Pharmacology Biochemistry & Behavior, Vol. 40, pp. 429432. © Pergamon Press plc, 1991. Printed in the U.S.A.

0091-3057/91 $3.00 + .00

Prenatal Benzodiazepine Administration.
II. Lorazepam Exposure Is Associated
With Decreases in [*>S]TBPS Binding

But Not Benzodiazepine Binding'

LAWRENCE G. MILLER,? SHELLEY CHESLEY, WENDY R. GALPERN,
DAVID J. GREENBLATT AND RICHARD I. SHADER

Division of Clinical Pharmacology, Departments of Pharmacology and Psychiatry
New England Medical Center and Tufts University School of Medicine, Boston, MA

Received 10 December 1990

MILLER, L. G., S. CHESLEY, W. R. GALPERN, D. J. GREENBLATT AND R. 1. SHADER. Prenatal benzodiazepine admin-
istration. II. Lorazepam exposure is associated with decreases in [*>SJTBPS binding but not benzodiazepine binding. PHARMA-
COL BIOCHEM BEHAV 40(2) 429-432, 1991.—Prenatal benzodiazepine exposure has been associated with neurobehavioral
alterations in humans and animals. To determine effects of prenatal benzodiazepine exposure on binding at the benzodiazepine and
t-butylbicyclophosphorothionate (TBPS) sites on the GABA, receptor in mature offspring, we treated mice with lorazepam, 2
mg/kg/day, during days 13-20 of gestation. Binding was assessed at 6 weeks of age. There were no differences among controls,
vehicle- or lorazepam-exposed mice in benzodiazepine receptor binding determined in vivo or in vitro. However, receptor density
for [**S]TBPS binding sites was decreased in lorazepam-exposed offspring compared to the other groups. These data are consis-
tent with prior neurochemical results indicating decreased TBPS binding and GABA, receptor function in several systems.
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SEVERAL clinical studies indicate that prenatal benzodiazepine
exposure is associated with neurobehavioral alterations in ex-
posed infants (5-7). In animals, a considerable literature sup-
ports these observations with regard to alterations in behavior
[for reviews, see (4,22)]. Such alterations include motor activ-
ity, active and passive avoidance, operant response, and startle
response. Indeed, a number of studies indicate that behavioral
alterations in exposed offspring can persist into adulthood.

A more modest literature concerns effects of prenatal benzo-
diazepine exposure on neurochemical parameters [e.g., (18-20)],
including alterations at the benzodiazepine binding site located
on the GABA , receptor complex in brain [discussed in (1,17)].
Studies have indicated decreases or no change in binding in
young and adult offspring after prenatal exposure. These con-
flicting results may be due in part to differences in drug choice,
dosage, and receptor assays, all of which can influence results
of binding studies (14).

Recently, we demonstrated that prenatal exposure to lorazepam
was associated with decreases in GABA, receptor function and
binding of the putative chloride channel ligand, t-butylbicyclo-

phosphorothionate (TBPS) in chicks (17), and decreases in GABA
receptor function in mice (1). To determine if the benzodiaz-
epine binding site or the putative chloride channel site labeled
by TBPS was associated with changes in receptor function, we
studied benzodiazepine and TBPS binding in mice exposed to
lorazepam during the last week of gestation.

METHOD

Materials

Female CD1 mice, 6-8 weeks of age, were purchased from
Charles River (Wilmington, MA), maintained on a 12-hour
light/dark cycle, and given food and water ad lib. Osmotic
pumps were obtained from Alza (Palo Alto, CA). [*H]Fluni-
trazepam (spec.act. 70 Ci/mmol), [**SITBPS (spec.act. 90 Ci/
mmol), and [*H]Ro15-1788 (spec.act. 81 Ci/mmol) were
purchased from New England Nuclear (Boston, MA). Muscimol
was obtained from Sigma (St. Louis, MO). Unlabeled TBPS
was purchased from Research Biochemicals (Natick, MA).
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Flunitrazepam was a gift from Hoffmann-La Roche (Nutley,
NJ). Lorazepam was a gift from Wyeth (Radnor, PA). All other
reagents were obtained from standard commercial sources.

Drug Administration and Rearing

Lorazepam (2 mg/kg/day) and vehicle (PEG 400) were ad-
ministered by subcutaneously implanted osmotic pumps during
days 13-20 of gestation as previously reported (1). After birth,
litters were culled to 8 mice, with 3-5 males and 3-5 females in
all cases. All mice were transferred to untreated control dams
for fostering. Mice were weaned at 3 weeks and transferred to
single-sex cages, with litter distinctions maintained. All assays
were performed at 6 weeks of age. Alterations were observed in
GABA , receptor function at this time point in a prior study (1).

