7

LSEVIER

Pharmacology Biochemistry and Behavior, Vol. 64, No. 4, pp. 673-680, 1999
© 1999 Elsevier Science Inc.

Printed in the USA. All rights reserved

0091-3057/99/$-see front matter

PII S0091-3057(99)00137-9

Sex Differences in Long-Term Consequences of
Prenatal Diazepam Exposure: Possible
Underlying Mechanisms

CAROL K. KELLOGG

Department of Brain and Cognitive Sciences, University of Rochester, Room 186, Meliora Hall, Rochester, NY 14627

KELLOGG, C. K. Sex differences in long-term consequences of prenatal diazepam exposure: Possible underlying mecha-
nisms. PHARMACOL BIOCHEM BEHAV 64(4) 673-680, 1999.—Prenatal exposure to diazepam, a benzodiazepine
(BZD) compound, leads to pronounced effects on responses to stressors in exposed animals when they reach adulthood.
Many of the responses are sex specific. The mechanisms mediating the effects of the exposure on the organism have not been
elucidated; however, the time course for the appearance of altered function following in utero drug exposure indicates that
the exposure interfered with neural organization of mechanisms mediating responses to stressors. The article discusses possi-
ble mechanisms that relate to sites of action of the drug in the developing brain: the GABA 4 receptor, and the mitochondrial
BZD receptor. The mechanisms mediating the sex-specific impact of diazepam on the developing brain appear to be complex

and interactive. © 1999 Elsevier Science Inc.
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PRENATAL exposure of experimental animals to benzodiaz-
epine (BZD) compounds has clearly been associated with
long-term consequences in the exposed progeny (27,62): spe-
cifically, 1) integrated responses (i.e., neural, hormonal, be-
havioral, and immune responses) to environmental stressors
are altered; 2) the consequences of the exposure are develop-
mentally delayed, with the major effects emerging after the
onset of puberty, long after any persisting drug has been
cleared from the organism (66); and 3) many of the conse-
quences are sex specific (see below). The mechanisms
whereby these compounds induce the consequences remain
elusive, but consideration of the particular consequences of
the exposure, that is, the effects on responses to stimuli that
threaten individual survival, as well as consideration of the
sites of interaction of these drugs in the brain can provide a
testable hypotheses.

BZDs are anxiolytic and anticonvulsive compounds that
exert their predominant pharmacologic effects via binding to a
specific site on the GABA , receptor. This site is referred to
as the central-type BZD receptor, and occupancy of this site
by BZDs facilitates the action of GABA on the chloride chan-
nel (63,73). This positive modulatory effect of the BZDs has
been observed in synaptoneurosomal preparations of rat fetal
cortex from gestation day 20 (28). Many of the consequences
of prenatal exposure to the BZD compound, diazepam (DZ),

are related to interaction of the drug with the GABA , recep-
tor because the effects are prevented by concurrent exposure
to DZ and a central-type BZD receptor antagonist (67,68).
However, several BZDs can also bind to a site on the mito-
chondrial outer membrane (2). This site, referred to as the mi-
tochondrial BZD receptor, has been associated with steroid
biosynthesis in several organs (19,50). Furthermore, prenatal
DZ exposure in the rat has been linked to later altered bind-
ing to this site (60), and mitochondrial function is altered by
the exposure (46,47). The problem that will be addressed in
this article is to consider how BZD action at these different
sites during early development could alter neural organization
leading to altered stressor-induced responses in a sex-specific
manner.

