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LAVIOLA, G. On mouse pups and their lactating dams: behavioral consequences of early exposure to oxazepam and
interacting factors. PHARMACOL. BIOCHEM. BEHAYV. 55(4) 459-474, 1996—Behavioral analysis in animal models
appears to be a valuable and sensitive tool for detecting subtle alterations in CNS function, which can be produced by early
exposure to small perturbations of sensory experience, hormonal milieu, or exposure to psychotropic agents devoid of major
teratogenic potential. Concerning anxiolytics, the more recent work in mice, which is here summarized, was carried out by
putting the emphasis on changes in naturally occurring species-typical social responses as a function of early exposure to
benzodiazepines. For adult females, on the behavior expressed during the early postpartum period, whereas for infant
subjects, on the ontogenetic stage of the establishment of social bonding. Critical issues such as the choice of fostering
procedure and rearing conditions are also addressed. Evidences of relationships between changes in social milieu taking
place during early rearing— i. e., when dramatic transitions in the neurochemical target system occur—and the adult behavioral
response to challenges with BDZ agents are presented. These data strengthen the notion that the modes of reaction of adult
animals to the joint influence of physiological and environmental (stimulus) variables are under the influence of events in
early ontogenesis. Therefore, a better understanding of the mechanisms—as unveiled by an appropriate use of drug tools—that

mediate such a plasticity might have considerable psychobiological and clinical-therapeutical relevance.
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OVER the past few decades, experimental study of young
animals has provided major contributions toward important
research objectives such as the identification of the causes
(and potential treatments) of developmental disorders in hu-
mans, and the understanding of the basic mechanisms that
lead to changes in motor, sensory or cognitive capacities with
age. In young animals, small perturbations of sensory experi-
ence, hormonal milieu, as well as exposure to powerful sub-
stances have been documented to alter ontogenetic trajector-
ies and to be susceptible to produce very large effects on
behavior later in life (5). Because developmental trajectories
have been proved to be more malleable at earlier than at
later stages, much research has emphasized the usefulness of
prenatal or neonatal manipulation or treatment in order to
assess developmental outcomes in adulthood.

One of the aims of this kind of research is to provide a
suitable model for understanding developmental processes in
the child. However, this statement raises a deeper problem of
what developmental researchers should expect from a model
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system. Some animal models are employed in the explicit
attempt to duplicate the human situation and mimic human
health concerns. However, a more fruitful objective of animal
models is to employ analytic methods—including an appro-
priate use of drug tools—to understand control mechanisms
underlying behavioral development in a relatively simple sys-
tem. The findings concerning the model system can then be
used to formulate specific hypotheses that can be evaluated
in more complex systems, such as human subjects.

In the frame of the remarkable developmental plasticity
of target systems, we have performed a series of mouse experi-
ments aimed at challenging GABA-benzodiazepine (BDZ)
systems of the CNS during development (60,63). A substantial
part of this analysis was devoted at assessing the short-, me-
dium-, and long-term consequences of prenatal oxazepam (a
BDZ agonist) exposure. No attempt will be made here to
provide a comprehensive account of the results so far obtained
(1,8). Rather, the main purpose of the present paper is to
address some interesting issues which have emerged in the
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course of this series of studies, such as the finding i) of limited
alterations in social interactions and play, following in utero
exposure to benzodiazepines, in infant mice, i.c., during the
ontogenetic stage characterized by the establishment of social
bonding; ii) of marked changes in the postpartum emotional
profile of lactating mouse dams either as a carry-over effect
of developmental benzodiazepine exposure, or as a function
of an anxiolytic drug treatment given to the mother until a few
days before parturition; iii) and of changes in the behavioral
response to benzodiazepine agents in adult animals as a func-
tion of manipulation of rearing conditions during infancy or
prepuberty.

A brief survey of clinical-epidemiological data on the gesta-
tional benzodiazepine syndrome in human neonates and chil-
dren precedes the experimental section in animal models.

Brief survey on the neurobehavioral consequences of mater-
nal benzodiazepine exposure in human subjects. Anxiety is a
major cause of psychiatric morbidity in the industrially-devel-
oped countries [(116): see also (12) for implications of gender
differences]. In the 1960s benzodiazepines, a new class of
tranquillizer, became one of the most commonly used group
of drugs. With mounting evidence of their safety. an increase
in use during pregnancy came to reduce anxiety or induce
sedation (88). Some studies calling for attention to undesider-
able side-effects on newborn infants began to emerge during
the *70s (17), and symptoms such as hypotonia. low Apgar
scores. hypothermia and respiratory depression in the new-
born exposed in utero to BDZs were reported (34). These
drugs are prescribed regularly and often chronically during
pregnancy and early neonatal life to prevent epileptic seizures.
febrile seizures, hyperbilirubinemia, and the stressful effects
of labor (24,58). In addition, they have been shown to readily
cross the placenta and to be secreted in the mother’s milk
(125).

During late '80s, developmental abnormalitics—cg.. dys-
morphism and mental retardation—were reported in Sweden
in children whose mothers had regularly taken high doses of
benzodiazepines (diazepam or oxazepam) during pregnancy.
However, the possible association between behavioral terato-
genicity and the use of these drugs in humans is still controver-
sial and not yet fully defined [for literature and discussion.
see (124)]. More recently. in fact, the above-mentioned find-
ings were criticized in a study examining the fetal outcomes of
a large study considering approximately ten thousand women
who took benzodiazepines during pregnancy in the USA. dur-
ing the middle '80s. Most of the maternal records resulted
to contain many potentially confounding diagnoses. such as
maternal psychiatric problems, hypertension, diabetes, obe-
sity, malnutrition, and elderly parity (striking risk factors for
adverse pregnancy outcomes), which could confound any ef-
fect of the benzodiazepines (7). A further evaluation of the
potential impact of fetal BDZ exposure on the newborn and
young child was based on a longitudinal prospective study
in Sweden of children born to mothers who used BDZ in
prescribed doses throughout pregnancy (124). Only those
women who reported the regular use of psychotropic drugs
without the use of street drugs or the abuse of alcohol were
included. These mothers were physically healthy, but all had
a psychiatric diagnosis including anxiety disorder, predomi-
nantly panic disorder, or depressive disorder.

A tendency to decreased intrauterine growth and symp-
toms and signs of CNS depression, as well as CNS hyperirrita-
bility were found in infants exposed to BDZ. The BDZ-infants
demonstrated at 10 and 18 months consistently lower develop-
mental quotients for five scales assessing locomotor, personal-
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social behavior, hearing and speech, eye-hand coordination,
and performance, as well as a general developmental quotient.
Based on these data, the authors stressed the possibility that
fetal exposure to BDZ may cause a general delay in mental
development up to 18 months of age. The BDZ-children in
most cases deviated by being inactive from normal activity
than the children in the reference group. BDZ-newborns ex-
hibited a set of symptoms that came to be known collectively
as the floppy infant syndrome, which is characterized by hypo-
tonia, hypothermia, sedation and poor sucking response (17).
Some newborns of mothers who were chronically treated with
DZP exhibited symptoms similar to those of narcotic with-
drawal (96). Recently, Laegreid and colleagues (57) published
data showing mainly sedation and withdrawal in infants of
mothers taking benzodiazepines up to term.

Prospective. well designed studies of the risks to both
mother and child of exposure to psychotropic drugs during
pregnancy are neither {easible nor ethical. Thus. any appro-
priate data from unplanned exposures to drugs during preg-
nancy, animal studies. or observations about the nature and
frequency of pregnancy and birth-related problems that occur
in untreated women and their offspring must be accurately
assessed. As stated above, there are few studies which ad-
dressed a reliable evaluation of the possible long-term alter-
ations in children derived of maternal exposure to benzodiaze-
pines during pregnancy. These few reports suggest that
maternal exposure to BDZs can induce behavioral and cogni-
tive alterations in children, although their subtle characteris-
tics demand more powerful tools such as a more sensitive
battery of neuropsychological tests for revealing the extent of
the fong-term consequences.

With respect to animal data, some of them, although far
from dramatic, are suggestive of a production of selective
changes in some regulatory mechanisms which serve important
behavioral functions (1.8,36,49,58,121). This is an important
1ssuc. since most psychoactive drugs might interfere, as epige-
netic factors, with the rigidly ordered temporal sequences of
events that occur during the ontogeny of CNS, therefore lead-
ing to the onset of neurodevelopmental alterations (18).

EXPERIMENTAL SECTION IN ANIMAL MODELS

Treatment of pregnant female mice. A treatment aimed at
a particular system(s) must be given at a time when significant
developmental changes are known to occur in the system(s)
in question (14.79). In the case of benzodiazepine binding
sites, these changes are maximal in the CNS of rats and mice
during the last days of pregnancy (32,121), which are marked
by rapid growth of neural tissue and differentiation. In our
benzodiazepine studies (1.4,8). the treatment schedule was
chosen on the basis of current knowledge of relative potency
and duration of various benzodiazepines, supplemented by
data from preliminary studies using female mice of the same
strain and PO treatment twice daily for five days by a wide
range of oxazepam (OX) doses (a compound with an interme-
diate duration of action). Specifically, oxazepam (15 mg/kg)
was given PO twice daily to the dams from the morning of
day 12 (vaginal plug day 0) to the evening of day 16, that is,
with an adequate interval between the last dose and parturi-
tion. The aim was to avoid i) cumulative effects which are
often found with benzodiazepines metabolized more slowly
than oxazepam., and ii) parturition in a state of sedation, or
during behavioral disturbances sometimes occurring at about
24 h after treatment withdrawal. This treatment did not affect
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a sensitive toxicity indicator such as pre-, peri-, and postnatal
reproductive performance (1.4).

Changes in affiliative behaviors of developing mice as a
function of prenatal BDZ exposure. More recently, the atten-
tion of psychobiologists and behavioral teratologists has
shifted from documenting late-life effects of early perturba-
tions to investigating the behavior expressed by young animals.
This shift of emphasis is theoretically justified because the
study of young animals, apart from being interesting in its
own right, brings investigators a step closer to the mechanisms
of developmental change (110). Appreciation that behavioral
development emerges from the interaction between the organ-
ism and its environment has prompted a handful of labora-
tories to ask questions about the behavioral capacities of de-
veloping animals as a function of the environmental
circumstances in which the young animal resides.

