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GRUEN, R. J., A. Y. DEUTCH AND R. H. ROTH. Perinatal diazepam exposure: Alterations in exploratory behavior and
mesolimbic dopamine turnover. PHARMACOL BIOCHEM BEHAYV 36(1) 169-175, 1990. —Perinatal exposure to diazepam has been
shown to lead to alterations in motor activity and exploratory behavior in neonatal animals. Exploratory and locomotor behavior have
been associated with changes in mesotelencephalic dopamine function. We have therefore examined the effects of perinatal diazepam
administration on both exploratory behavior and mesotelencephalic dopamine turnover in the adult rat. Animals exposed to the
benzodiazepine during the perinatal period engaged in significantly less exploratory behavior than did control subjects. The
diazepam-induced aiterations in behavior were developmentally specific: decreased exploratory behavior was observed at 90, but not
60, days of age. At 90 days of age, specific changes in dopamine turnover in diazepam-treated animals were restricted to mesolimbic
(nucleus accumbens and ventral tegmental area) sites; alterations in dopamine turnover were not seen in other mesotelencephalic sites
examined. The findings indicate that perinatal exposure to benzodiazepines leads to behavioral changes that are present in adulthood.
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These changes in exploratory behavior may be associated with alterations in mesolimbic dopamine function.
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PERINATAL exposure to benzodiazepines results in a variety of
behavioral, biochemical, and physical abnormalities in humans
and animals (4, 8, 12, 19, 22, 26, 30, 31, 43, 47, 50). Rat pups
exposed in utero to diazepam (DZ) exhibit a variety of behavioral
and physical sequelae, including alterations in locomotor activity
(19,50), exploratory behavior (19), and acoustic startle response
(27) during early development. Learning deficits (19,22) and
disturbances in the development of auditory temporal acuity (26)
have also been noted. These rodent studies indicate that perinatal
exposure to DZ leads to behavioral disturbances during the
neonatal period; however, it is unclear whether these behavioral
deficits persist into adulthood.

The neurochemical bases underlying these developmental
changes have not been clearly established. A number of studies
have examined [PH]GABA or [*H]diazepam binding at different
developmental points and reported that prenatal DZ exposure does
not appear to result in changes in receptor density or affinity in
forebrain regions (2, 28, 39). Other groups, however, have

reported changes in benzodiazepine receptor density following
prenatal diazepam treatment (1, 21, 33, 34). Studies of rats
exposed to diazepam in utero suggest that noradrenergic function
may be altered in the hypothalamus, but not in the hippocampus,
cortex or brainstem of adult rats (47,51). Moreover, hypothalamic
NE turnover is reduced after restraint stress in animals exposed to
benzodiazepines during the prenatal period (52).

The mesotelencephalic DA system is thought to subserve
locomotor and exploratory behavior (17, 18, 25). In particular, the
nucleus accumbens septi (NAS) has been implicated as a critical
mesolimbic DA terminal field subserving the expression of ex-
ploratory behavior (3, 24, 25, 53). Since prenatal exposure to DZ
leads to alterations in exploratory behavior in neonates, and since
benzodiazepines modulate stress-induced activation of the meso-
telencephalic DA system (13, 32, 44, 48, 55), we have examined
the behavioral and neurochemical consequences of perinatal DZ
exposure of rats, focusing on changes in exploratory behavior and
mesolimbic DA turnover.
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New Haven, CT 06510.
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METHOD
Subjects

Pregnant Sprague-Dawley dams (Charles River Laboratories,
Wilmington, MA) received either diazepam-loaded silastic pellet
implants, empty pellet implants, or no treatment at all. There were
6, 6, and 4 dams in each of the three conditions, respectively.
Subjects consisted of male offspring from dams in each group.
There were three groups of subjects: offspring from dams exposed
to DZ during the perinatal period (DZ-exposed); offspring from
dams receiving empty pellet implants (pellet control); and off-
spring from dams who received no treatment at all (normal
control). Offspring were group housed with their mothers; animals
were maintained under a 12:12 light:dark cycle (lights on at 0600
hours), and allowed free access to food and water at all times.
Handling was uniform and kept as unstressful as possible. On
postnatal day 30, the mothers were removed from the cages and
the female offspring culled from the the litter. Male offspring were
group (N =4) housed in breeding tubs until sacrificed at approx-
imately 90 days of age.

