inrats (8). Hormone
binding sites are identified in the suprachiasmatic nucleus
(SCN) of a fetus from the 18th day of gestation (9). This
melatonin path, which mediates interactions between ma-
ternal and fetal physiological functions, has been explored
mostly in fetal and neonatal circadian rhythms (10-12).

In mammals, the SCN acting at the top of a hierarchical
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system coordinates the timing of the endocrine system and
reproductive behavior (13). During the fetal and neonatal
periods, a maternal program regulates the development of
circadian system (14,15). The external environment of the
fetus is provided by its mother. Rodent pups, maintained
under constant light or darkness from birth, exhibit free-
running oscillations synchronized by their mothers (16,17).
Lesion of the maternal SCN during early gestation prevents
maternal synchronization of pup rhythms (18). The removal
of the pineal gland or of both superior cervical ganglia before
the 11th day of gestation also prevents maternal synchro-
nization of testicular malate dehydrogenase (MDH) rhythm
and daily drinking behavior in the offspring (11,12). These
disruptions of circadian rhythms in the offspring are prevented
by administration of melatonin to the mother during the last
period of gestation (7,12).

Itis known that chronic exposure of adult rats to constant
light induces suppression of the circadian system (19). The
prenatal environment has a strong influence on the develop-
ment of organisms. Exposure to adverse conditions during
fetal life has been recognized as a disruptive factor for in-
dividual development and can cause short- and long-term
effects on neuroendocrine and behavioral responses (20). In
the present study, we applied LL as an adverse condition to
pregnant rats and examined the circadian rhythms of lactate
dehydrogenase (LDH) and MDH, both testicular enzymes
of daily variation (21,22). On the other hand, stressful treat-
ment of pregnant rats has been shown to cause remarkable
changes in offspring physiology such as anxiety-like (23) and
sexual behavior (24).

Since the SCN, one of the components of the circadian
system, acts at the top of the hierarchical system, we expected
that melatonin administration to pregnant rats exposed to
LL would prevent postnatal alterations in the daily activity of
testicular enzymes as well as in the behavioral patterns of rat
pups. For this purpose, we checked the circadian rhythms of
testicular MDH (EC 1.1.1.37)and LDH (EC 1.1.1.27) enzymes
in young pups and assessed the patterns of anxiety-like and
sexual behavior in adult offspring.

Material and Methods

Three-month-old Wistar rats maintained at 23 + 1°C with
laboratory chow and water ad libitum and on a schedule of
12-hlight:12-h dark (lights on from 7:00 am to 7:00 pm) were
used. The time of activity onset under dark conditions was
defined as circadian time 12 (CT12). Estrous cycles were
determined by a daily examination of vaginal smears and
animals were mated on the night of ovulation. The onset of
pregnancy was confirmed by the presence of spermatozoa
in vaginal smears on the following morning, considered to
be day 0 of gestation. Pups from each group remained with
their biological mothers after birth and during lactation. After
delivery, on postnatal day 3 (PN3), litters were reduced to
eight animals per mother and pups were weaned on day 21.
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The rats were experimentally naive.

All experimental procedures were approved by the local
Bioethics Committee of the Facultad de Odontologia, Uni-
versidad Nacional de Cérdoba, Argentina, and followed the
NIH Guidelines for the Care and Use of Laboratory Animals.
We made all possible efforts to minimize both the suffering
and the number of animals used.

Animal groups

The following groups were established on the 10th day
of gestation.

Control group. Pups born to 15 mothers submitted to a
schedule of 12-h light:12-h dark until the 21st day of gestation
and injected subcutaneously with a daily dose of ethanol/saline
solution from the 17th to the 21st day of pregnancy at CT12.

LL group. Pups born to a group of 15 mothers submitted
to constant cool white light (100 lux) from the 10th to the 21st
day of gestation and injected subcutaneously with a daily
dose of ethanol/saline solution from the 17th to the 21st day
of pregnancy as described for the control group.

LL+Mel group. Pups born to 15 mothers submitted to
constantlight during pregnancy, as described for the LL group,
and injected subcutaneously (7,12) with a daily dose of mela-
tonin (Mel, 1 mg/kg body weight, CT12) from the 17th to the
21stday of pregnancy, a period considered to be adequate to
cause entrainment, as previously reported (6,12). LL causes
a 6-fold decrease in mean plasma melatonin concentration
in adult rats (20) and, under a light-dark cycle, the circulating
plasma levels increase significantly from day 15 to reach the
highest values on gestational day 21 (8). Thus, melatonin was
administered during the last period of pregnancy in order to
restore the melatonin signal. The pineal hormone melatonin
was dissolved in 0.05 mL ethanol and then diluted up to 10
mL with 0.9% saline. The final concentration of ethanol was
0.5%. Melatonin was purchased from Sigma (USA).