One way to investigate the role of a neurochemical regula-
tory system and to evaluate both the nature and specificity of
the proactive developmental effects of any given type of agent
is to study behavioral responses modulated by those mecha-
nisms that are known to be affected by the agent. Benzodiaze-
pines are reported to facilitate social interaction in several
animal models (29), so that the study of social interactions
appears to be a suitable animal model for the early assessment
of subtle behavioral changes in the offspring after gestational
drug exposure (68). While this variable has been successfully
employed for young rats (87,89,130), our work has been the
first attempt, to our knowledge, to investigate the topic on
other altricial rodent such as the mouse.

A series of ethological studies has been concerned with
alterations in specific aspects of the social behavior of juvenile
and adult rodents following early pharmacological treatments
(30,49,64). However, an area which has received little attention
in the frame of the ethopharmacological approach is that con-
cerning drug-induced changes in the earliest social interactions
which develop in the period preceding weaning, when pups
are still with their mother [for altricial rodents, this is the first
three weeks of postnatal life (68)].

In human subjects, Rodning and colleagues (99,105) re-
ported, in a study with toddlers, that a useful and sensitive
index of the level of subtle behavioral disorganization induced
by gestational exposure to different drugs is the quality as
well as the quantity of playful activities. We examined the
behavioral outcomes of early manipulation of the GABA/
benzodiazepine receptor complex in the CNS of developing
mice through prenatal exposure to oxazepam (119). The issue
was addressed by characterizing the ethological repertoire of
immature mice, which were observed in the home cage on
postnatal days 16, 20 and 24. This consisted of social investiga-
tive/affiliative items, socially playful soliciting elements, and
non-social behaviors. Since the focus of the experiment was
on pups behavior, both treated and control animals were
weaned at postnatal day 15 with the aim to avoid any bias
derived by changes in maternal care (for a detailed discussion
and references on the consequences of early weaning, see
the study by Terranova & Laviola (117), which specifically
addressed this issue). The aim was also to emphasize behav-
ioral changes in the OX-treated offspring, as suggested by a
human study (99), reporting that play behavior was particu-
larly disorganized in children (exposed in utero to a mixture
of various psychoactive agents) when observed in the absence
of an adult.

Briefly, OX-exposed mice resulted to weigh slightly but
constantly less than prenatal control mice, and this difference

was particularly evident in the male group (see Table 1). The
results regarding gender differences should be viewed in the
light of literature data concerning both the interaction be-
tween the level of steroid hormones and the function of the
GABA-BDZ systems (41,65,76), and the lasting influence of
perinatal BDZ administration on the hormone-dependent sex-
uval differentiation of physiological and behavioral parame-
ters (54,107).

Prenatal OX exposure also produced fairly specific, though
subtle consequences on neural and behavioral development—
for transient changes in the maturation of neurobehavioral
landmarks as well as alterations in baseline locomotory levels,
habituation profile, and in the response to selected monoami-
nergic and opiatergic drug challenges (3,4)—with OX-mouse
pups being apparently more involved than prenatal controls
in behaviors related to the achievement and maintenance of
a passive proximity with litter mates. By contrast, they were
less interested in active investigation and solicitation of litter
mates, in non-social behaviors such as locomotor-rotational
play, and cage exploration, also showing a reduced frequency
to approach and make contact with the novel object (see Figs.
1 and 2).

At first sight, this pattern of results may be suggestive of
either an enhanced or a reduced level of fearfulness in the
offspring of OX mothers. In this context, it has been shown
that the joint expression of low environment exploration and
high social interaction is a common correlate of a low level
of fearfulness or anxiety (29). Thus, the present findings would
be in agreement with other reports suggesting that perinatal
BDZ exposure has long-term anxiolytic effects on social inter-
action of adult rats (30) and mice (64).

It should be noted, however, that the increased social be-
havior shown by OX mice only reflects a greater tendency to
remain inactive in close proximity with litter mates, and that
it was concomitant to an increased level of neophobia. Consid-
ering the age of the subjects, which had not yet developed
the adult avoidance/defensive response to conspecifics (91),
and their strict relatedness and familiarity with litter mates,
it seems likely that they were adopting the social comfort
response (89) as a behavioral strategy aimed at counteracting
an anxiogenic situation posed by the novel object. Therefore,
although the increased tendency to social inactivity might also
be partially attributed to BDZ-induced alterations of thermo-
regulation (17,34,54,67,108), it seems reasonable to look at
the present results as at an extension to infant subjects of
previous reports on adult mice (64) and rats (77), indicating
reduced control over emotional responses in animals prena-
tally exposed to BDZ and challenged by novel and intimidat-
ing environmental stimuli.

According to a different hypothesis, Kellogg and colleagues
(53) outlined that prenatal BDZ exposure, acting during a
sensitive developmental period, may impair, with long-lasting
effects, early acquisition and/or processing of environmental
information and, in particular, sensory functions (52,64). How-
ever, the two above hypotheses, i.e. increased emotionality
and impaired processing of information, do not appear to be
mutually exclusive, in that an interaction between the two
factors may be hypothesized. In fact, it seems likely that,
under certain circumstances, an impaired comprehension of
environmental cues may lead to (or even follow on) an in-
creased level of anxiety.

With respect to the mechanisms, chronic treatment with
BDZ agents during a critical stage in development leads to a
decrease of GABA binding sites in several CNS areas in rats
(50,77,81). This supports the hypothesis that regulatory com-
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TABLE |

MEAN BODY WEIGHT GAIN IN GRAMS (* SEM)
OF MALE AND FEMALE MICE AGED 16, 20, AND 24 DAYS,
PRENATALLY EXPOSED TO EITHER OXAZEPAM (OX. 15 mg/kg
TWICE/DAY ON PREGNANCY DAYS 12-16) OR TO VEHICLE (VEH)

VEHZ VEH OXd oxw
Day 16 874 = 082 841 = 049 7700 = 0.34 773 £ 033
Day 20 10.96 * 0.61 10.38 9.65 = 0.69 9.53 £ 0.62%
Day 24 16.14 = 1.22 15.50 % .85 13.79 = 1.06 13.54 = 0.79%

n = 7 1in each final group. *p <
with permission from 119).

ponents of GABA receptor are involved in the action of
BDZs. In a social situation, psychoactive agents which act by
increasing the function of the GABA/BDZ receptor complex
in the brain seem to have a fairly specific role in shifting the
balance between approach and flight tendencies towards the
former (29). We may expect, therefore, that prenatal exposure
to a BDZ agent may result—via adaptive changes at the CNS
level—in specific alterations in carly social interactions with
litter mates which are triggered into action during infancy
(i.e., during an ontogenetic phase mostly devoted to early
social bonding and attachment). In this context, a modification
of GABAergic regulatory mechanisms (79). leading to an ac-
celeration of behavioral responses. has been reported in three-
week-old mice which have been exposed prenatally to BDZ
(63). This effect was found in animals of the same age and
mouse strain as that examined in the present study. The occur-
rence of behavioral disorganisation in the course of develop-
ment—which can be detected at an early stage by monitoring
the level of precocious social interactions and play—will prob-
ably be related to profound alterations in the establishment
of normal social competence in adult life.

OX exposure in utero resulted to be associated with signifi-
cant alterations in the general range of early investigative.

0.05. VEH males vs VEH females. (Reprinted

affiliative, soliciting social interactions and play displayed by
immature mice. With respect to mechanisms, the display of
these behaviors is reported to be modulated, among others,
by the activity of the endogenous opioid systems in the CNS
(87.89). Thus, considering the interplay of CNS opioid and
GABA/BDZ mechanisms in the brain, a speculative hypothe-
sis can be a OX-induced change in the functional interaction
between these two CNS regulatory systems. Previous studies
reported a consistent reduction in the expression of opioid-
mediated behavioral responses in both rats and mice exposed
in utero to BDZ agents, which is consistent with this hypothe-
sis (3.85).

The carry-over effects of early BDZ exposure contribute
to the notion that events in early ontogenesis can influence
the subsequent mode of reaction at the juvenile as well as at
the adult stage to the joint influences of physiological (i.e.,
hormone milieu) and environmental (stimulus) variables.
Therefore. it appears that an appropriate use of drugs and
tests can lead to a better understanding of the mechanisms
that mediate such plasticity in the behavioral repertoire, which
might have considerable heuristic value and clinical-therapeu-
tical relevance. The present findings stress the importance of
behavioral analysis as a valuable and sensitive tool for carly
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FIG. 1. Mean (SEM) frequency or duration of investigative and affiliative social behaviour in male and female mice aged 16, 20 and 24 days,
prenatally exposed to either oxazepam or vehicle (15 mg/kg twice/day on pregnancy days 12-16). (n = 7 in each final group). Data refer to
the same animals of Table 1. *p < (.05, **p < 0.01. VEH vs OX. (Reprinted with permission from 119).
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FIG. 2. Mean duration or frequency (SEM) of non-social behaviour and of approach to a novel object in male and female mice aged 16, 20
and 24 days, prenatally exposed to either oxazepam or vehicle. (n = 7 in each final group). **p < 0.01, VEH vs OX. Data refer to the same

animals of Figure 1. (Reprinted with permission from 119).

detection of subtle changes in the CNS function of infant
subjects. This is of particular relevance when substances of
abuse or therapeutic drugs are taken by their pregnant
mothers.

Changes of maternal care as a function of OX exposure
until a few days before parturition and methodological issues
associated to the choice of fostering procedure. The series of
studies reviewed here was designed with the conviction that
emphasis in the search for teratogenic effects should be placed
on naturally occurring species-typical behavior that forms an
integral part of the normal behavioral repertoire (8). From
this viewpoint, it appears that the study of behavior of females
of altricial rodents, such as mice and rats during a specific
reproductive stage (i.e., the early postpartum period), can
contribute significant information on the nature of changes in
the emotional repertoire often characterizing this specific
phase in the life cycle.

The administration to developing animals of psychoactive
agents during their fetal life implicates a concomitant exposure
for their pregnant mothers. Female rats and mice display fol-
lowing parturition an organized pattern of maternal care,
which includes nest building, general body and genital licking
of the young, retrieval of the young to the nest, and adoption
of the lactating posture over the young (101). The display of
this spectrum of maternal responses can be severely altered
by dam exposure to drugs or toxicants (42,62,67).

Thus, it is possible that concomitantly to the effects on the
immature animals, the psychoactive agent may also have short-
or long-lasting behavioral and physiological effects on the
dam. The quality of the offspring-mother interaction results
to be affected by prior drug exposure, and so would be the
course of developmental trajectories in the offspring (110,115).
For these reasons, the usual procedure is to eliminate postnatal
maternal effects by assigning at birth both treated and control
litters to untreated-unhandled dams (62,114).