For purposes of behavioral analyses there were 14, 21, and 21
subjects in the normal control, pellet control, and DZ-exposed
groups, respectively. Biochemical measurements were performed
on 7 animals randomly chosen from each treatment condition.
Since animals were chosen at random (from the different litters of
dams in the respective treatment groups) for the biochemical
analyses, the potential confound of alterations attributable to
sampling from a single litter was avoided.

In addition to the initial study of the effects of perinatal
diazepam exposure on exploratory behavior and mesotelencepha-
lic DA turnover, we performed a replication of the behavioral
experiment. In this replication, the number of groups and their
treatments did not differ from that described above. However, in
the replicate experiment, rather than removing tissue samples for
measurements of DA function, a number of brain regions were
removed and subjected to other biochemical and morphological
studies. Since these studies are in progress, we will discuss only
the behavioral data obtained from the replicate experiment.

Diazepam Treatment

DZ-containing silastic pellets were prepared and implanted on
gestational day 8 following the procedure developed by Gallagher
et al. (20). This method has been shown to result in the continuous
release of DZ from implanted pellets for three weeks (average
release of 5.0 mg/kg/24 hours); brain DZ levels are maintained
between 200 and 300 ng/g wet weight. DZ exposure occurred from
embryonic day 8 (E8) through the first postnatal week. Postnatal
exposure occurred as a consequence of the transfer of DZ via the
milk. The release of DZ from implanted pellets declines to
minimal levels following the three-week exposure period (20).

Pieces of silastic tubing of 64 mm length were cut and sealed
with silastic adhesive. Pellets for dams receiving DZ implants
were filled with 90 mg recrystallized diazepam (Hoffmann-La
Roche Inc.). One hour before implantation, the pellets were
soaked in absolute ethanol for 30 minutes and in a 1% bovine
serum albumin solution containing neomycin for 30 minutes.
Animals were anesthetized with halothane (Ayerst Laboratories),
and the skin overlying the interscapular space was locally anes-
thetized with carbocaine hydrochloride (Winthrop Breon). Three
diazepam-loaded pellets were inserted subcutaneously, and the
incision closed with wound clips. Pellet control animals were
anesthetized as described above, and implanted with three empty
silastic pellets; normal control animals were not anesthetized and
did not receive pellet implants.
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Exploratory Behavior

Exploratory behavior was assessed using a hole board appara-
tus (14,15); a dark grey box (floor dimensions: 66 X 54 cm; walls:
35 cm) with single holes (2.5 cm in diameter) drilled in each of the
four sides at a point 3.5 cm above the floor and equidistant from
each end. Nine equal size squares, delineated by 2.5 cm lines,
were painted on the floor. Behavioral assessments were done at
both 60 and 90 days after birth. All animals were tested between
1830 to 2100 hours to avoid errors attributable to variations in
motor activity and head-dipping at different points during the
activity cycle (14). The test room was darkened and the apparatus
dimly illuminated with a red light placed 5 feet above the floor.
The treatment condition of the subjects was not known to the
examiner during testing. An animal was placed in the center
square with its head facing away from the examiner and a number
of behavioral parameters were recorded for 10 minutes (see
below). The floor of the test apparatus was cleaned after each test
session.

Five variables were scored. These included 1) the time elapsed
before the animal left the center square when first placed in the
box; 2) the time elapsed before the first head dip; 3) the total
number of head dips made into any of the four holes; 4) the total
time spent head dipping; and 5) total number of different holes into
which the animal dipped its head at least once (range 1-4). A head
dip was scored if the animal’s eyes were not visible when it placed
its head into a hole. Very brief head dips were arbitrarily given a
value of 1 second due to the difficulty of accurately measuring the
duration of such brief movements with a stopwatch (15,16). The
first two variables have been suggested to reflect both locomotor
and exploratory behavior (17,18), while the latter measures have
been suggested to assess different aspects exploratory behavior
alone (15,16).