SEX-SPECIFIC EFFECTS OF DEVELOPMENTAL DZ EXPOSURE

Several studies have demonstrated that early DZ exposure
affects sex-specific behaviors. The earliest report that devel-
opmental exposure to DZ induced sex-related consequences
indicated that the sex-specific nature of the exposure could
depend upon the time of exposure (17). Prenatal exposure to
DZ (10 mg/kg to the dam) over the second week of gestation
in the rat had no effect on the acquisition or retention of a si-
multaneous choice discrimination task in animals tested as
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adults; however, exposure over the third week of gestation af-
fected performance on this task most clearly in male rats, and
postnatal exposure (days 3 through 18 to the dam) resulted in
substantial deficits, with the effect now most pronounced in
females. Guillamon et al. (20) analyzed two sex-specific be-
haviors—open-field exploration, and continuously reinforced
lever-pressing responses—in adult animals that had been ex-
posed to DZ prenatally (2.5 mg/kg to the dam) or postnatally
from birth to day 16 (2.5 mg/kg to the pups). They observed
no sex-related effects of the prenatal exposure on either be-
havior. The effects of postnatal DZ exposure on open-field
exploration also were not sex related, whereas the exposure
significantly affected lever pressing only in males, reducing
the response rate to that normally observed in females. Be-
cause the typical sex-specific nature of open-field exploration
and free-operant behavior appear to be organized under the
action of sex steroids over the same developmental period
(10,72), the sex-selective nature of postnatal DZ exposure on
one behavior but not the other was suggested to relate to the
particular sex steroid involved in the organization of the dif-
ferent behaviors (20). More recent work from the laboratory
has shown that early postnatal exposure to DZ (1.0 or 2.5 mg/
kg to the pups from birth to day 16) facilitates maternal be-
havior (clearly a sex-related behavior) in virgin female rats
tested as adults (14). Furthermore, early postnatal DZ expo-
sure induced maternal behaviors in adult males, whereas early
postnatal exposure to the GABA , antagonist, picrotoxin (0.5
mg/kg), disrupted maternal behavior in females (65). Early
developmental manipulation of GABA, receptors does ap-
pear capable of inducing gender-specific effects.

Whereas the studies cited above showed that developmen-
tal DZ exposure led to sex-specific effects by mainly affecting
behavior in one sex but not the other, we have observed that
early DZ exposure can lead to a reversal of typical sex-spe-
cific responses. The nature of the testing environment (novel
vs. familiar) markedly affects the amount of social interaction
displayed between two adult male rats (strangers to each
other): social interaction is significantly reduced between
males tested in the novel environment compared to interac-
tion in a familiar environment (16,55). Reduced social interac-
tion observed between males in a novel environment has been
considered to represent a response to an anxiogenic situation
(16). The nature of the environment has no impact on social
interaction between two adult female rats (55). However, fol-
lowing prenatal exposure to DZ (1.0 or 2.5 mg/kg to the dam
over the last week of gestation), the amount of social interac-
tion in adult male rats was not related to the nature of the en-
vironment (31). In contrast, adult female rats prenatally ex-
posed to the higher dose of DZ were responsive to the nature
of the environment (Fig. 1). The early exposure to the higher
dose of DZ thus reversed the sex-specific nature of environ-
ment-related social interaction.

These results suggest that perhaps the presence of DZ dur-
ing in utero brain development in rats may have interfered
with the organizational effects of specific gonadal steroids. It
has been generally accepted that steroid hormones influence
neural development by binding to cytoplasmic steroid recep-
tors, and the hormone-receptor complex is then translocated
to the nucleus where the complex binds to specific DNA se-
quences in regulatory regions of target genes, thereby modu-
lating gene expression (25). Testosterone produced in fetal
male testes has been considered the critical hormone involved
in sexual differentiation. This hormone can interact with an-
drogen receptors, but following aromatization of testosterone
to estrogen, the estrogen formed can interact with estrogen

KELLOGG
5007 60 Day-old Male Rats
B Familiar
—_ 400
_§ O Unfamiliar
S #
é 3001 +
.
7
T 2007
=]
=
100
0..
Vehicle DZ 1.0 DZ 2.5
Prenatal Exposure
5007 60 Day-old Female Rats
B Familiar
- 400
] [ Unfamiliar
s
3
2 300
P
7
*
2]
= 200
=
100 1
0-
Vehicle DZ 1.0 DZ 2.5
Prenatal Exposure