However, such influence appears to be still controversial,
and the necessity for routine fostering has also been ques-
tioned (43,127). In this frame, Goodwing and colleagues (35)
reported that when compared with control rats, animals ex-
posed prenatally to the drug exhibited specific neurobehav-
ioral deficits, which were exarcebated by allowing drug-ex-
posed pups to be raised by their own and drug-exposed dams

than by untreated foster dams. In other studies, such maternal
effects appeared to be minimal or absent, leading to the con-
clusion that these factors may not be a source of experimental
concern (4,127).

When dealing with such an important issue, it should be
taken into account that any derived indication in animal mod-
els can be useful to shed more light on the interactions and
variables at work with those human infants exposed to various
psychoactive drugs during gestation. It is well known, for ex-
ample that some of these subjects, particularly those born
from mothers who are severely addicted to street drugs such
as heroin, cocaine or crack, are raised at least for limited
periods of time by individuals other than their biological moth-
ers. So, the use of fostering procedures in the experimental
condition may also approximate in some way the clinical sit-
uation.

We have recently addressed the issue of these maternally-
mediated effects in dams exposed until a few days before
parturition to oxazepam (for the rationale and procedure of
drug exposure in utero, see the preceding section) and their
offspring (62). In particular, since rodents maternal behavior
is dependent upon specific sensory cues provided by the pups
(2,66,90), we aimed at verifying the influence of the fostering
variable by manipulation of the quality of pup-stimulation
provided to the mother. Treatment/rearing groups included
in this study were OX-exposed and control pups reared by
foster mothers, which received the same treatment as the pups
assigned to them until a few days before parturition, i.e., within
24 h after birth, entire litters were exchanged within treatments
(in-fostered groups, IF); as well as OX-exposed and control
pups reared by their own dams left undisturbed (un-fostered
groups, UF). In addition, to determine whether maternal be-
havior in the previously OX-exposed and control dams might
be differentially influenced by pups characteristics, foster con-
trol pups reared by prior OX-exposed mothers and foster OX
pups reared by control dams (cross-fostered groups, CF) were
also examined. We assessed various indices of maternal behav-
ior, and what we found is shown in Figure 3.

With respect to nursing responses, pups raised by oxazepam
females in the UF and CF conditions (treated and control
offspring, respectively) received less maternal care than those
reared by control females; by contrast, treated-IF dams tended
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FIG. 3. Mean duration (SEM) of selected behavioral responses observed in mouse dams (single 10-min session) assigned to either the un-
fostered (UF), the in-fostered (IF), or the cross-fostered (CF) condition. after receiving either vehicle or oxazepam until few days before
parturition (see text). Columns refer to data averaged over the threc (4. & and 12) post-partum days. (Adapted with permission from 62).

to provide a normal or even an enhanced amount of care to
treated offspring. Quite interestingly, the assignment of
treated offspring (CF), instead of untreated offspring (IF). to
control dams prevented the reduction of nursing duration
observed in the IF condition. Considering that prenatal OX
treatment causes a slight and transient retardation of postnatal
body growth and neurobehavioral development (4). the results
can be explained only by joint influences of several types
of changes. Firstly, mildly impaired pups might constitute a
stronger stimulus for the elicitation of maternal responses (66).
Secondly, the exchange of litters per se appears to have dual
effects, that is, an increase in the stimulus properties of the
pups and a disturbing influence on the dam. Thirdly, the latter
change seems to be prevented by anxiolytic treatment given
until a few days before parturition. In other words, both OX
dams and OX pups showed in one or more combinations
of treatment and fostering procedure the maximal level of
maternal care or capacity to elicit maternal care, respectively.
By contrast, substantial reductions of such capacities can occur
with other combinations of treated and control animals.
Such a profile would point to a joint role of prenatal effects
and postnatal maternal effects in producing a dysfunction that

results in measurable behavioral changes. This possibility
could not be excluded a priori in the case of prenatal BDZ
exposure, considering in particular that the changes in the
target system. which start in late pregnancy, continue at a fast
pace during the first two weeks of postnatal life (63).

The relation between CNS changes after BDZ exposure
and changes in maternal behavior is not simple. What needs
to be explained is the nature of the interaction between behav-
ioral and CNS variables allowing BDZ treatment in late preg-
nancy to exert an enhancing rather than a depressing effect
on maternal care when two additional conditions are satisfied:
The first is the extra stimulation produced by an exchange of
pups. which may have been modified by a residual anxiolytic
action; the second condition is the stronger stimuli for the
elicitation of maternal responses by pups with a mild impair-
ment in neurobehavioral development (66,90); including a
prolongation of ultrasonic calls in early BDZ-treated rat
pups (14).

These data show that much more emphasis should be
placed in the analysis of the experiential context in which
treatment effects acquire an additional role in the modulation
of sensory functions and responses to environmental stimuli,
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for example using different fostering procedures (i.e., manipu-
lation of dam- and pup-related cues). Our findings do stress
the need for a better understanding of dyadic mother/pup
interactions in studies aimed at characterizing early drug and
toxicant effects on animal and human development.
Changes of maternal agonistic behavior during the postpar-
tum period as a function of developmental BDZ exposure.
Another part of our analysis consisted of the assessment of
maternal emotional changes during the early postpartum pe-
riod, such as those expected to be expressed in a social interac-
tion test between adult female offspring with a history of
prenatal exposure to BDZ, as suggested by previous reports
(27,30). This was accomplished by using the paradigm of a
particular form of mouse aggressive behavior, namely, mater-
nal aggression towards an unfamiliar male intruder in the nest
area (64). In brief (see Fig. 4), when compared with control
dams, lactating OX-treated females showed a prominent en-
hancement of aggressive responses. This effect was quite strik-
ing, given the high baseline of such response in control animals.
On the other hand, when the same females were re-tested in
the same paradigm on post-partum day 8 and challenged with
chlordiazepoxide, the proaggressive effect of the BDZ agent
given shortly before testing was not modified (data not shown).
Overall, the results apparently deny that the enhanced ag-
gression was due to general changes in reactivity such as those
which are usually ascribed to hyperarousal, since no significant
changes in general activity level were found as a function of
prenatal OX exposure. The basic change was rather in the

relative prepotency of the various responses available within
the species-specific aggressive/defensive repertoire. In particu-
lar, goal-directed (offspring-protective) responses were fa-
vored at the expense of fear/emotionality responses.

Previous models have postulated subtle modifications in
sensory functions, such as altered auditory temporal resolution
(52,77), in an attempt to explain some remarkable changes in
fear expression and goal-directed behavior after an early his-
tory of BDZ exposure. Other explanations suggest that the
functional value of the stimuli that contribute to the modula-
tion of aggressive and defensive responses may show a marked
variation during the animals lifetime (e.g., in relation to the
reproductive cycle). [For literature and a more detailed discus-
sion on this topic, see a specific section below].

Changes of maternal care as a function of developmental
BDZ exposure. In the study just discussed we provided evi-
dence that early manipulation of the GABA/BDZ neuro-
chemical system by prenatal OX administration exerts a long-
term influence on mouse maternal aggression. The latter rep-
resents an important aspect of the behavioral repertoire of
lactating rats and mice which is directed at offspring pro-
tection.

An extension of this study was the assessment of possible
influences of prenatal oxazepam treatment on the whole pat-
tern of mouse maternal care (90). OX-treated female offspring
were mated at the young-adult stage, and the display of their
postpartum behavioral repertoire in a nursing context was
scored. Briefly (see Fig. 5), when compared with control dams,
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OX females showed a shorter duration of pup-sniffing at 7-10
days and enhanced crouching behavior when pups had reached
the age of 14-18 days.

[t appears that the slight changes found m the maternal
behavior of OX females can be ascribed to modifications in
their capacity to respond maternally towards the pups. In
agreement with the results of the study reported above (64).
the specificity of the oxazepam effects is further confirmed by
the absence of changes in locomotion as well as in other non-
pup-directed activities (data not shown). This argues one morc
against the view that the alterations of mouse maternal care
can be ascribed to hyperarousal (77). Conversely. the limited
changes in maternal care here observed contrast with the data
reported above of major alterations in social responsivity (e.g.
increased levels of maternal aggression). A more detailed dis-
cussion on hypotheses of mechanisms underlying these long-
term BDZ effects is included at the end of this section.

In addition, OX treated dams used significantly more cot-
ton and were assigned higher scores for nest construction than
control females (data not shown). This activity is an useful
indicator in mice of hormonal or drug-induced changes in
maternal care (67). The difference between groups appeared
only in the presence of their offspring, i.e., after the birth of
the pups, suggesting an active role of mother-pups relation-
ship, with the behavior of OX dams being in some way imbal-
anced by pup presence (67).

With respect to mechanisms, acute benzodiazepine treat-

ment is known to cause hypothermia in adult animals (15).
However, the hypothesis that the highest levels of nest con-
struction found in OX females might result from altered ther-
moregulatory functions (71,108) is weakened by other evi-
dences that prenatal BDZ treatment does not affect the
development of thermoregulation in rats (54). [For hypotheses
concerning the involvement of changes in hormonal regula-
tions see discussion in a specific section below].

Changes of maternal care as a function of developmental
BDZ exposure are dissociated from pup-related stimulus per-
ception. There is evidence that maternal behavior of altricial
rodents depends upon sensory information provided by the
pups and it is also a function of the females condition, e. g.
reproductive state or prior drug exposure (42,62,66,67,90,101).

Concerning the second point, we could expect on the basis
of literature data, that prenatal OX exposure produces specific
changes in sensory function and stimulus perception in female
mice (51,62.64). These alterations were assumed at least to
be partially responsible for the changes in maternal care. Thus,
we thought it would have been interesting to investigate possi-
ble OX-induced changes in pup-stimulus perception (90). To
this aim, lactating females prenatally treated with oxazepam
were challenged in sequence on postpartum day 8 with a
pattern of pup-related stimuli differing in complexity and in-
tensity. Overall, no reliable or statistical significant carry-over
effects of prenatal dam treatment were found (data not
shown).
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These results served to draw the suggestion that the re-
ported alterations in the level of maternal care due to early
BDZ exposure cannot be ascribed to changes of stimulus
perception (at least for the portion of stimuli here investi-
gated). In fact, the two groups of females were not separated
in the response to different patterns of pup-related stimuli.