Biochemical Determinations

Animals were sacrificed by decapitation at approximately 90
days after birth, and their brains rapidly removed and transferred
to a chilled dissecting stage. The ventral tegmental area (VTA),
nucleus accumbens (NAS), anteromedial prefrontal cortex (PFC),
substantia nigra (SN), olfactory tubercle, and striatum were
dissected as previously described (11). The septum was removed
from the slice containing the striatum by placing a horizontal cut
at the dorsal border of the anterior commissure and removing the
tissue between the lateral ventricles by teasing it away from the
overlying corpus callosum. The amygdala was punch (1.5 mm
diameter) dissected from the next caudal slice. DA and DOPAC
levels were measured by HPLC-EC as previously described
(40); protein content was assessed using the method of Lowry et
al. (36).

Data Analysis

Data were analyzed by means of analyses of variance (29).
Planned comparisons (29) between normal control and pellet
control subjects were conducted; in cases where group means did
not differ, scores from the two control groups were collapsed. In
the present study, alpha was set at p=0.05. [In a previous report
examining the effects of stress on animals exposed to DZ during
the perinatal period (12) with a larger number of animals, alpha
was set at p=0.01 to control for experimentwise error (29).]

RESULTS
Exploratory Behavior
At 60 days of age (see Table 1) there were no significant
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TABLE 1

THE EFFECTS OF PERINATAL DIAZEPAM EXPOSURE ON LOCOMOTOR AND EXPLORATORY
BEHAVIOR AT 60 DAYS AFTER BIRTH

1 2 3
Normal Pellet DZz-
Control Control Exposed
(n=14) (n=21) (n=21) F
Latency out of center 1.36 = 0.20 2.20 £ 0.32 1.62 = 0.22 2.53
(seconds)
Latency to first hole 87.00 = 9.92 71.00 £ 8.37 80.05 = 9.42 0.70
(seconds)
Number holes explored 17.57 = 1.52 12.57 = 1.17 13.71 £ 0.92 4.32*
Contrast: 1 vs. 2 8.25¢
1vs. 3 4.91*
2vs. 3 0.54
Total time spent 71.43 = 12.22 37.38 + 4.43 45.48 = 5.01 5.85%
exploring (seconds)
Contrast: 1 vs. 2 11.23%
1vs. 3 6.52*
2vs. 3 0.79

Number different holes 393 = 0.07
explored

3.95 + 0.05 3.81 = 0.11 0.89

Mean values (= S.E.M.) for normal control, pellet control, and DZ-exposed subjects are
shown and the results of group comparisons are indicated.

*p<0.05; p<0.01.

differences between normal control, pellet control, and DZ-
exposed animals in latency out of the center square, latency to
explore the first hole, and number of different holes explored.
However, normal control subjects exhibited significantly higher
scores than pellet control and DZ-exposed animals in the total
number of holes explored and total time spent exploring.

At 90 days of age (see Table 2), subjects in the three groups did
not differ significantly in latency to leave the center square and
latency to explore the first hole. Again, significant group differ-
ences in the total number of holes explored and the total time spent
exploring were observed. Subjects in all three groups differed
significantly from one another on both variables, with the follow-
ing rank-ordering: normal control > pellet control > DZ-exposed.
Subjects in the three groups also differed significantly with regard
to the number of different holes explored such that normal control
= pellet control > DZ-treated animals.

In the replication of the behavioral component of the original
study, no significant differences were observed at 60 days of age
between normal control, pellet control, and DZ-exposed animals
in any of the behavioral measures (data not shown). At 90 days of
age there was no significant differences between the three groups
in latency to leave the center square (F=0.39, n.s.) and latency to
explore the first hole (F=0.30, n.s.). However, DZ-exposed
animals scored significantly lower than both normal and pellet
control animals in the number of holes explored (F=35.49,
p=0.05), total time spent exploring (F=5.50, p<0.05), and
the number of different holes explored (F=7.81, p<0.05).
Subjects in the normal control and pellet control groups did not
differ significantly from one another on these measures.