Testicular circadian rhythms of the offspring

In order to study the early effects of prenatal treatments,
we assessed daily oscillations in testicular MDH and LDH,
enzymes involved in energy metabolism. A set of mothers
from the control, LL, and LL+Mel groups was exposed to
constant darkness (DD) from gestational day 21. After deliv-
ery, mothers and litters were maintained in DD until sacrifice
to avoid their synchronization with the light-dark cycle. The
animals were manipulated under dim red light at different
times. On the weaning day (PN21), male pups were taken
randomly from different mothers and allocated to time groups
of 5-8 animals each. At PN28, pups were killed in groups by
decapitation every 3-4 h during a 24-h period. After sacrifice,
the testes were immediately removed, dissected and kept
at -24°C until enzyme determination. The tissue without the
capsule was suspended in 24 parts of distilled water (1:25,
w:v) and homogenized with a tissue disruptor. Suspensions
were centrifuged at 13,000 g for 30 min at 4°C and super-
natants were used for MDH and LDH assay.
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MDH assay. Testicular MDH (EC 1.1.1.37) activity was
determined by the method of Ochoa (25) using 1 mM ox-
aloacetate as substrate. The assay was performed at 37°C.
Changes in absorbance at 340 nm (E349) were recorded for
a 3-min period. One unit of enzyme is the amount producing
a AE34q of 2.07 per min, which corresponds to the oxidation
of 1 umol NADH.

LDH assay. LDH (EC 1.1.1.27) activity was determined
using 0.5 mM Na pyruvate as substrate according to the
method of Wroblesky and LaDue (26). The assay conditions
were similar to those described for MDH determination. One
unit of enzyme is the amount producing a AE34q of 2.07 per
min, which corresponds to the oxidation of 1 umol NADH.

We have previously determined a circadian fluctuation
of protein content in testis extracts (21). Given that this is
an extra source of variation in terms of specific enzyme
activity (units/mg protein), a more reliable index for enzyme
activity is obtained by reporting the results as units per g of
wet tissue.

Behavioral tests

In order to study the long-term effects of prenatal treat-
ments, male offspring were submitted to the elevated plus-
maze test at PN60 as well as to the copulatory behavior test
atPN120. We used animals born and maintained in DD from
control, LL and LL+Mel groups.

Elevated plus-maze test. The elevated plus-maze testis a
paradigm widely used to investigate anxiety-related behavior
that has been validated in rats (27). It is based on the test-
induced conflict between the aversion of being exposed in
an open-elevated platform and the motivation to explore the
new environment. As a consequence, the less anxious the
individuals, the more the exploration into the open arms. The
platform was raised 50 cm above the floor and consisted of
two open arms (10 x 50 cm) and two enclosed arms (10 x 50
x 45 cm high walls) extending from a central platform (10 x
10 cm). The animals were handled daily by the same experi-
menter for at least 15 days prior to testing. The experimental
room was lit by a 60-W bulb placed 1.75 m above the central
square of the maze (22 lux in the central square of the maze).
Each animal group was allowed to rest in the experiment room
1 h prior testing. The assays were performed between 2:00
and 4:00 pm. During the test, each animal was gently placed
on the central platform, facing an open arm and with its back
to the experimenter. A camera was mounted vertically (1.75
m) above the arena and the videotape was analyzed by an
observer who was blind to the prenatal treatment. The appa-
ratus was cleaned with a 20%-ethanol solution and dried with
a cloth between sessions.

Changes in the percentage of time spentin the openarms
indicate changes in anxiety-like behavior. The time spent in
open arms, expressed as a percentage of total time spent
in both open and closed arms, provides a measure of fear-
induced inhibition of exploratory activity (27). We calculated
the percentage of entries into the open arms (number of
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entries into the open arms/total number of arm entries x 100)
and percentage of time spent in the open arms [time spent
in the open arms/total time spent in arms x 100].

Sexual behaviortest. AtPN105, each male was allowed to
have a previous experience with a sexually receptive female
during a period of 24 h. These animals were then evaluated
in a copulatory test under dim red lightillumination at PN120.
The assays were performed in the evening (7:00 pm). Each
rat was placed in a 25 x 40 x 38-cm chamber and allowed a
habituation period of 5 min after which a sexually receptive
ovariectomized female (3-4 months old) was introduced into
the chamber. The estrous phase was induced with estradiol
benzoate (20 ug/kg, sc) and progesterone (100 mg/mL, sc)
24 and 6 h, respectively, before the test.