General discussion on the complex interrelationship of be-
havioral as well as endocrine/neurotransmitter factors in the
mediation of BDZ-related changes in maternal care. As a gen-
eral rule, the study of emotional disorders in the life cycle of
female mammal demands attention to endocrine-behavioral
interaction, since some of the most stressful events in life
(i.e., pregnancy, labor or lactation) occur simultaneously with
marked fluctuations in the level of circulating steroid hor-
mones (75). The rapid shifts in the levels of such hormones,
as progesterone and estrogen, occurring at the puerperium
(72) may underlie a borderline endocrine/neurotransmitter.
This can be precipitated to some extent by environmental
factors, resulting in a phase in the female life span of functional
vulnerability (59). [For a more detailed discussion on this
topic, see below].

A tentative explanation could involve changes in the regu-
lation of GABA systems in the CNS. Benzodiazepines act
by facilitating GABAergic neurotrasmission (95), while the
functional links between the components of the large GABA/
BDZ receptor complex are still poorly understood, it may
have at least heuristic value to focus attention on possible
functional alterations at the level of such a system when at-
tempting to understand the effects of anxiolytic or antiepilep-
tic agents. In altricial rodents such as rats and mice, mother/
offspring interactions during the postpartum period have been
shown to modulate the brain GABAergic activity of lactating
dams. Specifically, the cerebrospynal fluid concentration of
GABA in the mother, which profoundly influences the behav-
ior and the neuroendocrine phenomena associated with lacta-
tion, is markedly increased by pup-related stimuli, reaching
very high levels while the mother is nursing her pups, and
very low levels following pup removal (93). Moreover, the
activity of glutamic acid decarboxylase (a GABA biosynthesis
enzyme) is increased in the mediobasal hypothalamus of lac-
tating rats (94), and GABA mechanisms in rat mediobasal
hypothalamus are known to affect prolactin output during
suckling stimulation (94). In mice prolactin reportedly facili-
tates some items of maternal care such as retrieving and
crouching (126).

We can therefore postulate a positive interaction between
alterations in GABAergic neurotrasmission, which are re-
ported in animals chronically treated with BDZ agents (either
in adult subjects or after prenatal exposure), and the physio-
logical enhancement in GABAergic activity associated with
the presence of the pups during postpartum and lactation.
What has been observed at a behavioral level are i) changes
in mother—young interaction (i.e., more nursing behavior and
better nestbuilding scores) in the group of dams treated prena-
tally with OX, while ii) a more complex picture of changes in
the capacity of the prior BDZ-treated dams to provide mater-
nal care and in the capacity of the mildly impaired OX-pups,
which possibly constitute a stronger stimulus, to elicit such
care. Also intriguing appear the long-term changes in maternal
aggression following developmental BDZ exposure, which
might be interpreted by postulating a subtle change in the
balance between different responses that can be triggered by
the approach/avoidance conflict created by the testing situa-
tion (51,64,98,123). These findings are consistent with reports
that early BDZ exposure of rats affects adaptive behaviors

in the exposed animals as adults (19,30,36,54,64,78). Female
protection and care of young is in fact very adaptive for spe-
cies survival.

Lactating female rats and mice are reported to show an
integrated behavioral picture consisting of altered emotional
responses. Specifically, female rats eat more, are less fearful
or anxious (27), and appear more reactive and freeze less in
response to a sudden environmental change (i.e., an auditory
signal) during lactation than during other stages of the repro-
ductive cycle (40). Such a profile suggests a functional shift
in affective patterns to less fear-emotionality responses.

There is evidence suggesting a complex interaction be-
tween female hormones and the GABA/BDZ system in the
brain (72,76,82,100). The ovarian sex steroids estradiol and
progesterone are known to affect GABA/BDZ receptors in
several brain areas (72). Moreover, progesterone metabolites
have been shown to increase the binding of the BDZ flunitra-
zepam to benzodiazepine sites, and to be potent barbiturate-
like ligands of the GABA receptor complex (76,82), while
progesterone produces anxiolytic effects in the female, but
not in the male rat (10,76). Therefore, since, in animal models,
nest construction and maintenance are progesterone-depen-
dent activities (106), changes in progesterone levels or respon-
sivity may have contributed to the altered expression of this
complex behavioral pattern in lactating dams exposed in utero
to BDZ (see above).

As it is well known, in several species, including rats and
mice, the stimuli provided by the pups are very important for
the development and maintenance of luteal function after
post-partum ovulation. Therefore, with respect to the results
of one of the experiments discussed above, which specifically
addressed the issue of fostering procedure, it is not unlikely
that progesterone functions may also be indirectly affected by
the stimulus variables indicated above (namely, exchange of
pups and mild pup impairment), resulting in a higher average
level in the OX-IF condition, namely, the group of females
experiencing both a BDZ treatment until a few days before
parturition and the fostering of OX treated pups. At present,
however, it appears difficult to make a definite choice among
a variety of possible mechanisms by which changes in proges-
terone functions might result in an enhancement of maternal
care, including effects on non-behavioral or behavioral ther-
moregulation and neural mechanisms underlying maternal re-
sponses.

There is also evidence, on the basis of psychopharmacologi-
cal observations in animal models (mostly rats and mice) that
activity in the GABA/benzodiazepine receptor complex in
specific brain areas is implicated in the display of maternal
behavior (27,39,93). In fact, the expression of maternal care
in the lactating female rat is blocked by the administration of
BDZ antagonists, while BDZ themselves elicit this behavior
in non maternal rats (38). In this regard, it has also been
shown that pregnancy related to the onset of natural maternal
behavior, produces a decrement in the density of GABA,
receptors and an increase of its affinity in the female rat fore-
brain. This has been considered the probable consequence
of the elevated levels of placental and adrenal endogenous
steroids that occur during pregnancy (75).

Interestingly, analogous changes in the density and affinity
of GABA, receptors are obtained as a result of prenatal treat-
ment with diazepam, a direct BDZ agonist (50). In this frame,
a facilitation of maternal behavior has been demonstred in
adult virgin female rats after developmental administration
of diazepam (19). It seems that developmental BDZ adminis-
tration to the female rat induced an imprinting of the func-



468
| * 1T e

30
)
gzod
s
$
2
& 104
H
£

0

Vehicle copP2s CcbP 5o RO 3.0 RO 10.0 RC 300

mg/kg dose
1 Mixed-sex Bl single-sex
FIG. 6. Mean latency (SEM) to lick a hind-paw in a hot-plate test
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of test), all mice were re-housed according to sex. At adulthood
(postnatal day 70 = 1), animals were challenged with either vehicle
or a BDZ agonist chlordiazepoxide (CDP at 2.5 or 5.0 mg/kg dose)
or with a BDZ receptor partial inverse agonist Ro 15-3505 (RO at
3.10 or 30 mg/kg dose). (n = 12). *p < 0.05. **p < (.01. (Reprinted
with permission from 65).

tional status of these receptors in a similar way to that found
after post-partum due to changes in the levels of endoge-
nous steroids.

It is also interesting to note that a drop in the density of
GABA, receptors and an increase of its affinity. as a conse-
quence of pregnancy, have been proposed to be the basis of
the so called postpartum blues or milk blues (75). The use of
these terms derives from an assumed relationship between
the onset of lactation (on approximately the third day) and major
emotional upheaval and postpartum depression (129). Both
the cause and the significance of the described postpartum
emotional vulnerability are largely unexplored. A complex
interrelationship of emotional and endocrine factors suggests
the possibility of a borderline endocrine/neurotransmitter con-
dition, which can be precipitated to some extent by environ-
mental factors.

In this frame, an intriguing possibility concerns the involve-
ment of changes in the levels of neuroactive steroids (6.92).
In fact, elevated concentrations of these compounds have been
found during pregnancy in the maternal plasma and brain of
many mammalian species, including humans, due to the ex-
tremely high levels of their precursor hormones, progesteronc
and deoxycorticosterone, and due to increased activity of their
synthesizing enzymes in the placenta and fetal tissues (74).

The biosynthesis of neuroactive steroids has been shown
to be influenced by diet or markedly increased by the adminis-
tration of hypnotic and anticonvulsant drugs such as pheny-
toin, barbiturates, or diazepam. These compounds have been
shown to modulate bidirectionally the function of the GABA-
a receptor and affect neuronal excitability (10.33,92). During
pregnancy high levels of these compounds may also contribute
to the behavioral profile, which is characteristic of pregnant
women. On the other hand, the anxiety and depression associ-
ated with the post-partum period may represent physiological
withdrawal from several-month exposure to the endogenous
anxiolytics.

LAVIOLA

The effects of early exposure to BDZs may interact with the
effects of rearing conditions on development of the receptor
complex at which OX acts (65,75). Thus, the following section
may serve to raise the attention at these subtle interactions
when dealing with behavioral teratological investigations.

Changes in behavioral response to challenge with GABA-
BDZ agents in adulthood as a function of manipulation of
social milieu during infancy or prepuberty. GABA-BDZ regu-
latory systems, i.e., those CNS systems which are the specific
targets for anxiolytics, seem particularly useful for an ontoge-
netic and psychobiological analysis, for at least two main rea-
sons. Firstly, the different mechanisms by which these systems
exert a direct or indirect modulation of several behavioral
responses, including those involved in pain reactivity, sponta-
neous locomotor activity, and exploration, have been quite
well characterized (13,16,23,28,47,61,65). Secondly, the modes
of reaction of these CNS systems to a wide range of environ-
mental perturbations are at least partially understood, particu-
larly those produced by different types of stressful experiences,
including social interactions, etc. (48,69,73,97,128).

Several studies also indicate that GABA-BDZ regulatory
systems show a remarkable plasticity during development
(63.91.95,103). Administration of BDZ agents during an early
developmental stage has been shown to affect a wide range
of aspects of both the young and the adult behavioral reper-
toire in several animal models, as well as the response to the
same drugs in adultood (see above for a survey of the results
obtained by our and several other groups in the research
context of neurobehavioral teratology, specifically in the topic
of the prenatal benzodiazepine syndrome). The same systems
are markedly reactive to several environmental stimuli, partic-
ularly those which can affect the threshold of pain sensitivity
(e.g.. Environmentally Induced Analgesia). In fact, the portion
of the endogenous pain-inhibiting systems in which BDZ path-
ways are involved, interact with the social environment, and
social agonistic interactions may promote analgesia, which is
reversed by BDZ antagonists (98). In this frame, there is now
substantial evidence for a role of endogenous brain BDZ in
the regulation of social responses (16,45,80,84). and several
experiments have shown an influence of social environment
on BDZ system functioning (44.,46). In fact, prolonged isola-
tion has been demonstrated to alter BDZ receptor density in
the brain of adult mice (25). Individually housed mice show
differential effects of Ro 15-1788 (a BDZ antagonist) and are
also less sensitive than group-housed subjects to diazepam (a
BDZ agonist)-induced impairment of rotarod performance
(98,109). Moreover. GABA/BDZ systems are widely ex-
pressed in limbic areas responsible for receiving and organiz-
ing incoming sensory information from which arise integrated
social bonding behaviors and accompanying affective states
(47). Therefore, it seems quite possible that alterations in an
organism’s social environment may be an important factor in
the genesis of anxiety related disorders (23,31,116).