FIG. 1. Total social interaction (in seconds) in young adult male and
female rats as a function of environmental challenge (confronting a
stranger in a familiar vs. an unfamiliar environment) and prenatal DZ
exposure. Animals were exposed in utero to DZ (1.0 or 2.5 mg/kg to
pregnant dam) or vehicle (40% propylene glycol, 10% ethanol) over
gestation days 14 through 20. All animals were weaned at postnatal
day 28 and housed by sex and litter until day 55 when they were indi-
vidually housed. All rats were prehandled daily for 5 days before test-
ing. On the 2 days prior to testing, rats to be tested in the familiar
environment were transported to the test room and individually
exposed to the test chamber. Animals to be tested in an unfamiliar
environment were transported to the test room, but remained in their
home cage. On the test day, two rats (unacquainted) of the same sex
and familiarization experience were placed in the chamber together
for 7.5 min, where their behavior was videotaped for later scoring. *
Indicates significant difference between environments for respective
group; # indicates significant difference from familiar environment,
vehicle group; + indicates significant difference from unfamiliar envi-
ronment, vehicle group. From Kellogg et al. (31).
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receptors. The presence of testosterone induces maleness,
whereas its absence has been associated with femaleness (45).
If the in utero presence of DZ interfered with these classic or-
ganizational actions of sex steroids, one would predict that
early DZ exposure would affect only one sex: by drug inter-
ference with the action of androgens, early DZ exposure
could disrupt male-typical development, or by mimicking the
action(s) of androgens, DZ could induce male-like behaviors
in females. However, in addition to genomic actions of sex
steroids, reduced metabolites of the sex steroids, which can
interact with membrane receptors (42,51), have also been
proposed to play a role in sexual differentiation (7,64). It is
becoming apparent that the role of gonadal steroids in brain
sexual differentiation is not as simplistic as it is often made
out to be, and must be redefined (53). Likewise, the mecha-
nisms via which early DZ exposure disrupts sex-specific stres-
sor-responsive behaviors in adult animals are undoubtedly
complex and interactive.

DEVELOPMENTAL DZ EXPOSURE: LACK OF EFFECT ON MATURE
GONADAL FUNCTION

Many of the behaviors shown to be altered by prenatal DZ
exposure normally emerge with the onset of puberty. Sex-spe-
cific maternal behavior clearly emerges with mature repro-
ductive function in females (44). Likewise, the mature sex-
specific profile of environment-related social interaction
emerges over adolescent development. The nature of the en-
vironment did not influence social interaction between two
male rats tested at a late juvenile age (28 days) but exerted a
marked influence on social interaction in animals tested just
after the onset of puberty [35 days; (54)]. Thus, in males, the
impact of the novel environment on social interaction
emerges with the onset of reproductive function. Further-
more, while gonadal hormones are essential for the emer-
gence of adult male-typical social interaction, they are not re-
quired for maintenance of the behavior in adult male rats
(55). In contrast to males, the nature of the environment pro-
foundly affected social interaction in females tested at a late
juvenile age, whereas the environment had no effect on social
interaction between two adult females (15). The impact of dif-
ferent environments on female social interaction, therefore,
dissipates over adolescent development.

The fact that early DZ exposure affects stressor-respon-
sive behaviors that mature after the onset of puberty in a sex-
specific manner raises the question of whether the impact of
the early exposure may in part be related to an effect on go-
nadal function, leading to deficient pubertal production of sex
steroids. As indicated above, DZ can bind to mitochondrial
BZD receptors in various organs, and thereby influence ste-
roidogenesis. However, there does not appear to be any long-
term effect upon gonadal steroidogenesis following develop-
mental exposure to DZ. Segovia et al. (65) measured plasma
levels of testosterone, estrogen, and progesterone in adult an-
imals exposed to GABA , receptor ligands over early postna-
tal development, and observed no effects of early treatment,
even though the exposures markedly altered maternal behav-
ior. This observation is consistent with observations made in
our laboratory showing no effect of prenatal exposure to DZ
on male sexual behavior or on female reproduction and fe-
cundity (unpublished). The observation that in utero DZ ex-
posure affected stressor responses that emerge after the onset
of puberty but did not affect reproductive behaviors that also
emerge after puberty suggests differential in utero organiza-
tion of the different behaviors. The sex-specific effects of de-
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velopmental DZ exposure on adolescent organization of so-
cial interaction could relate to an effect of the early exposure
on specific neural targets of gonadal hormones. The effects of
the early drug exposure would then become apparent with
the onset of puberty and the accompanying increased produc-
tion of sex steroids.

GABA, RECEPTOR FUNCTION AND DEVELOPMENTAL
DZ EXPOSURE

Because BZD receptors bind to a site on GABA, recep-
tors, the early DZ exposure might be expected to affect
GABA, receptor maturation and/or function. Moreover,
GABA, receptor function in certain brain regions normally
changes with adolescent development: therefore, this complex
could be a target of pubertal hormonal changes. Considerable
evidence indicates that GABA , receptors are targets of steroid
hormones. In particular, Sa-reduced metabolites of deoxycorti-
costerone, progesterone, and testosterone have been shown to
act as positive modulators of GABA , receptors (42,51).