Catecholamine Biochemistry
DOPAC/DA (an index of DA turnover), and DA concentra-

tions did not differ significantly across treatment conditions in the
olfactory tubercle, amygdala, striatum, septum, or prefrontal
cortex (data not shown). Significant group differences in DOPAC/
DA were observed only in the VTA and NAS (see Fig. 1). In the
VTA, DOPAC/DA was significantly lower in DZ-exposed sub-
jects compared to normal control and pellet control subjects,
which did not differ significantly from one another. In the NAS,
DOPAC/DA was significantly higher in normal controls than
either pellet control or DZ-exposed subjects. DA turnover in
DZ-exposed subjects tended to be lower than in pellet control
animals, but this trend was not statistically significant.

Significantly higher concentrations of DA were found in the
VTA and NAS of animals perinatally exposed to DZ than in
normal control and pellet control subjects (see Table 3); concen-
trations of the two amines in the latter groups did not differ from
one another. In contrast, in the SN of animals perinatally exposed
to DZ, DA concentrations were significantly lower than in normal
and pellet control subjects. DOPAC/DA did not vary across
treatment groups in the SN.

DISCUSSION

Perinatal exposure to DZ resulted in long-lasting behavioral
changes and concomitant alterations in DA turnover restricted to
certain mesolimbic DA system sites. Rats treated with the anxi-
olytic benzodiazepine exhibited significantly less exploratory be-
havior than control animals. Perinatal DZ treatment also resulted
in a significant decrease in DA turnover in the VTA of 90-day-old
animals; changes in DA turnover in the NAS were also observed.

The behavioral alterations seen in DZ-exposed subjects fol-
lowed a developmentally specific pattern of change. At 90 days of
age, DZ-exposed subjects engaged in significantly less exploratory
behavior than normal control or pellet control subjects. In contrast,
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TABLE 2

THE EFFECTS OF PERINATAL DIAZEPAM EXPOSURE ON LOCOMOTOR AND EXPLORATORY
BEHAVIOR AT 90 DAYS AFTER BIRTH

1 2 3
Normal Pellet DZ-
Control Control Exposed
(n=14) (n=21) (n=21) F
Latency out of center 1.21 = 0.11 1.20 = 0.09 1.47 = 0.19 1.20
(seconds)
Latency to first hole 44.77 = 8.47 102.29 = 17.21 108.47 = 23.97 3.09
(seconds)
Number holes explored 8.08 + 0.86 545 = 0.85 288 = 047 10.25%
Contrast: 1 vs. 2 5.54*
1vs.3 20.28%
2vs. 3 6.46%
Total time spent 22.58 = 3.27 13.60 = 2.44 6.94 = 1.34 9.51%
exploring (seconds)
Contrast: 1 vs, 2 6.69*
1vs. 3 19.01%
2vs. 3 4.50*
Number different holes 3.64 = 0.23 2.86 = 0.29 2.15 £ 0.31 5.98%
explored
Contrast: 1 vs. 2 3.36
1and 2 vs. 3 9,82+

Mean values (+ S.E.M.) in normal control, pellet control, and DZ-exposed subjects are
shown and the results of group comparisons are indicated.

*p<0.05; Tp<0.01; £p<0.001.

DZ-exposed subjects did not differ from exploratory behavior,
while both groups engaged in significantly less explatory behavior
than normal controls. These data suggest that two factors may lead
to alterations in exploratory behavior in the adult animal: 1)
perinatal DZ exposure and 2) stress associated with the implanta-

200 NORMAL CONTROL

PELLET CONTROL
DZ-EXPOSED

' + +
6 1747 6 L7445
VTA NAS

FIG. 1. The effects of perinatal diazepam exposure on DA turnover
(DOPAC/DA) in the substantia nigra (SN), ventral tegmental area (VTA),
and nucleus accumbens (NAS). The three bars in each brain region reflect
mean DOPAC/DA (+S.E.M.) expressed as percent normal control for
normal control, pellet control, and DZ-exposed subjects. Numbers in bars
refer to the number of observations. None of the other sites examined
showed an alteration in DA turnover (see text). **p=0.01, in reference to
combined normal and pellet control groups; *p=0.03, in reference to
normal control group. **p=0.01, in reference to normal control group.
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100