There is also evidence that these CNS systems are activated
during critical stages of physical and social development
(55,68.103,111,116). The BDZ receptor matures early in on-
togeny (4.63) and thus may play an important physiological
role in the mediation of affiliative bonds during the course
of development (16.45,65,68,119). In this context, a series of
experiments by our group has shown long-term influences of
early social events on the function of GABA-BDZ receptor
systems in the CNS (65,69). This approach is aimed at better
understanding some of the features underlying the individual
variability exhibited by adult subjects to the behavioral and
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physiological effects of various psychoactive agents, including
benzodiazepines and drugs of abuse (28,65,69).

Putting together all these considerations, we came to test
the hypothesis that the manipulation of the social characteris-
tics of early environment obtained by raising infant animals
in condition of sexual segregation (117) would affect in some
way the development and subsequent functioning of this im-
portant CNS regulatory system (see below). This was ad-
dressed by searching for possible changes in the behavioral
response expressed by adult animals when challenged with
drugs acting on the GABA/BDZ receptor complex (120).

What we found is shown in Fig. 6. Adult female mice raised
during infancy within litters of a mixed gender composition
showed the expected hyperalgesia profile (measured by the
latency to lick a hind-paw in a hot-plate test) in response to
challenge with chlordiazepoxide (CDP) (102). On the other
hand, females raised in all-female litters were totally unrespon-
sive to drug-induced changes in behavior. Interestingly, the
sexually segregated female group exhibited a prominent dose-
dependent analgesia in response to Ro 15-3505 (RO), and this
was not the case for females reared in sex-balanced condition.
Interestingly, no significant or reliable changes were found
for males. Even if the mechanisms by which Ro 15-3505, a
BDZ receptor partial inverse agonist, increased hot-plate la-
tencies are not clear, its ability to induce analgesia is especially
interesting in light of the very recent literature on stress-
induced analgesia (73,104). In fact, RO may be viewed as a
pharmacological stressor activating these same systems. Sup-
porting this hypothesis, it has been shown that just as increases
in stress severity can increase analgesia, RO too can potenziate
stress-induced analgesia (see the dose-response profile of the
single-sex reared group in Fig. 6).

In the same study, adult male mice reared in gender-bal-
anced conditions showed more exploratory behavior when
tested for the approach to a novel object than unisexually
reared males. Sexual segregation in infancy was apparently
responsible for the increased neophobia exhibited by unisexu-
ally reared animals. It also altered the function of the GABA/
BDZ receptor complex as revealed by the restriction to mixed-
sex reared males of the facilitative effects of both CDP and
RO in the test with the approach to a novel object (data
not shown).

The different individual response of animals to the hyperal-
gesic action of CDP or to the analgesic effect of RO possibly
reflects the individual variation—which was apparently ac-
quired during development—in sensitivity of central mecha-
nisms mediating the bidirectional pain-modulating action of
BDZ agents. It has been recently assumed by several authors
that the putative endogenous ligand for BDZ binding sites
may exert a pharmacological activity opposite to that of classi-
cal BDZ tranquillizers (37). Therefore, a tentative hypothesis
is that in RO-responders the concentration of the putative
endogenous ligand (in CNS) is higher than in RO-nonrespond-
ers. If it is the case or not, the developmental sexual segrega-
tion procedure, which is here proposed as a means to have
adult animals characterized by a different set up of specific
CNS regulatory systems, seems to offer an additional tool for
analyzing the functional significance of the relation between
different ligand sites at the GABA/BDZ receptor complex.

At the present stage of the work it is impossible to deter-
mine which factor was responsible for the differences related
to early social environment condition. An individual variation
in adult behavioral response to challenge with Beta-carbolines
(BDZ inverse agonist and putative anxiogenic agents) has
been shown in primates (46). This effect has been interpreted

in terms of long-term influence of early life events on the
function of the GABA/BDZ receptor system. With respect
to our results, one working hypothesis may be that the nature
of the interactions among siblings of the same litter [e.g.,
different levels of social grooming or playful interactions in
infancy as a function of sex of littermates (61,117)] can affect
the development and subsequent function of the BDZ system
(91). On the other hand, both rat and mouse dams discriminate
and interact differently with male and female offspring and
possibly behave differently with litters of differing sex ratios.
Such a sex-biased maternal behavior has been shown to affect
several aspects of the offspring’s behavioral repertoire (2,83).

With the aim to discriminate, among the different behav-
ioral interactions, those more responsible for the functional
canalization, i.e., the differential (and/or individual) response
to challenge with BDZ agents (considered as an index of
functional changes of the corresponding regulatory systems),
we performed an extension of the study described above. In
this experiment two important social variables were manipu-
lated during development. Firstly, adult male and female mice
which underwent either a mixed or a unisexual rearing from
prepubertal day 15 to 25 were used. In addition, the inclusion
in the experimental design of a group of mice precociously
separated from the mother enabled us to try to separate the
causal factors discussed above (61,117).

At adulthood mice were tested in an animal model of
anxiety (Black/White exploration test), and in a behavioral
procedure commonly used to assess reactivity to noxious stim-
uli (hot-plate response) (69,120). Animals were also injected
with chlordiazepoxide and challenged by a naturalistic threat-
ening predatory stimulus, i.e., cat urine. In fact, the application
of a naturalistic approach allows the analysis of the natural
repertoire of an organism’s responses which may be of great
help in understanding the evolution of the acquired compo-
nent of the endogenous pain inhibiting system as well as the
adaptive significance of other important physiological mecha-
nisms (11,20,26,48,128).

The results obtained clearly indicated that adult male mice
sexually-segregated during pre-puberty had a significant
longer latency to leave a bright white area in the Black/White
exploration test than did males reared in a balanced-gender
condition [18.0 (=2.3) and 12.2 (1.2) min, respectively]. No
such a difference appeared in the group of females. In the
hot-plate test (see Fig. 7), both male and female mice raised
in a balanced-gender condition showed a prominent analgesia
(measured as the latency to lick a forepaw in a hot-plate test,
which is well known to be considerably shorter than a hindpaw
response) in response to a potential threatening stimuli such
as cat’s urine. As expected on the basis of previous reports
(65), prior CDP administration dose-dependently reduced this
response (11,23,48). Interestingly, neither the simple response
to the odor nor the CDP effects, were found in animals raised
during pre-puberty in sexual segregation.

Half of the animals were also weaned precociously at two
weeks of age (see above), and this manipulation affected the
behavioral profile in adulthood, with animals reared in mixed-
sex condition and weaned precociously not showing the cats’
odor-induced analgesia, nor any response change to CDP.
Also, precocious weaning strongly reduced the long-term seg-
regation-related differences in behavior [see the profile of
regular weaning group in the left panel of Fig. 7] providing
an indication for a major modulatory role of the mother early
in development in the production of segregation-related ef-
fects (117).

As for the possible mechanisms underlying the above segre-
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FIG. 7. Mean latency (SEM) to lick a fore-paw in a hot-plate test {set at 55 = 1 “C) of adult mice. which were either sexually segregated
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were challenged with either vehicle or CDP at 2.5 or 5.0 mg/kg dose, 30 min before to be exposed for 2 min in a chamber with cat odor (Od).
while the control group was put in a similar chamber without odor (CDP 0, no-Od). (n = 12). *p < 0.05 refers to comparison of mixed-sex
vs single-sex reared animals, made within the regular weaning group: **p < 0,01, refers to comparisons of the regularly weaned and mixed-

sex, CDP 0-Od group vs other experimental groups. (Reprinted with permission from 69).

gation effects, it should be noted that unisexual rearing causes
changes, supposedly adaptive, in the offspring’s behavioral
development altering the quality/quantity of environmental
stimulation a mouse receives from each individual in its family
unit, namely, ultrasonic vocalizations. physiological changes
related to different olfactory inputs (22.70,122), dam care (2),
and social experiences with litter mates (21,61.117).

With respect to the latter, we have previously reported
that mice experiencing ongoing unisexual rearing were less
involved in affiliative and huddling-like behavior comparcd
to pups reared in sex-balanced litters (117) and it is most
possible that such a less varied and affiliative social milieu
(61,117) has a long-term influence on systems which modulate
both the process of coping with a threatening natural stimuli
such as a predatory odor. and the results of it on the response
to painful stimulation.

In general, the data discussed above suggest that quantita-
tive and/or qualitative variation in social interaction with the
mother as well as with the opposite sex through infancy and
adolescence, may well be a contributor to the wide interindi-
vidual variation in the capacity of coping with environmental
challenges, including drug administration (28,65) or toxicant
exposure. Moreover, since in the present study the interval
between the end of exposure to different social conditions
and testing was relatively long (approximately 50 days). the
results suggest that manipulation of social milieu during devel-
opment has a kind of organizational influence on these
systems.

In the present series of experiments, the differences gener-
ated by sexual segregation during development can be tenta-
tively attributed to an altered function of the GABA/BDZ
receptor complex—a neural substrate considered to be an
important participant in an organism’s reactivity to environ-

mental challenges (11.13,23,65). In agreement with this view.
Primus and Kellogg (91) reported that castration of male rats
as juveniles (postnatal day 19) counteracted the facilitative
cffect of diazepam on the adult response to an anxiogenic
situation. An influence from gonadal steroids (or their metabo-
lites) on function of the GABA/BDZ system has been exten-
sively demonstered (41,56,76,91). Changes of testosterone me-
tabolism in the CNS have been reported in rats reared in
sexual segregation (70), as well as changes of reproductive
performance in both adult male and female rats (61,117},
Taken together these reports indirectly suggest that pre-puber-
tal sexual segregation may interfere with gonadal hormones
or their metabolites on pubertal development of the receptor
complex (22.70,122).