Benzodiazepine Binding

Benzodiazepine binding in vivo was performed as previously
described (13). Briefly, mice were injected IV with 3 uCi
[’HIRo15-1788. After 20 min, animals were sacrificed and brains
rapidly removed and dissected on ice. After weighing, brain re-
gions were dissolved in Protosol (40°C for 24 hours) and then
counted by scintillation spectrometry. Synaptosomal membranes
for benzodiazepine binding in vitro and binding studies in cortex
were prepared as previously described (15). To duplicate or trip-
licate samples was added [*H]JFNTZ, 0.1-20 nM. To determine
nonspecific binding, to an identical set of samples was added
flunitrazepam, 10~> M. After incubation at 40°C for 45 min,
samples were filtered using a Brande] M48R (Gaithersburg, MD)
onto Whatman GF/B filters. Filters were washed twice with cold
buffer and counted by scintillation spectrometry.

TBPS Binding

TBPS binding was performed as previously described (15).
Briefly, to samples of synaptosomal membranes, [*H]TBPS, 2
nM was added, along with unlabeled TBPS (0-500 nM). Non-
specific binding was determined using picrotoxin, 10 ™3 M. Af-
ter incubation for 90 min at 25°C, samples were filtered using a
Brandel M48R (Gaithersburg, MD) onto Whatman GF/B filters.
Filters were washed twice with cold buffer and counted by scin-
tillation spectrometry.

Data Analysis

Binding data were analyzed using the EBDA programs (11).
Data are analyzed by litter rather than by individual offspring,
to control for possible litter effects. Litter data was derived from
means of individual data. Data were compared using analysis of
variance with Dunnett’s test.

RESULTS

Benzodiazepine Receptor Binding In Vivo

Benzodiazepine binding in all five brain regions evaluated
(cortex, hippocampus, hypothalamus, cerebellum, and pons-me-
dulla) was similar in 4 to 5 litters among the three exposure
groups (Fig. 1). Binding was similar in male and female off-
spring, so data reflect mice of both sexes.
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FIG. 1. Effects of prenatal benzodiazepine exposure on benzodiazepine
receptor binding in vivo. Mice were exposed to lorazepam, 2 mg/kg/
day, during days 13-20 of gestation. Assays were performed at 6 weeks
of age using uptake of [*H]JRo15-1788. Results are mean = SEM of data
including both male and female offspring from 4-5 litters for each expo-
sure group, including 5-8 determinations per litter. There are no signifi-
cant differences.

Benzodiazepine Receptor Binding In Vitro

Benzodiazepine binding in cortex was similar in lorazepam-
exposed mice compared to vehicle-exposed and control offspring
(Table 1). No significant changes were observed in apparent af-
finity or receptor density among the three exposure groups.
Binding was similar in male and female offspring, so data re-
flect mice of both sexes.

TBPS Binding

Binding of the putative chloride channel ligand TBPS was
decreased in lorazepam-exposed mice compared to vehicle-ex-
posed and control offspring (Table 2). Receptor density was sig-
nificantly reduced in lorazepam-exposed mice, with no change
in apparent affinity. Vehicle-exposed mice were similar to con-
trol mice in both affinity and receptor density. Binding was

TABLE 1

EFFECTS OF PRENATAL BENZODIAZEPINE EXPOSURE ON
BENZODIAZEPINE RECEPTOR BINDING

Apparent Affinity Receptor Density
Exposure nM) (pmol/mg protein)
Control 1.31 = 0.19 1.34 £ 0.11
Vehicle 1.16 = 0.14 1.20 = 0.17
Lorazepam 1.45 = 0.18 1.26 = 0.10

Mice were exposed to lorazepam, 2 mg/kg/day, during days 13-20 of
gestation. Assays were performed at 6 weeks of age using [*H]fluni-
trazepam. Results are mean = SEM of data including both male and fe-
male offspring from 3 litters for each exposure group, including 3-4
determinations per litter. There are no significant differences.
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TABLE 2

EFFECTS OF PRENATAL BENZODIAZEPINE EXPOSURE
ON [**S]TBPS BINDING

Apparent Affinity Receptor Density

Exposure (nM) (pmol/mg protein)
Control 42 = 4 2.30 = 0.11
Vehicle 48 = 10 - 2.54 £ 0.16
Lorazepam 50 = 15 1.81 = 0.21*

Mice were exposed to lorazepam, 2 mg/kg/day, during days 13-20 of
gestation. Assays were performed at 6 weeks of age using [**S]TBPS.
Results are mean = SEM of data including both male and female off-
spring from 3 litters for each exposure group, including 3—4 determina-
tions per litter. There are no significant differences. *p<<0.05 vs. control
and vehicle groups.

similar in male and female offspring, so data reflect mice of
both sexes.

Offspring Survival and Development

As observed in prior studies (1), litter size and sex composi-
tion were similar in all three exposure groups. Lorazepam-ex-
posed mice had decreased weight compared to the other two
groups at 1 and 2 weeks, but no differences in weight were ob-
served at 3 weeks and subsequently (data not shown).