GABA, receptors are pentameric structures, and at least
16 subunits have been cloned (52,63). The distribution of the
different subunits varies not only from region to region in the
brain, but may also vary from cell to cell within a region
(52,79). The composition of pentameric GABA , receptors in
mature brains then may differ likewise. Developmentally, the
expression of mRNAs for different subunits follows a pro-
longed time course, with mature levels of predominant sub-
units reached by late juvenile ages (58).

Sex differences have been reported in GABA, receptor
function in naive adult animals (78). Prenatal exposure to DZ
does alter function of the GABA 4 receptor in adult animals,
and some of the reported effects are sex related. The sensitiv-
ity of cortical GABA, receptors to GABA was altered in
adult males exposed to DZ in utero, thereby masking any
modulatory effect of acute DZ (added in vitro) on GABA ,
receptors (31). The early exposure did not lead to a similar ef-
fect in females. The sensitivity of GABA, receptors to
GABA does not normally differ between adult males and fe-
males; thus, in this case, the early exposure did not affect a
normal sex-specific response; however, the effect was assessed
in animals in a basal, rather than a challenged, state. Sex dif-
ferences may become apparent when animals are challenged.

Because GABA , receptors are multimeric, the function of
the receptor can be influenced by allosteric interactions
among different binding sites around the complex. Chloride
facilitates binding to the BZD site, and exposure to environ-
mental stressors enhances this facilitation (21). Furthermore,
the impact of the chloride ion on the BZD site has been ob-
served to be sex specific: BZD binding was considerably more
sensitive to chloride in control males than in females under
basal conditions (33). Additionally, whereas environmental
restraint enhanced the sensitivity to chloride in males, it re-
duced the sensitivity in females (33). Prenatal DZ exposure
enhanced the potency of chloride on BZD binding in both
males and females (33), but in males, the impact of the expo-
sure interacted significantly with environmental condition
(presence or absence of restraint). Schlumpf et al. (61) have
observed that prenatal exposure to DZ enhanced the hypoth-
ermic response to DZ administered acutely to adults, an ef-
fect consistent with the enhanced sensitivity to GABA: both
compounds are positive modulators at the complex. However,
prenatal exposure to DZ also enhanced the sensitivity to the
GABA, antagonist, bicuculline, a negative modulator of the
complex (8).
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The effect of early DZ exposure on the responsiveness of
GABA, receptors to certain ligands as well as to environ-
mental stimuli, however, raises the question of whether the
early exposure may have altered composition of GABA , re-
ceptors, because the functional responsiveness of GABA , re-
ceptors has been shown to be linked to subunit composition
(75). There have been reports of a transient decrease in
mRNA levels of the a; subunit during early postnatal devel-
opment and of an increase in mRNA levels for the same sub-
unit in specified cortical regions in the adult following prena-
tal exposure to DZ (62). However, we observed no effect of
prenatal DZ exposure on mRNA levels (measured using ri-
bonuclease protection assays) of oy, a,, By, B,, or the short or
long variants of the v, subunit in cortical, hypothalamic, or
brainstem homogenate preparations minimal effect in adult
animals and in fetuses (in preparation). The lack of an effect
of prenatal DZ exposure on mRNA levels of predominant
GABA , subunits is consistent with the lack of an effect of the
early exposure on binding to either the BZD or GABA rec-
ognition sites on the receptor complex, which suggests no ma-
jor effect on the proteins involved in ligand binding (26,62).
Furthermore, the early exposure also did not affect displace-
ment of BZD binding by Cl 218-872 (26). In addition to bind-
ing to receptors composed of some of the subunits analyzed in
our study, this drug also can bind with high affinity to
GABA, receptors composed of subunits (such as as, B3, and
v;) not evaluated in our study (41). Therefore, although ef-
fects on mRNA for some subunits cannot be ruled out, there
does not seem to be overwhelming evidence that early devel-
opmental exposure to DZ affects the composition of GABA ,
receptors to a degree that could explain the marked altered
responsiveness of these receptors to pharmacologic agents,
endogenous substances, or environmental stimuli.