FINAL COMMENTS AND CONCLUSIONS

The work summarized and discussed in the present report,
together with a growing literature on the same and related
topics (see reviews quoted in the introductory section), indi-
cates that the developmental psychobiological approach has
made available to behavioral teratologists the fine tuning of
both strategy and model tools that serve to define short-,
medium-. and long-term effects of early treatments in terms
of the behavioral processes which are affected (112). An ex-
panded view of teratogenic effects on development points
to pay research attention to the animal-context synergistic
process, rather than simply to those aspects of the organism
that the teratogen directly affects (86). This therefore includes
a large class of variables that have traditionally been ignored
in explanations of the effects of teratogens on behavior.

As outlined by Bignami and colleagues (8,9), this is made
possible by moving up from individual response changes to
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considering clusters of response changes. The identification
of correspondences between clusters of response changes—
defined in terms of affected behavioral processes—and clusters
of CNS changes appears to be much more helpful for the
purpose of understanding treatment effects and mechanisms
of action. The studies so far reviewed were based on the effects
of a single treatment given during a particular developmental
stage in an outbred strain of mice of one of many altricial
rodent species. It appears, however, that by appropriate modi-
fications, the adoption of the strategy so far illustrated can be
extended to the analysis of many similar problems encoun-
tered in a much vaster area.

In summary, there are a number of critical issues associated
with studies of environmental perturbations or psychoactive
drugs in developing mammals. The issue of fostering remains
controversial. Certainly, in the absence of adopting such a
procedure, one can not assume that the observed effects in
the offspring are related to the consequences of the prenatal
exposure per se (35,42,62,111,114,115,127). Further, whereas

traditionally tests in the behavioral teratological approach
have focussed largely on adult testing, increasingly more inter-
est is being directed in testing early in life than in adulthood
(1,50,55,68,99,111,112,119). Last but not least, the issue of
rearing conditions is intriguing and needs to be watched care-
fully in the frame of an analysis of the modes of reaction of
the target system to perturbations a mouse receives during de-
velopment.

ACKNOWLEDGEMENTS

I'am indebted to Enrico Alleva, Giorgio Bignami, Flavia Chiarotti,
Linda P. Spear, and Aubrey Manning for their helpful discussions
and feedback over the years. The original research reported in this
article was made possible by the effort given by a number of young
colleagues such as Simona Petruzzi, M. Livia Terranova, Giacomo
Dell’lOmo, and Giampietro Loggi. We received support by the Sub-
project on Behavioural Pathophysiology (Project on Non-infectious
Pathology) of the Istituto Superiore di Sanitd, Roma, Italy and by
the Italian National Health System Project “Risk Factors in Maternal
and Child Health.”

REFERENCES

1. Alleva, E.; Bignami, G. Prenatal benzodiazepine effects in mice:
postnatal behavioral development, response to drug challenges,
and adult discrimination learning. Neurotoxicology 7:303-318;
1986.

2. Alleva, E.; Caprioli, A.; Laviola, G. Litter-gender-composition
affects maternal behavior of primiparous mouse dam. J. Comp.
Psychol. 103:83-87; 1989.

3. Alleva, E.; Laviola, G.; Bignami, G. Morphine effects on activity
and pain reactivity of developing CD-1 mice with or without
late prenatal oxazepam exposure. Psychopharmacology 92:438-
440; 1987.

4. Alleva, E.; Laviola, G.; Tirelli, E.; Bignami, G. Short-, medium-,
and long-term effects of prenatal oxazepam on neurobehavioural
development of mice. Psychopharmacology 87:434-441; 1985.

5. Aronson, L. R;; Tobach, E.; Leherman, D. S.; Rosenblatt, J. S.
(Eds) Development and evolution of behavior. San Francisco:
W.H. Freeman; 1970:181-193.

6. Barbaccia, M. L., Roscetti, G., Bolacchi, F., Concas, A., Mostal-
lino, M. C., Purdy, R. H., Biggio, G. Stress induced increase in
brain neuroactive steroids: Antagonism by abecarnil. Pharmacol.
Biochem. Behav. (in press).

7. Bergman, U.; Rosa, F. W.; Baum, C.; Wiholm, B. E.; Faich, G. A.
Effects of exposure to benzodiazepine during fetal life. Lancet
340:694-696; 1992.

8. Bignami, G.; Alleva, E.; Chiarotti, F.; Laviola, G. Selective
changes in mouse behavioral development after prenatal benzo-
diazepine exposure: A progress report. Prog. Neuro-Psychophar-
macol. & Biol. Psychiat. 16:587-604; 1992.

9. Bignami, G.; DellOmo, G.; Alleva, E. Species specificity of organ
toxicity: Behavioral differences. Arch. Toxicol. 16:375-394; 1995.

10. Bitran, D ; Shiekh, M.; McLeod, M. Anxiolytic effect of proges-
terone is mediated by the neurosteroid allopregnenolone at brain
GABA-a Receptors. J. Neuroendocrinol. 7:171-177; 1995.

11. Blanchard, D. C.; Blanchard, R. J.; Tom, P.; Rodgers, R. J.,
Diazepam changes risk assessment in an anxiety/defense test
battery. Psychopharmacology 101:511-518; 1990.

12. Blanchard, D. C.; Griebel, G.; Blanchard, R. J. Gender bias in
the preclinical psychopharmacology of anxiety: Male models for
(predominantly) female disorders. J. Psychopharmacol.
9:79-82; 1995.

13. Bodnoff, S. R.; Suranyi-Cadotte, B. E.; Quirion, R.; Meaney,
M. J. Role of the central benzodiazepine receptor system in
behavioral habituation to novelty. Behav. Neurosci. 103:209-
212; 1989.

14. Cagiano, R.; De Salvia, M. A ; Persichella, M.; Renna, G.; Tattoli,

M.; Cuomo, V. Behavioural changes in the offspring of rats
exposed to diazepam during gestation. Eur. J. Pharmacol.
177:67-74; 1990.

15. Chan, A. W. K, Langan, M. C., Schnley, D. L., Penetrante, M. L.,
Leong, F.W., Aldrich-Castanik, L. Differential effects of Ro15-
1788 in actions of chlordiazepoxide and ethanol. Pharmacol.
Biochem. 29:315-320; 1988.

16. Cirulli, F.; Santucci, D.; Laviola, G.; Alleva, E.; Levine, S. Behav-
ioral and hormonal responses to stress in the newborn mouse:ef-
fects of maternal deprivation and chlordiazepoxide. Dev. Psy-
chobiol. 27:301-316; 1994.

17. Cree, J. E.; Meyer, J.; Hailey, D. M. Diazepam in labour: its
metabolism and effect on the clinical condition and termogenesis
of the newborn. Br. Med. J. 4:251-255; 1973.

18. Dalterio, S. L. Cannabinoid exposure: Effects on development.
Neurobehav. Toxicol. Teratol. 8:345-352; 1986.

19. Del Cerro, M. C. R.; Izquierdo, M. A. P.; Perez-Laso, C.; Rodri-
guez-Zafra, M.; Guillamon, A.; Segovia, S. Early postnatal diaze-
pam exposure facilitates maternal behavior in virgin rats. Brain
Res. Bull. 1995.

20. DellOmo, G.; Alleva, E. Snake odor alters behavior, but not
pain sensitivity in mice. Physiol. Behav. 55:125-128; 1994,

21. Denenberg, V. H.; Morton, J. R. Infantile stimulation, prepuber-
tal sexual-social interaction, and emotionality. Anim. Behav.
12:11-13; 1964.

22. Drickamer, L. C. Pre- and Postweaning excretion of puberty-
influencing chemosignals in house mice. Dev. Psychobiol.
25:1-16; 1992.

23. Drugan, R. C.; Holmes, P. V. Central and peripheral benzodiaze-
pine receptors: Involvement in an organism’s response to physi-
cal and psychological stress. Neurosci. Biobehav. Rev. 15:277-
298; 1991.

24. Elia, J.; Katz; 1. R. Teratogenicity of psychotherapeutic medica-
tions. Psychopharmacology Bull. 23:531-586; 1987.

25. Essman, E. J.; Valzelli, L. Brain benzodiazepine receptor changes
in the isolated aggressive mouse. Pharmacol. Res. Commun.
13:665-671; 1981.

26. Fanselow, M. S.; Sigmundi, R. A. Species-specific danger signals,
endogenous analgesia, and defensive behavior. J. Exper. Psychol.
[Animal Behavior] 12:301-309; 1986.

27. Ferreira, A.; Hansen, S.; Nielsen, M.; Archer, T.; Minor, B. G.
Behavior of mother rats in conflict tests sensitive to antianxiety
agents. Behav Neurosci 103:193-201; 1989.

28. File, S. E. Variability in behavioral responses to benzodiazepines
in the rat. Pharmacol. Biochem. Behav. 18:303-306; 1983.



472

29.

30.

31.

32.

33

34.

35.

40.

41.

42.

46.

47.

48.

49.

5L

File, S. E. Animal models for predicting clinical efficacy of anxio-
Iytic drugs: Social behaviour. Neuropsychobiology 13:55-62;
198S.

File, S. E. Behavioral changes persisting into adulthood after
neonatal benzodiazepine administration in the rat. Neurobehav.
Toxicol. Teratol. 8:453-461; 1986.

File, S. E.; Pellow, S. Intrinsic actions of the benzodiazepine
receptor antagonist Ro 15-1788. Psychopharmacology 88:1-11:
1986.

Garrett, K. M.; Tabakoff, B. The development of type 1 and type
11 benzodiazepine receptors in the mouse cortex and cerebellum.
Pharmacol. Biochem. Behav. 22:985-992; 1985.

George, M. S.; Guidotti, A.; Rubinow, D.; Pan, B.; Mikalauskas.
K. CSF neuroactive steroids in affective disorders: Pregnenolone.
progesterone, and DBI. Biol. Psychiatry 35:775-780; 1994.
Gillberg. Floppy infant syndrome and maternal diazepam. Lan-
cet 2:244; 1977.

Goodwin, G. A.; Heyser, C. J.; Moody, C. A.; et al. A fostering
study of the effects of prenatal cocaine exposure: I1. Offspring
behavioral measures. Neurotoxicol. Teratol. 14:423-432; 1992,

. Grimm, V. E. A review of diazepam and other benzodiazepines

in pregnancy. In: J. Yanai, ed.. Neurobehavioral Teratology.
Amsterdam, Elsevier Biomedical Press; 1984:153-162.

. Guidotti, A.; Forchetti, C. M.; Corda, M. G5.: Konkel. D.: Bennet,

C. D.; Costa, E. Isolation, characterization and purification to
homogeneity of an endogenous polypeptide with agonistic action
on benzodiazepine receptors. Proc. Natl. Acad. Sci. USA
80:3531-3535; 1983.