During a single 30-min recorded copulatory test, the
mounting, intromission and ejaculation latencies were com-
puted as the time from the beginning of the experiment until
the first response. The number of mountings, intromissions
and ejaculations performed for 30 min was also computed.
Every male was tested three times with a 1-week interval
between measurements (28). Amounting is computed when
the male approaches the female from the rear sometimes
posing his forelegs over the female’s back and making rapid
anteroposterior pelvis thrusts. An intromission involves vagi-
nal penetration; the male starts the mounting but suddenly
makes a deep thrust forward, stops pelvic thrusting, withdraws
vigorously, and licks his genitals. Finally, an ejaculation is
considered to be a behavior starting as an intromission, but
with the male remaining on the female for 1-3 s (28) after
vaginal penetration. When these behavioral components did
not occur the male was considered to be sexually inactive.

Statistical analysis

We used one-way analysis of variance (ANOVA) fol-
lowed by the LSD Fisher test for multiple comparisons and
cosinor methods (29) for statistical analysis of time series.
Time determination data are given as the mean U/g wet tis-
sue * standard deviation (SD). Data were analyzed using
a computer program for the best adjustment of the cosine
regression model. We calculated the correlation coefficient
(r), ameasure of the curve adjusted to the experimental data.
Acircadian rhythm was characterized by a) acrophase (time
of the maximum value in fitted cosine function), b) amplitude
(half the crest-trough difference of the fitted cosine function),
and c) mesor (average value of the fitted cosine curve).
Rhythm detection and its significance were determined by
the zero-amplitude test (29) with P < 0.05. Mesor values are
reported as the mean + SD. Data of elevated plus-maze and
copulatory behavior were analyzed using the nonparametric
Kruskal-Wallis test and the Mann-Whitney U-test. The Student
t-test was used for unpaired data.

Results

The time of pregnancy, numbers of born pups and per-
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centage of male and female pups from mothers submitted
to the different treatments were not affected. Although the
body weight of offspring from the LL group was lower than
that of the control group at 3 days of age (mean + SEM,;
control=8.70+0.17g,N=9; LL=7.29+0.20g, N =9;
P < 0.0001, Student t-test), no difference was observed in
the animals at 60 days of age (data not shown) or in pups
with birth defects.

Testicular circadian rhythms of the offspring

Malate dehydrogenase. In 28-day-old pups born to
undisturbed mothers, MDH activity showed a significant
daily variation (Fg3s = 11.29, P < 0.0001, cosinor and
ANOVA-LSD Fisher test), as shown in Figure 1A. The
curve, adjusted to experimental values, was obtained by
the cosinor method. The acrophase was found during
the subjective night (circadian time = 16.00 + 0.75). The
results of cosinor analyses for circadian MDH rhythm are
presented in Table 1.

When mothers were submitted to LL from the 10th to
the 21st day of pregnancy (LL group), their pups did not
show any significant daily variations in testicular MDH
activity (Figure 1B). The mesor value was higher than that
of control pups (P < 0.05, ANOVA and LSD Fisher test).
The value of the amplitude was very low compared to the
control group because there was no circadian rhythm (P >
0.05, ANOVA and LSD Fisher test, Table 1).

In contrast, when melatonin was administered to moth-
ers submitted to constant illumination (LL+Mel group), the
MDH postnatal circadian activity entrainment of their pups
was preserved (F7 39 =3.46, P <0.001, cosinorand ANOVA-

877

LSD Fisher test), as shown in Figure 1C. The mesor of this
enzyme rhythm was lower than that of the animals of the
LL group (P < 0.05, ANOVA and LSD Fisher test) and did
not differ from the mesor of the control group. There was
a significant difference in the amplitude between LL+Mel
and control groups (P <0.05, ANOVA and LSD Fisher test).
The acrophase of the MDH rhythm of pups from the LL+Mel
group occurred during the subjective day (circadian time =
6.22 + 2.06) and was significantly different from that of the
control group (P < 0.05, Student t-test, Table 1).

Lactate dehydrogenase. LDH activity showed a signifi-
cant daily variation (Fg 37 = 10.15, P <0.0001, cosinor and
ANOVA-LSD Fisher test) in pups born to control mothers, as
shown in Figure 2A. This daily oscillation had an acrophase
at the end of the subjective day (circadian time = 11.54 +
1.13). The results of cosinor analyses for circadian LDH
rhythm are presented in Table 1.