The responsiveness of cortical GABA , receptors to envi-
ronmental stressors emerges over adolescent development in
drug-naive animals. Although environmental stimuli differen-
tially affected chloride-facilitated BZD binding in adult male
rats, the complex was not responsive to any environmental
stimuli in male rats at 28 days (57). Furthermore, while forced
swimming enhanced maximal GABA-stimulated chloride up-
take in synaptoneurosomal preparations in control adult male
rats, males tested at an early adolescent age (35 days) were
unresponsive to this stressor (33). Additionally, prenatal ex-
posure to DZ prevented the changes in GABA , receptor re-
sponsiveness from taking place over adolescence (33). The ex-
pression of predominant GABA , subunits in several regions
is adult-like in male rats by a late juvenile age (58). Changes
in composition of GABA receptors, therefore, probably do
not account for the marked pubertal-related changes in recep-
tor responsiveness to environmental stressors.

However, neither changes in receptor function that nor-
mally take place over adolescent development nor the impact
of prenatal DZ exposure on adolescent-related changes in re-
ceptor function need involve direct changes in the complex.
Conceivably, the GABA, receptor in the cerebral cortex
could be part of neural circuitry that is recruited over adoles-
cence under the action of gonadal steroids, and developmen-
tal exposure to DZ may interfere with recruitment of that cir-
cuitry. Consistent with this hypothesis, while acute DZ
treatment modulates environment-specific social interaction
in adult males, the differential response to the novel environ-
ment cannot be modulated by acute DZ treatment at 35 days
of age (56). Because GABA 4 receptor function can be modu-
lated in vitro by DZ from late gestational ages (28), the failure
of DZ to modify this particular behavior until young adult-
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hood may indicate that the neural circuitry mediating this re-
sponse is recruited over adolescence. Cells containing
GABA, receptors may become part of this circuitry late in
development. We have recently observed that environmental
stressors activate areas in adult male rat brain that are not ac-
tivated in males at 28 days of age (32). Therefore, the gender-
specific nature of many of the consequences of prenatal DZ
exposure, including the effect on GABA 4 receptor function,
may relate to an impact of the exposure on gender-specific
neural organization that takes place during the time of expo-
sure, that is, in utero.

POTENTIAL TARGETS OF DZ ACTION DURING IN UTERO
BRAIN DEVELOPMENT

An impact of early DZ exposure on neural organization is
clearly supported by the time course for the appearance of the
consequences of prenatal DZ exposure: the most marked ef-
fects emerge late in postnatal development, long after the
drug has been cleared from the organism. Possible mecha-
nisms regulating neural growth and organization that relate to
DZ action at both GABA 4 receptors and mitochondrial BZD
receptors should be considered as potential targets mediating
the delayed effects. There is growing acceptance that GABA
exerts a trophic influence on developing brains (4), and be-
cause DZ can modulate GABA , receptors from fetal ages in
the rat (28), the presence of DZ in fetal brains could affect the
trophic influences of GABA. It also has become apparent
over recent years that GABA can exert depolarizing influ-
ences on developing neurons (6,11), in contrast to its predom-
inant hyperpolarizing action in the mature brain. The depo-
larizing action of GABA on developing neurons promotes the
influx of calcium into cells (6,40), and intracellular calcium ex-
erts diverse influences on neurons (43). Thus, GABA can ex-
ert a major influence on neural excitability during brain devel-
opment, and control over ionic currents is a critical factor in
regulating neural differentiation (71). Clearly, modulation of
GABA receptors can influence neuronal growth. The intro-
duction of a neuroactive steroid into hippocampal cultures
prepared from 18-day rat embryos decreased the area and
length of neurites, and the modulation of chloride channels
was considered as the initial step in the mechanism underlying
this retraction of neurites (9). We have observed that expo-
sure of fetal cortical cultures to DZ (10— M) also reduced
neurite growth (unpublished observations).