. Hansen, S.; Ferreira, A. Effects of bicuculline infusions in the

ventromedial hypothalamus and amygdaloid complex on food
intake and affective behavior in mother rats. Behav. Neurosci.
100:410-415; 1986.

. Hansen, S.; Ferreira, A.; Selart, M. E. Behavioural similarities

between mother rats and benzodiazepine treated non-maternal
animals. Psychopharmacology 86:344-347; 1985.

Hard, E.; Hansen, S. Reduced fear behavior in the lactating rat.
Physiol. Behav. 35:641-643; 1985.

Harrison, N. L.; Majewska, M. D.: Harrington. J. W.; Barker.
J. L. Structure-activity relationships for steroid interaction with
the gamma-aminobutyric acid-A receptor complex. J. Pharma-
col. Exp. Ther. 24:346--353; 1987.

Heyser, C. J.; Molina, V. A_; Spear, L. P. A fostering study of
the effects of prenatal cocaine exposure: 1. Maternal behaviors.
Neurotoxicol. Teratol. 14:415-421; 1992.

. Hutchings, D. E. Issues of methodology and interpretation in

clinical and animal teratology studies. Neurobehav. Teratol. Tox-
icol. 7:639- 642; 1985.

. Insel, T. R. Decreased in vivo binding to brain benzodiazepine

receptors during social isolation. Psychopharmacology 97:142-
144; 1989.

. Insel, T. R; Hill, J.; Major, R. B. Rat pup ultrasonic calls: Possibie

mediation by the benzodiazepine receptor complex. Pharmacol.
Biochem. Behav. 24:1263-1267; 1986.

Insel T. R.; Scanlan J.; Champoux M.; Suomi S. Rearing paradigm
in a non human primate affects response to B-CCE challenge.
Psychopharmacology 96:81-86; 1988.

Izquierdo, I.; Cunha, C.; Medina, 1. H.. Endogenous benzodiaze-
pine modulation of memory processes. Neurosci. Biobehav. Rev.
14:419-424; 1990.

Kavaliers, M., Brief exposure to a natural predator, the short-
tail weasel, induces benzodiazepine-sensitive analgesia in white-
footed mice. Physiol. Behav. 43:187-193; 1988.

Kellogg, C. K. Benzodiazepines: Influence on the developing
brain. In: Boer, G. J.; Feenstra, M. G. P.; Mirmiran, M.; Swaab,
D. F.; Van Haaren, F., eds., Progress in Brain Research. Vol.
73. Elsevier Science Publishers B.V. (Biomedical Division);
1988:207-228.

. Kellogg, C. K. Benzodiazepines: Laboratory finding and clinical

implications. In: Zagon, I. S.; Slotki, T. A. eds., Maternal Sub-
stance Abuse and the Developing Nervous System. New York:
Academic Press; 1992:283-321.

Kellogg, C. K.; Chisholm, J.: Simmons, R. D.; Ison. J. R.; Miller,

52

53.

54.

55.

56.

57.

59.

60.

61.

64.

65.

66.

67.

68.

69.

70.

71.

72.

LAVIOLA

R. K. Neural and behavioral consequences of prenatal exposure
to diazepam. Monogr. Neural Sci. 9:119-129; 1983.

Kellogg, C. K.: Ison, J. R.; Miller, R. K. Prenatal diazepam
exposure: Effects on auditory temporal resolution in rats. Psycho-
pharmacology 79:332-337; 1983.

Kellogg, C. K.; Primus, R. J.; Bitran, D. Sexually dimorphic
influence of prenatal exposure to diazepam on behavioral re-
sponses to environmental challenge and on gamma-aminobutyric
acid (GABA )-stimulated chloride uptake in the brain. J. Pharma-
col. Exper. Ther. 256:259-265; 1991.

Kellogg, C.; Tervo, D.; Ison, J.; Parisi, T; Miller, R. K. Prenatal
exposure to diazepam alters behavioral development in rats.
Science 207:205-207; 1980.

Kimmel, C. A.; Buelke-Sam, J.; Adams, J. Collaborative behav-
ioral teratology study: Implications, current applications and fu-
ture directions. Neurobehav. Toxicol. Teratol. 7:669-673; 1985.
Lacau de Mengido, I. M.; Diaz-Torga, G. S.; Libertun, C. Diaze-
pam: Endocrine effects and hypothalamic binding sites in the
developing male and female rat. Life Sci. 45:567-575; 1989.
Laegreid, L.: Hagberg, G.: Lundberg, A. Neurodevelopment in
late infancy after prenatal exposure to benzodiazepines—a pro-
spective study. Neuropediatrics 23:60-67; 1992.

. Laegreid, L.; Olegard, R.; Conradi, N.: Hagberg, G.; Wahlstrom,

1. Abrahamsson, L. Congenital malformations and maternal
consumption of benzodiazepines: a case-control study. Dev. Med.
Child Neurol. 32:432-441; 1990.

Laviola, G. Mouse models of emotional postpartum disorders.
Ann. Ist. Sup. Sanita, 29:153-162; 1993.

Laviola, G.; Alleva, E. Ontogeny of muscimol effects on locomo-
tor activity, habituation, and pain reactivity in mice. Psychophar-
macology 102:41-48; 1990.

Laviola, G.; Alleva, E. Sibling effects on the behavior of infant
mouse litters. J. Comp. Psychol. 109:68-75; 1995.

. Laviola, G.; Bignami, G.; Alleva, E. Interacting effects of oxaze-

pam in late pregnancy and fostering procedure on mouse mater-
nal behavior. Neurosci. Biobehav. Rev. 15:501-504; 1991.

3. Laviola, G.; Chiarotti, F.; Alleva, E. Development of GABAer-

gic modulation of mouse locomotor activity and pain sensitivity
after prenatal benzodiazepine exposure. Neurotoxicol. Teratol.
14:1-5: 1992,

Laviola, G.; DeAcetis, L.; Bignami, G.; Alleva, E. Prenatal oxaze-
pam enhances mouse maternal aggression in the offspring, with-
out modifying acute chlordiazepoxide effects. Neurotoxicol. Ter-
atol. 13:75-81; 1991.

Laviola, G.; Loggi, G. Sexual segregation in infancy and bi-
directional benzodiazepine effects on hot-plate response and
neophobia in adult mice. Pharmacol. Biochem. Behav. 42:865-
870: 1992.

Laviola, G.; Petruzzi, S.; Rankin, J.; Alleva, E. Induction of
maternal behavior by mouse neonates: Effects of dam parity
and prenatal oxazepam exposure. Pharmacol. Biochem. Behav.
49:871-876; 1994a.

Laviola, G.; Sedowofia, K.; Innes, J.; Clayton, R.; Manning, A.
Genetic differences in maternal behaviour patterns in mice ad-
ministered phenobarbital during pregnancy. Psychopharmacol-
ogy 102:383-390; 1990.

Laviola, G.: Terranova, M. L.; Sedowofia, K.; Clayton, R.; Man-
ning. A. A mouse model of early social interactions after prenatal
drug exposure: A genetic investigation. Psychopharmacology
113:388-394; 1994b.

Loggi, G.; DellOmo, G.; Laviola, G. Individual differences in
response to psychological stress and chlordiazepoxide in adult
mice: relations with changes in early social milieu. Psychobiology
24:147-153; 1996.

Lupo di Prisco, C.; Lucarini, N.; Dessi-Fulgheri, F. Testosterone
aromatization in rat brain is modulated by social environment.
Physiol. Behav. 20:345-348; 1978.

Lynch, C. B.; Possidente, B. P. Relationship of maternal nesting
to thermoregulatory nesting in house mice (Mus musculus) at
warm and cold temperatures. Anim. Behav. 26:1136-1143; 1978.
Maggi, A.; Perez, J. Progesterone and estrogens in rat brain:



DEVELOPMENTAL PLASTICITY OF GABA-BDZ SYSTEMS

73.

74.

75.

76.

71.
78.

79.

80.

81.

82.

83.

85.

86.

87.

88.

89.

90.

91.

92.

93.

modulation of GABA (gamma-aminobutyric acid) receptor ac-
tivity, Eur. J. Pharmacol. 103:165-168; 1984.

Maier, S. F. Diazepam modulation of stress-induced analgesia
depends on the type of analgesia. Behav. Neurosci. 104:339-
347; 1990.

Majewska, D. M. Neurosteroids: Endogenous bimodal modula-
tors of the GABA-a receptor mechanism of action and physiolog-
ical significance. Prog. Neurobiol. 38:379-395; 1992.

Majewska, D. M,; Ford-Rice, F.; Falkay, G. Pregnancy-induced
alterations of GABA -a receptor sensitivity in maternal brain: An
antecedent of post-partum blues? Brain Res. 482:397-401; 1989.
Majewska, D. M.; Harrison, N.L .; Schwartz, R. D.; Barker, J. L.;
Paul, S. M. Steroid hormone metabolites are barbiturate-like
modulators of the GABA receptor. Science 232:1004-1007; 1986.
Marczynski, T. I.; Urbancic, M. Animal model of chronic anxiety
and fearlessness. Brain Res. Bull. 21:483-490; 1988.
Marczynski, T. I., Hawkins, M. C.; Swann, P. G.; Krivograd,
A.F.; Patel, M. K.; Ducich, M. Perinatal upregulation of benzodi-
azepine receptor ontogenesis: Fearless and more efficient goal-
directed behavior of aduit rat progenies. Neurotoxicol. Teratol.
10:101-111; 1988.

Massotti, M.; Alleva, F. R.; Balazs, T.; Guidotti, A. GABA and
benzodiazepine receptors in the offspring of dams receiving diaz-
epam: ontogenetic studies. Neuropharmacology 19:951-956;
1980.

Miczek, K. A.; O'Donnell, J. M. Alcohol and chlordiazepoxide
increase suppressed aggression in mice. Psychopharmacology
69:39-44; 1980.

Miller, L. G.; Chesley, S.; Galpern, W. R.; Greenblatt, D. J.;
Shader, R. L. Prenatal benzodiazepine administration. II. Lora-
zepam exposure is associated with decreases in [*S]TBPS binding
but not benzodiazepine binding. Pharmacol. Biochem. Behav.
40:429-432; 1991.

Miller, L. G.; Greenblatt, D. J.; Barnhill, J. G.; Thompson, M. L,;
Shader, R. L. Modulation of benzodiazepine receptor binding in
mouse brain by adrenalectomy and steroid replacement. Brain
Res. 446:314-320; 1988.