When mothers were submitted to constant light from
the 10th to the 21st day of pregnancy (LL group), their
pups did not show a significant daily variation in testicular
LDH activity (Figure 2B). The mesor value did not differ
from that of the control group (P > 0.05, ANOVA and LSD
Fisher test). The amplitude value was very low since there
was no circadian rhythm (Table 1).

In contrast, when melatonin was administered to moth-
ers submitted to constant illumination (LL+Mel group), the
LDH postnatal circadian activity entrainment of their pups
was preserved (Fg 37 =4.69, P <0.001, cosinorand ANOVA-
LSD Fisher test) in pups’ testes (Figure 2C). The mesor of
this daily oscillation was higher than that of pups from the LL
group (P <0.01, ANOVA and LSD Fisher test). There was

Table 1. Circadian variables (cosinor) of testicular malate dehydrogenase and lactate dehydrogenase in 28-day-old male

rats.
Groups? RhythmP Mesorc Amplitude® Acrophased re
MDH
Control P <0.05 412.18 £ 6.93 (45) 42.94 +9.99 16.00 £ 0.75 0.88
LL P>0.05 431.34 £ 4.72* (62) 9.8 +6.5* - 0.75
LL+Mel P <0.05 400.80 + 8.17 (47) 20.46 + 0.48# 6.22 + 2.06* 0.87
LDH
Control P <0.05 146.55 + 4.21 (46) 20.61 £ 5.99 11.54 £ 1.13 0.88
LL P>0.05 142.14 £ 1.39° (63) 1.76 £ 1.77* - 0.69
LL+Mel P <0.05 155.07 + 3.20 (50) 14.31+4.46 5.92 +1.19* 0.84

aControl: pups born to mothers submitted to a schedule of 12-h light:12-h dark and injected subcutaneously with a daily
dose of ethanol/saline solution from the 17th to the 21st day of pregnancy, at circadian time 12 (CT12). LL: pups born to
mothers submitted to constant light from the 10th to 21st day of gestation and injected subcutaneously with a daily dose
of ethanol/saline solution from the 17th to 21st day of pregnancy, at CT12. LL+Mel: pups born to mothers submitted to
constant light as described for the LL group and treated daily with melatonin (1 mg/kg, sc) from the 17th to 21st day of
pregnancy, at CT12. PA circadian rhythm was present when the amplitude of variation was significantly different from zero
(P < 0.05, cosinor method). ©Values are mean U/g tissue + SD. The number of animals is given in parentheses. dValues are
mean CT + SD. eCorrelation coefficient. *P < 0.05 compared to control and LL+Mel groups, #P < 0.05 compared to control
and LL groups, °P < 0.01 compared to LL+Mel group (ANOVA followed by the LSD Fisher test), *P < 0.01 compared to

control (Student t-test).
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no significant difference in the amplitude values between
control and LL+Mel groups. The acrophase of this rhythm
was observed during the subjective day (circadian time =
5.92 + 1.19) and was significantly different from that of the
control group (P < 0.05, Student t-test, Table 1).
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Figure 1. Daily malate dehydrogenase activity of testes from 28-day-
old rats. Pups born to A, control group: enzymatic activity values at
circadian time 14 (CT14), CT16 and CT19 were significantly higher
than those at CT1, CT3 and CT6 (P < 0.05, cosinor and ANOVA-LSD
Fisher test); B, LL group; C, LL+Mel group: values at CT3 and CT9
were significantly higher than those at CT16 and CT18 (P < 0.05,
cosinor and ANOVA-LSD Fisher test). The time of activity onset un-
der dark conditions was defined as CT12. The experimental values
reported for each hour are means + SD of 5 to 8 animals.
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Long-term recording of anxiety-like and sexual
behavior

Anxiety-like behavior. The effectiveness of the stress
induced by constant light during gestation was assessed in
male offspring in the elevated plus-maze test. The animals
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Figure 2. Daily lactate dehydrogenase activity of testes from
28-day-old rats. Pups born to A, control group: enzymatic activity
values at circadian time 9 (CT9), CT12 and CT14 were significant-
ly higher than those at CT1, CT19 and CT22 (P < 0.01, cosinor
and ANOVA-LSD Fisher test); B, LL group; C, LL+Mel group: the
highest values were recorded at CT3 and CT6 (P < 0.01, cosinor
and ANOVA-LSD Fisher test). The time of activity onset under
dark conditions was defined as CT12. The experimental values
reported for each hour are means + SD for 5 to 8 animals.
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showed an alteration in the anxiety-like behavior when com-
pared to the male control group (Figure 3). The percentage
of entries into the open arms showed that prenatally LL rats
entered the open arms significantly less often than control
rats (P < 0.001, Kruskal-Wallis test and Mann-Whitney U-
test) and LL+Mel rats (P < 0.001, Kruskal-Wallis test and
Mann-Whitney U-test). There was no difference between
the LL+Mel-treated group and the control group.