Diazepam action at GABA, receptors in utero could af-
fect neural differentiation and growth, with sex-specific conse-
quences, by affecting the expression of other trophic factors.
In hippocampal neurons cultured for 5 days, stimulation of
GABA receptors activated voltage-gated calcium channels
and induced c-fos immunoreactivity, an index of neural acti-
vation (6). Furthermore, this same stimulation enhanced lev-
els of BDNF (brain-derived neurotrophic factor) mRNA. In
contrast, activation of GABA receptors in neurons cultured
for 3 weeks did not induce any evidence of neural activation,
an observation consistent with the fact that the depolarizing
effect of GABA on neurons dissipates with development.
BDNF is a member of the neurotrophin family of neu-
rotrophic factors (3), factors that shape the structure of the
nervous system, are critical to the survival of neurons and play
a role in differentiation as well (69). Alteration of BDNF ex-
pression during early development could have consequences
throughout development. BDNF-deficient mice (those that
survived more than a day or two after birth) showed few
structural abnormalities of the brain, and only cranial and spi-
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nal sensory neurons were substantially reduced in number
(24). Levels of GABA appeared to be normal in the cerebral
cortex and hippocampus, and the number of GABAergic neu-
rons appeared normal. However, the BDNF-deficient mice
showed markedly reduced neuropeptide and calcium binding
protein expression in the cortex, hippocampus, and striatum.
Select neuropeptides and calcium binding proteins normally
are expressed in specific GABAergic neurons. Furthermore,
the specific nature of calcium binding proteins in cortical
GABAergic cells switches during normal postnatal develop-
ment (1), and expression of specific neuropeptides in cortical
neurons has been demonstrated to take place over late post-
natal development (48). BDNF regulates the expression of
neuropeptides in developing and adult brains (13,49). Clearly,
if the ability of cells to produce BDNF is affected by early DZ
exposure, this could affect the differentiation of specific cells
throughout development.
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FIG. 2. Proposed mechanisms of action of DZ on developing neu-
rons. Not all the mechanisms described will necessarily be present in
each neuron. DZ can interact with the GABA 4 receptor (73) where it
could alter the depolarizing action of GABA (11) on developing neu-
rons. GABA stimulation in culture has been associated with
increased calcium (Ca*™*) flux and increased BDNF mRNA levels
(6). Calcium can influence gene transcription via several routes (43).
Sexual dimorphism from this route of interaction could arise from: 1)
the sexually dimorphic distribution of specific calcium binding pro-
teins [CBP; (39)] or, 2) the sex-specific presence of testosterone
(TEST), which can be aromatized to estradiol [E,; (22)]. The E,
formed, by binding to the estrogen receptor (ER), can influence
BDNF mRNA transcription via action at purported regulatory sties
on the BDNF gene (70). Diazepam also binds to the mitochondrial
BZD receptor (MBR). Simulation of MBRs affect de novo steroid
synthesis in the brain (35), a process that may be taking place in neu-
rons during early development (12,74). An influence on steroid syn-
thesis could influence cellular levels of Sa-reduced steroids such as
DHP and THP. This could alter cellular function via action at differ-
ent sites: DHP can bind to progesterone receptors (PR) and influence
gene transcription (59). A sexually dimorphic distribution of PR has
been described (76). THP is a positive modulator of the GABA,
receptor (42,51). Thus, there are several interactive mechanisms
whereby in utero exposure to DZ could alter neural organization
leading to sex-specific altered adaptive responses in the exposed
organisms as young adults. Other abbreviations: CHOL = choles-
terol; PREG = pregnenolone, PROG = progesterone.
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Observations from our laboratory indicate that prenatal
exposure to DZ during late gestation exerts sex-specific ef-
fects on BDNF mRNA levels during late fetal and early post-
natal development (30). The sex-specific nature of the effect
of in utero DZ exposure on BDNF mRNA could result from
an interaction of cellular responses to drug action with the
trophic actions of specific sex steroids. Putative estrogen re-
sponse elements have been identified on BDNF genes (70),
and the aromatization of testosterone to estrogen is a major
factor in sexual differentiation (22,45). Conceivably then, an
impact of GABA modulation on BDNF expression could in-
teract with the transcription action of estrogen in male brains.
Furthermore, in specific brain areas calcium-binding proteins
are sexually dimorphic: the levels of calbindin-D28k are re-
portedly higher in the medial basal hypothalamus of male
compared to female rats during late fetal development (39).
Such a sexually dimorphic distribution could regulate the im-
pact of GABA-mediated calcium influx. DZ modulation of
GABA, receptor function, however, is only one mechanism
via which the drug could modify neural organization.