Moore, C. L.; Power, K. L. Variation in maternal care and individ-
ual differences in play, exploration and grooming of juvenile
Norway rat offspring. Dev. Psychobiol. 25:165-182; 1992.

. Mos, J.; Olivier, B. Quantitative and comparative analyses of

proaggressive actions of benzodiazepines in maternal aggression
of rats. Psychopharmacology 97:152-153; 1989.

Muhammad, B. Y ; Kitchen, I. Effect of chronic diazepam treat-
ment on the development of stress-induced antinociception in
young rats. Pharmacol. Biochem. Behav. 47:927-933; 1994,
Ness, B. A; Franchina, J. S. 1990 A bidirectional model of devel-
opment. Dev. Psychobiol. 34:16-22.

Niesink, R. J. M.; van Ree, J. M. Prenatal exposure to morphine
decreases play behaviour in young rats. Neurotoxicology 12:803—
804; 1991.

Niswander, U. R. Effects of diazepam on meperidine require-
ments in patients during labour. Obstet. Gynecol. 34:62-67; 1969.
Panksepp, J.; Herman, B.H .; Vilberg, T.; Bishop, P.; DeEskinazi,
F. G. Endogenous opioids and social behavior. Neurosci. Biobe-
hav. Rev. 4:437-487; 1978.

Petruzzi, S.; Chiarotti, F.; Alleva, E.; Laviola, G. Limited changes
of mouse maternal care after prenatal oxazepam: Dissociation
from pup-related stimulus perception. Psychopharmacology
122:58-65; 1995.

Primus, R. I.; Kellogg, C. K. Developmental influence of gonadal
function on the anxiolytic effect of diazepam on environment-
related social interaction in the male rat. Behav. Pharmacol.
1:437-446; 1990.

Purdy, R. H.; Moore, P. H.; Morrow, A. L.; Paul, S. M. Neuroster-
oids and GABAa receptor function. In: Biggio, G.; Concas, A.;
Costa, E. eds. GABAergic synaptic transmission. Molecular,
pharmacological, and clinical aspects. Advances in Biochemical
Psychopharmacology 4:87-92; 1992.

Qureshi, G. A,; Hansen, S.; Sodersten, P. Offspring control of
cerebrospinal fluid GABA concentrations in lactating rats. Neu-
rosci. Lett. 75:85-88; 1987.

94.

95.

96.

97.

98.

99.

100.

101.

102,

103,

104.

105.

106.

107.

108.

109.

110.

1L

112.
113.

114.

115.

473

Racagni, G.; Apud, J. A; Cocchi, D.; Locatelli, V.; Iuliano, E.;
Casanueva, F.; Muller, E. E. Regulation of prolactin secretion
during suckling: Involvement of the hypothalamo-pituitary GA-
BAergic system. J. Endocrinol. Invest. 7:481-487; 1984,
Regan, J. W.; Roeske, W. R.; Yamamura, H. I. The benzodiaze-
pine receptor: Its development and its modulation by Y-amino-
butyric acid. J. Pharmacol. Exper. Ther. 212:137-143; 1980.
Rementeria, J. L.; Bhatt, K. Withdrawal symptoms in neonates
from intrauterine exposure to diazepam. J. Pediatr. 90:123-
126; 1977.

Rodgers, R. J.; Randall, J. I. Benzodiazepine ligands, nociception
and defeat analgesia in male mice. Psychopharmacology 91:305-
315; 1987.

Rodgers, R. J.; Waters, A. J. Benzodiazepines and their antago-
nists: A pharmaethological analysis with particular reference to
effects on aggression. Neurosci. Biobehav. Rev. 9:21-35; 1985,
Rodning, C.; Beckwith, L.; Howard, J. Prenatal exposure to
drugs: Behavioural distortions reflecting CNS impairment? Neu-
rotoxicology 10:629-634; 1989.

Rodriguez-Sierra, J. F.; Hagley, M. T.; Hendricks, S. E. Anxio-
lytic effects of progesterone are sexually dimorphic. Life Sci.
38:1841-1845; 1986.

Rosenblatt, J. S.; Leherman, D. S. Maternal behavior of the
laboratory rat. In: Rheingold, H.R., ed., Maternal behavior in
mammals. New York: Wiley; 1963:8-93.

Rosland, J. H.; Hunskaar, S.; Hole, K. The effect of Diazepam
on nociception in mice. Pharmacol. Toxicol. 61:111-115; 1987.
Rothe, T.; Middleton-Price, H.; Bigl, V. The ontogeny of GABA
receptors and glutamic acid decarboxylase in regions of the rat
brain. Effect of prenatal exposure to diazepam. Neuropharma-
cology 27:661-667; 1988.

Rovati L. C.; Sacerdote P.; Fumagalli P.; Bianchi M., Mantegazza
P.; Panerai P. E. Benzodiazepin and their antagonists interfere
with opioid-dependent stress-induced analgesia. Pharmacol. Bio-
chem. Behav. 36:123-126; 1990.

Sanberg, D. E.; Meyer-Bahalburg, H. F.; Rosen, T. S.; Johnson,
H. L. Effects of prenatal methadone exposure on sex-dimorphic
behaviour in early school-age children. Psychoneuroendocrinol-
ogy 15:77-82; 1990.

Schneider, J. E.; Lynch, C. B. Investigation of a common physio-
logical mechanism underlying progesterone-induced and mater-
nal nesting in mice, Mus musculus. J. Comp. Psychol. 98:165-
176; 1984.

Segovia, S.; Pérez-Laso, C.; Rodriguez-Zafra, M.; Calés, J. M.;
Del Abril, A.; De Blas, M. R.; Collado, P.; Valencia, A.; Guilla-
mon, A. Early postnatal diazepam exposure alters sex differences
in the rat brain. Brain Res. Bull. 26:899-907; 1991.

Shore, C. O.; Vorhees, C. V.; Bornschein, R. L.; Stemmer, K.
Behavioral consequences of prenatal diazepam exposure in rats.
Neurobehav. Toxicol. Teratol, 5:565-570; 1983.

Skolnick, P.; Reed, G. F.; Paul, S. M. Benzodiazepine-receptor
mediated inhibition of isolation-induced aggression in mice.
Pharmacol. Biochem. Behav. 23:17-20; 1985.

Smotherman, W. P. Maternal mediation of early experience. In:
Bell, R. W.; Smotherman, W. P., eds. Maternal influences and
early behavior. New York: Spectrum Press; 1980:201-210.
Smotherman, W. P.; Robinson, S. Caveats in the study of perina-
tal behavioral development. Neurosci. Biobehav. Rev. 18:347-
356; 1994.

Spear, L. P. Neurobehavioral assessment during the early postna-
tal period. Neurotoxicol. Teratol. 12:489-495; 1990.

Speight, A. N. P. Floppy-infant syndrome and maternal diazepam
and/or nitrazepam. Lancet 878; 1977.

Spyker, D. A,; Spyker, J. M. Response model analysis for cross-
fostering studies: Prenatal versus postnatal effects on offspring
exposed to methylmercury dicyanamide. Toxicol. Appl. Pharma-
col. 40:511-527; 1977.

Stanton, M. E.; Spear, L. P. Workshop on the qualitative and
quantitative comparability of human and animal developmental
neurotoxicity, work group I report: Comparability of measures of
developmental neurotoxicity in humans and laboratory animals.
Neurotoxicol. Teratol. 12:261-267; 1990.



474

116.

117.

118.

119.

120.
121.

122,

123.

Tallman, J. F.: Paul, S. M.; Skolnick P. Receptors for the age of
anxiety: Pharmacology of the benzodiazepines. Science 207:274-
281: 1980.

Terranova, M. L.: Laviola, G. Individual ditferences in mouse
behavioural development: Effects of precocious weaning and
ongoing sexual segregation. Anim. Behav. 50:1261-1271: 1995.
Terranova, M. L., Laviola, G.: Alleva. E. Ontogeny of amicable
social behavior in the mouse: Gender differences and ongoing
isolation outcomes. Dev. Psychobiol. 26:467-481; 1993.
Terranova, M. L., Alleva, E.. Laviola. G. Affiliation and necopho-
bia in developing mice prenatally exposed to oxazepam. Behav.
Pharmacol. 5:52-60; 1994.

Treit, D. Animal models for the study of anti-anxiety agents: A
review. Neurosci. Biobehav. Rev. 9:203-222; [985.

Tucker. J. C. Benzodiazepines and the developing rat: A critical
review. Neurosci. Biobehav. Rev. 9:101-111; 1985.
Vandenbergh. J. G. Coordination of social signals and ovarian
function during sexual development. J. Anim. Sci. 67:1841-
1847; 1989.

Van der Poel, A. M.; Mos, J.; Olivier, B.: Kruk, M. R. A motiva-
tional analysis of ambivalent actions in the agonistic behaviour
of rats in tests used to study effects of drugs on aggression. In:
Miczek, K. A.; Kruk, M. R.: Olivier, B. eds. Ethopharmacological
aggression research. Alan R Liss. New York: 1984:115-136.

124.

125

126.

127.

130.

LAVIOLA

Viggedal, G.; Hagberg, B. S.; Laegreid, L.; Aronsson, M. Mental
development in late infancy after prenatal exposure to benzodi-
azepines—a prospective study. J. Child Psychol. Psychiat. 34:295-
305: 1993.

Villee, C. A. Placental transfer of drugs. Ann. NY Acad. Sci.
123:237-242: 1965.

Voci V. E.; Carlson, N. R. Enhancement of maternal behavior
and nest-building following systemic and diencephalic adminis-
tration of prolactin and progesterone in the mouse. J. Comp.
Physiol. Psychol. 81:388-393: 1973.

Vorhees. C. V. A fostering/crossfostering analysis of the effects
of prenatal ethanol exposure in a liquid diet on offspring develop-
ment and behavior in rats. Neurotoxicol. Teratol. 11:115-120;
1989.

. Zangrossi, H.; File, S. E. Behavioral consequences in animal

tests of anxiety and exploration of exposure to cat odor. Brain
Res. Bull. 29:381-388: 1992.

. Yalom, I. D; Lunde, D. T.; Moos, R. H.; Hamburg, D. A. Post-

partum blues syndrome. A description and related variables.
Arch. Gen. Psychiat. 18:16-27: 1968.

Wood, R. D.; Bannoura, M. D.; Johanson, I. B.. Prenatal cocaine
cxposure: Effects on play behavior in the juvenile rat. Neurotoxi-
col. Teratol. 16:139-144; 1994.