50
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tion procedure. Behavioral alterations seen only in DZ-treated
subjects but not in animals in the two control groups (normal
control or pellet control) probably reflect the effects of perinatal
DZ exposure. In contrast, alterations seen in pellet control and
DZ-exposed subjects but not normal control subjects probably
reflect the effects of ‘‘prenatal stress.’” It is unclear to what degree
the factor which is rather loosely defined as prenatal stress is
specifically attributable to anesthesia as opposed to other aspects
of the pellet implantation procedure (i.e., changes in maternal
hormone levels associated with the stress of surgery which impact
on fetal development); we have herefore chosen to use the general
term prenatal stress. Thus, the alterations in exploratory behavior
seen at 60 days (normal control > pellet control = DZ-treated) are
probably a consequence of prenatal stress; behavioral alterations
seen in DZ-exposed subjects at 90 days (normal control > pellet
control > DZ-treated) are probably associated with both perinatal
DZ exposure and prenatal stress.

In the replication of the original experiment, the same pattern
of developmental specificity was observed with regard to alter-
ations in exploratory behavior. In this latter study, however, pellet
control and normal control subjects did not differ significantly
from one another at 60 or 90 days, whereas in our initial study (see
above), differences between the two control groups were apparent
at both 60 and 90 days. The slightly different results in the
replicate experiment (i.e., the lack of differences between the two
control groups) probably reflect exposure of subjects in the two
experiments to different degrees of prenatal stress. The salient
point for purposes of the present discussion is that DZ treatment
impacted on adult behavior in both the original study and the
replication in a developmentally specific fashion. This indicates
that perinatal DZ exposure has a significant and reliable effect on
exploratory behavior in the adult rat. The present findings are in
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TABLE 3

THE EFFECTS OF PERINATAL DIAZEPAM EXPOSURE ON DOPAMINE (DA) AND DOPAC
LEVELS IN THE SUBSTANTIA NIGRA (SN), VENTRAL TEGMENTAL AREA (VTA), AND
NUCLEUS ACCUMBENS (NAS)

Normal Control Pellet Control DZ-Exposed

DA DOPAC DA DOPAC DA DOPAC
SN 65+09 14=x02 7703 1301 50=x03 1.1=0.1
VITA 27545 56=07 21.1+17 4804 40019t 7.0 0.3}
NAS 563 62 100=06 45948 7.1 06 73355 101 £0.9

Mean values (+ S.E.M.) for normal control, pellet control, and DZ-exposed subjects,
expressed in ng/mg protein, are shown and the results of group comparisons indicated.

*p=0.05, in reference to combined normal and pellet control; {p=0.01, in reference to
combined normal and pellet control; $p=0.001, in reference to combined normal and pellet

control.

accord with previous studies that indicate that perinatal exposure
to DZ results in behavioral (26,28), biochemical (51), and receptor
(46) changes in the rat that may not be apparent until later
developmental stages.

The effects of perinatal DZ exposure on adult DA turnover
were regionally specific: alterations in DOPAC/DA were observed
in the VTA and the NAS, but not in the other sites examined.
DOPAC/DA was lower in the VTA of DZ-exposed subjects as
opposed to subjects in either the normal or pellet control groups;
DA utilization between the two control groups did not differ
significantly. These data suggest that exposure to DZ during the
perinatal period results in decreased DA utilization in the VTA,
and that the effect on DA utilization in the adult is not a
consequence of prenatal stress. In contrast, DA turnover in the
NAS was significantly lower in the DZ-treated and pellet control
groups than in the normal control group. These data suggest that
the observed decreases in DA turnover in the NAS may be
associated with prenatal stress rather than perinatal DZ exposure.
It should be noted that the interpretation of alterations in DOPAC/
DA in the DA cell body regions (such as the VT A) may differ from
that occurring in DA terminal field regions, such as the NAS.
Nonetheless, the biochemical measurements are important in that
the only significant changes observed in biochemical parameters
of DA function were restricted to certain mesolimbic (NAS and
VTA) sites.