When the percentage of time spent in the open arms
was considered, animals of the LL group spent significantly
less time in the open arms than control animals (P <0.001,
Kruskal-Wallis test and Mann-Whitney U-test) and LL+Mel
rats (P < 0.002, Kruskal-Wallis test and Mann-Whitney
U-test). There was no difference between the prenatally
LL+Mel-treated animals and the control group.

Sexual behavior. The sexual behavior of the male
control pups was significantly different from that of prenatal
LL adult animals. The LL male offspring presented higher
values of mounting, intromission and ejaculation latencies
(Figure 4), and lower numbers of these events (Figure 5)
compared to control (P < 0.01, Kruskal-Wallis test and
Mann-Whitney U-test).

Interestingly, maternal melatonin treatment protected
pups from the adverse effects of LL. In the LL+Mel group,
the mounting, intromission and ejaculation latency episodes
and number of these events were similar to the values of the
control group (Figures 4 and 5). There was no significant
difference between control and LL+Mel animals in any of
the parameters recorded.

60—

50 - 15
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)
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W
o
T

n
o
T
—_
(&)}

Control LL LL+Mel
[] % open arm entries [] % time spent in open arms

Figure 3. Long-term effect of prenatal treatment on anxiety-like
behavior at postnatal day 60 (PN60). Data are reported as means
+ SD. The number of rats is given on the top of each bar. *P <
0.001 for the LL group vs control and LL+Mel groups (Kruskal-
Wallis test and Mann-Whitney U-test).
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Figure 4. Long-term effect of prenatal treatment on mounting,
intromission and ejaculation latencies of sexual behavior at post-
natal day 120 (PN120). Data are reported as means + SD. The
number of rats is given on the top of each bar. *P < 0.01 for the
LL group vs control and LL+Mel groups (Kruskal-Wallis test and
Mann-Whitney U-test).
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Figure 5. Long-term effect of prenatal treatment on mounting,
intromission and ejaculation numbers in the sexual behavior at
postnatal day 120 (PN120). Data are reported as means + SD.
The number of rats is on the top of each bar. *P < 0.01 for the
LL group vs control and LL+Mel groups (Kruskal-Wallis test and
Mann-Whitney U-test).
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Discussion

The present study showed, for the first time, that constant
light during gestation induces an early disruption of daily
oscillation of MDH and LDH in offspring rat testes together
with long-term effects on anxiogenic and copulatory behavior
patterns. These effects of LL on the maternal SCN were
prevented by maternal melatonin administration during
the last period of gestation. Our results are consistent with
previous studies (6,7,11,12,30), confirm the importance of
the melatonin signal and provide evidence of the protective
effects of the hormone on maternal programming during
gestation.

Circadian rhythms of testicular enzymes in the
offspring

Several studies on maternal entrainment have shown
that during embryonic and early neonatal development
the circadian rhythms of the fetuses develop in synchrony
with those of their mothers, which are synchronized with
the environmental photoperiod (14,15,17). Since there are
no neural connections between pregnant rats and fetuses,
this synchronization must be mediated by maternal signal(s)
reaching the fetuses through the placental circulation (5,17)
or during the lactation period (7,14). In the present study,
we showed the presence of a significant daily oscillation
of MDH and LDH activities at PN28 in the testes of control
pups kept in constant darkness from birth (Figures 1A
and 2A). Their phase distribution probably was clustered
around the mother’s circadian phase, as was observed for
drinking behavior (12). We demonstrated that circadian
phase distributions for the drinking circadian behavior of
individual pups born to control mothers and kept in con-
stant darkness from birth were significantly different from
uniform distribution and clustered near those of the mother’s
circadian phase (12).