DISCUSSION

Our data suggest that mice exposed prenatally to benzodiaz-
epines do not develop persistent alterations in benzodiazepine
binding, but that alterations in TBPS binding occur in mature
animals. Similar binding to both sites was observed in male and
female mice. These results are similar to those observed by sev-
eral previous investigators using the rat as a model (8,12). The
results are also consistent with our prior findings indicating no
change in benzodiazepine binding but decreased TBPS binding
and GABA, receptor function in chicks exposed to lorazepam
in ovo (16), and decreased GABA, receptor function in mice
exposed to lorazepam in utero (1). Although the benzodiazepine
site is located on the GABA, receptor complex, alterations in
receptor function may not be reflected in benzodiazepine bind-
ing. In contrast, alterations in TBPS binding largely occur in
paralle] with changes in receptor function (21).

Several investigators reported decreased benzodiazepine re-
ceptor binding in animals exposed prenatally to benzodiazepines.
Gavish et al. (2) reported decreased benzodiazepine receptor
density in cortex and cerebellum, while Livezey et al. (9,10)
found decreased benzodiazepine binding in thalamus in the rat,
and cortex and hypothalamus in the cat. The discrepancies
among these studies, the studies cited above, and the present
study may be in part due to species differences, choice of ben-
zodiazepine and dose administered, interval of administration,
and rearing of offspring. All prior studies used intermittent oral
or parenteral administration, in contrast to constant administra-
tion used in the present study. Constant infusion was used in the
present study to simulate the relatively constant plasma concen-
trations which occur in most patients taking benzodiazepines
therapeutically (3). In addition, only one prior study determined
benzodiazepine concentrations in plasma or cortex (4). In the
model used in the present study, lorazepam was determined in
dam, fetus, and offspring to ensure drug delivery (1).

With regard to drug choice and dose, Gavish et al. (2) used
chlordiazepoxide, a precursor for diazepem, while all other
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studies used diazepem itself. Diazepam is metabolized in rodents
and in humans to desmethyldiazepam and oxazepam, both of
which are active. Doses used by Massotti et al. (12) are rela-
tively large compared to other studies (100 mg/kg/day vs. 5-10
mg/kg/day). To avoid problems associated with multiple active
metabolites and high doses, we used lorazepam, which has no
active metabolites in the mouse or in humans. The dose chosen,
2 mg/kg/day, was effective in long-term studies in mice, and
produced plasma and brain concentrations analogous to human
therapeutic levels (15). Prior studies also varied in the interval
of benzodiazepine administration during gestation. Massotti et
al. (12) and Gavish et al. (2) treated dams during most of gesta-
tion, while Livezey et al. (9,10), Lauer et al. (8) and the present
study treated dams during late gestation only.

Most prior studies did not control for rearing effects, and an-
alyzed results by individual rather than litter. However, substan-
tial evidence indicates that benzodiazepine treatment of dams
may lead to alterations in rearing (4), which in turn might con-
found results. In addition, litter effects are well described in ro-
dents, so that the unit of analysis should be the litter rather than
the individual (22).

It is also possible that timing of assays might account for
differences in results. Since behavioral alterations due to prena-
tal benzodiazepine exposure have been shown to be specific for
developmental stages, it is possible that similar specificity oc-
curs for neurochemical changes (4). Thus alterations in benzodi-
azepine binding might occur at a different time point than was
evaluated in the present study. Similarly, the radioligands used
in in vivo and in vitro benzodiazepine binding studies, [°’H]Ro15-
1788 and [*H}flunitrazepam, respectively, do not differentiate
between benzodiazepine receptor subtype binding (21). It is pos-
sible that prenatal exposure might affect subtypes differen-
tially but that this might not be reflected in total binding deter-
minations.

Finally, differences in benzodiazepine receptor binding deter-
minations may affect results (14). Differences in tissue prepara-
tion, buffers, temperature, and radioligand can affect binding
results. A number of these variables can be avoided using in
vivo binding as in the present study. The lack of change in both
in vivo and in vitro binding noted here argues against assay pro-
cedures as an explanation for these results.

In adult mice, chronic lorazepam exposure is associated with
decreased benzodiazepine binding in several brain regions (15).
Binding returns to control levels rapidly after drug discontinua-
tion (16), but then ‘‘overshoots’’ several days after discontinua-
tion before again returning to control levels at 1 week after
discontinuation (16). Since we did not determine receptor bind-
ing in the present study immediately after drug administration,
results in adult mice cannot be directly compared to young ani-
mals. However, the reduction in TBPS binding in mice exposed
in utero is in contrast to the lack of change in TBPS binding in
adult mice exposed to lorazepam (16).

In summary, the present study used a treatment regimen
known to provide adequate drug concentrations without active
metabolites, and controlled for rearing and litter effects. Qur re-
sults are consistent with prior studies of GABA, receptor bind-
ing and function in chicks and mice, and with considerable
behavioral data indicating behavioral alterations in mature ani-
mals exposed to benzodiazepines prenatally. Further studies may
identify the mechanism whereby prenatally administered benzo-
diazepines lead to persistent behavioral and neurochemical alter-
ations.
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