One possible interpretation of the present results is that the
DZ-elicited decrease in DA turnover in the VTA reflects a
diminished autoregulatory tone, which is paralleled by a compen-
satory response of decreased turnover in the terminal field (NAS)
region. This hypothesis would also account for the decrease in
exploration, a NAS-mediated behavior. Further experiments will
be required to specifically address this possibility.

The mechanisms through which perinatal benzodiazepine ex-
posure may influence adult behavior and DA function are unclear,
but may involve interactions of DZ with the benzodiazepine
receptor/GABA receptor/chloride ionophore complex (54). It is
possible that perinatal exposure to DZ results in changes in the
density and/or affinity of the benzodiazepine/GABA receptor.
While early studies did not reveal changes in [*H]benzodiazepine
or GABA binding following prenatal DZ exposure (2, 28, 39),
more recent reports suggest that perinatal exposure to DZ may
alter benzodiazepine receptor density in a regionally specific
manner (33, 34, 45). Changes in the density or affinity of the
benzodiazepine receptor could alter the dynamics of GABAergic
neurons which modulate DA release and turnover (5, 42, 49).
Alternatively, benzodiazepine receptors appear to be present on
some midbrain DA neurons (10); alterations in the density or

affinity of these receptors may directly affect DA function.
Perinatal exposure to DZ has also been shown to lead to alterations
in a low affinity form of the GABA, receptor (23); this may also
be associated with corresponding changes in DA activity.

The localization of alterations in DA function to certain
mesolimbic sites (NAS and VTA), but not other mesotelenceph-
alic areas, is probably not due to regional differences in the
distribution of the benzodiazepine/GABA receptor. Recent studies
(10, 37, 57, 58) indicate a moderate to high benzodiazepine
receptor density in all areas examined in the present study with the
exception of the striatum and VTA, where the number of sites is
somewhat lower.

In light of the rather uniform distribution of the benzodiazepine
receptor across the mesotelencephalic sites examined, the region-
ally restricted effects of the perinatal diazepam treatment suggest
that perinatal DZ exposure may have a differential impact on the
ontogeny of the benzodiazepine/GABA receptor in discrete brain
regions. In the present study, DZ exposure occurred from ES8
through the first postnatal week. This period appears to overlap
with the ontogenesis of the benzodiazepine/GABA receptor.
However, the synaptic arrangements of cellular elements (includ-
ing GABAergic neurons) develop over very different time courses
in different brain regions (e.g., substantia nigra and cortex),
including an extended postnatal developmental sequence; it is
possible that the perinatal DZ treatment differentially alters syn-
aptic arrangements in different brain regions. Similarly, while the
perinatal exposure to the benzodiazepine overlaps with the onto-
genesis of mesencephalic DA neurons, the time course associated
with the final density and arrangement of telencephalic DA
projections differs considerably across forebrain sites.

The present data suggest that perinatal exposure to DZ is
associated with significant alterations in both exploratory behavior
and DA turnover in certain mesolimbic brain areas. The develop-
mental course associated with the behavioral disturbances bears an
interesting resemblance to the point in time at which initial
psychotic breaks generally occur in schizophrenia (typically the
period of transition from adolescence to young adulthood). More-
over, recent data suggest that perinatal factors (such as long labor
and perinatal hypoxia) may be more closely associated with the
subsequent development of schizophrenia than previously realized
(9,41). Further, it has been suggested that benzodiazepines or
benzodiazepine augmentation of neuroleptic medications may be
therapeutically advantageous in certain cases in the treatment of
schizophrenic patients (7,56). These observations suggest that it
will be critical to define perinatal events which may alter, in a
developmentally specific fashion, behavior and the neural sub-
strates of behavior.
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