LL exposure between the 10th and 21st days of gesta-
tion probably disrupted the transfer of the maternal signal(s)
and consequently the rhythms of MDH and LDH activities
in male offspring (Figures 1B and 2B). This absence of
enzymatic rhythms might mean that each individual pup
lacks a circadian rhythm or that the phases vary significantly,
so that the enzymatic activity average would appear to be
arrhythmic. Interestingly, these results are similar to those
obtained after maternal removal of both superior cervical
ganglia before day 11 of pregnancy. In effect, rat pups
whose mothers were ganglionectomized by extirpation of
the superior cervical ganglia, did not have a testicular MDH
rhythm (7) and showed a significant dispersion in drinking
circadian phases, within and among litters, monitored in
individual animals starting after weaning and studied up
to 3 weeks later (12).

Thus, the constant prenatal light could generate the
same effect of maternal ganglionectomy on pups’ testicular
enzyme entrainment, that is, a phase shift between their
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individual profiles. As a consequence, the absence of
amplitude in the adjusted curve of pups’ MDH and LDH
activities after prenatal LL treatment could be interpreted as
an inter-individual desynchronization of pups’ SCN, since
the fetal clock entrainment would depend on the oscilla-
tions of synchronized neurons of the maternal clock, the
SCN (18). Constant light has been shown to disrupt the
circadian organization in adult rodents due to an individual
desynchronization of clock neurons (31). These data agree
with those obtained in studies on fetuses of capuchin
monkeys from mothers exposed to constant light, which
showed a significant alteration of fetal expression of the
SCN clock genes Bmal-1 and melatonin-1 receptor (32).
Thus, the disruption of pup circadian organization would
explain the alteration of mother clock ability to generate
circadian signal(s) under adverse effects of prenatal LL. It
is tempting to speculate that the expression of SCN during
postnatal life is a consequence of prenatal desynchroniza-
tion of the fetal SCN.

Long-term recording of anxiety-like and sexual
behavior

Constant light applied to pregnant rat causes long-term
influences on offspring behavior during postnatal life. The
results of the plus-maze test showed that male offspring of
the LL group entered and spent significantly less time in the
open arms, suggesting a more anxious behavior compared
to offspring of control mothers (Figure 3). Probably, an anx-
iogenic effect of constant light on pregnant rats might result
in several types of fetal development disruption.

Several investigators have applied different stressful
models to pregnantrats and have obtained different anxiety-
like responses (20,33). Those studies did not correlate
with our observations because of the different nature and
frequency of adverse intrauterine environment conditions
endured by mothers during pregnancy.

Ourfindings about the copulatory behavior of adult male
offspring born to mothers exposed to LL showed a delay in
mounting, intromission and ejaculation latency values, as
well as a decrease in the number of these events (Figures
4 and 5). Indeed, our data are similar to those obtained
by chronic prenatal restraint stress on anxiety-like and
copulatory behavior (24). It is known that maternal stress
generates an oxidative status in mother and neonate (34),
and decreases the surge of testosterone on gestational
days 18 and 19 in male fetuses, a period postulated to be
critical for the development of the central nervous system
in rats (35). In summary, it is possible that the behavioral
dysfunctions caused by unfavorable conditions generated
by constant light were similar to those observed in chronic
stress during gestation.

Melatonin administration to the mothers during

gestation
The available literature on maternal entrainment in-
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dicates that there might be a number of maternal signals
responsible for pup synchronization, and the most impor-
tant one seems to be melatonin (36). Melatonin has been
proposed as an efferent hormonal output of the circadian
clock, since pineal hormone can modulate the clock func-
tion through direct action on hormone receptors in the
SCN (1,9).

The presence of an acrophase in the significant daily
variation of MDH and LDH in testes of rats born to LL mothers
treated with melatonin during the last period of pregnancy
supports the involvement of the maternal pineal gland in the
entrainment of the enzyme circadian rhythms (Figures 1C
and 2C). However, the lower MDH amplitude and the shift
of acrophase observed in these rhythms may be due to a
different blood concentration of melatonin and clock setting
between the physiological melatonin increase in control
mothers and the temporal maintenance of the exogenous
melatonin increase generated by injection of the hormone
in mothers of the LL+Mel group during the subjective dark
period. Thus, a melatonin rhythm would be reestablished
in mothers, resulting in a protective effect on testicular
enzyme rhythms of their pups at PN28 (Figures 1C and
2C), anxiety-like behavior at PN60 (Figure 3) and sexual
behaviorat PN120 (Figures 4 and 5). There is aremarkable
increase of pups’ copulatory indexes after systemic injection
of melatonin to mothers despite the fact that melatonin in
photoperiodic rodent species is usually an inhibitory signal
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