As indicated above, DZ also can bind to the mitochondrial
BZD receptor, a site that has been associated with regulation
of steroidogenesis in several organs (19,50). Furthermore, the
brain has the capability for de novo synthesis of steroids from
cholesterol (5), and recent evidence indicates this ability in
developing brains. The P450scc enzyme essential for the con-
version of cholesterol to pregnenolone (the precursor of
progesterone and dihydroepiandrosterone) has been identi-
fied in central and peripheral nervous systems during embryo-
genesis (12). A recent study indicated that this enzyme ap-
peared in Purkinje cells immediately after differentiation (74).
Additionally, the mRNA for the Sa-reductase enzyme re-
sponsible for the conversion of steroids such as progesterone
and testosterone to Sa-reduced metabolites has been ob-
served in germinal zones and differentiating fields during fetal
development in the rat (37). Considered together, these ob-
servations suggest that a synchronized formation of precursor
hormones and Sa-reduced metabolites may take place in de-
veloping neurons, rather than in glia as is typical in adult brain
(18). Drugs acting at the mitochondrial BZD receptor influ-
ence de novo neurosteroidogenesis (35), apparently by facili-
tating the intramitochondrial flux of cholesterol (36). The
presence of DZ then during fetal development could affect
brain steroidogenesis (rather than gonadal steroidogenesis),
which in turn, could affect levels of Sa-reduced steroids, po-
tent modulators of GABA , receptor function.

Although there has been ample evidence gathered demon-
strating the distribution and high activity of Sa-reductase in
specific brain regions during fetal development (38), informa-
tion on endogenous levels of potential Sa-reduced steroids
has been lacking. To fill this gap, we recently measured levels
of Sa-reduced progestins and androgens in fetal brains during
late gestation (29). The results indicated that progesterone is
rapidly converted to its Sa-reduced metabolites throughout
the last week of gestation, whereas the conversion of tes-
tosterone is very low. The levels of progesterone were consid-
erably lower in fetal than in adult brains, whereas the levels of
the reduced metabolites were similar. Thus, the conversion of
progesterone to Sa-reduced metabolites in the brain appears
to decrease between fetal and adult ages. Sa-Reduced metab-
olites of progesterone, therefore, may play a major role in fe-
tal neural organization. The immediate product of the Sa-
reduction of progesterone is DHP (5a-pregnan-3-20-dione),
which is then converted to 3a,50-THP by the 3a-hydroxy-
steroidoxidoreductase enzyme. Although 3a,5a-THP modu-
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lates the GABA , receptor (42,51), DHP has been shown in
cell lines to bind to the progesterone receptor and regulate
progesterone receptor binding to DNA (59). Such an action
of DHP in vivo could have sexually dimorphic consequences
during development, because recent evidence identified
progesterone receptors in specific regions of the hypothala-
mus in males but not females during fetal and early postnatal
development(76).

There are multiple mechanisms, therefore, whereby DZ
present in the brain during late fetal development in the rat
could influence neural growth and differentiation with sexu-
ally dimorphic consequences. A schematic diagram illustrat-
ing possible mechanisms is shown in Fig. 2. The different sites
of action need not function exclusively of each other: affecting
steroidogenesis via action at mitochondrial BZD receptors
could affect GABA, receptor function by altering levels of
specific Sa-reduced steroids. Altered GABA, function (ei-
ther directly by DZ action or indirectly via DZ action at the
mitochondrial site) could, in turn, influence intracellular cal-
cium levels. Clearly, the mechanisms potentially engaged by
DZ could vary in different cell groups. Cells expressing both
GABA , membrane receptors and intracellular progesterone
receptors, for example, have the potential for a different im-
pact of DZ than cells expressing only one of those receptors.
Sexually dimorphic distribution of potential targets of DZ ac-
tion on fetal brain has been described in several hypothalamic
nuclei (39,76). The hypothalamus has been shown to be a pri-
mary target of prenatal DZ exposure (67,68), and manipula-
tion of various transmitter systems in this region has been
shown to affect cortical GABA, receptor responsiveness to
environmental stressors in naive adult animals (23,34). The
initial impact of DZ in utero that leads to altered integrated
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responses to environmental stressors then may be on specific
cells in the hypothalamus, a region long known to be impor-
tant in homeostasis, and a region showing considerable sexual
dimorphism. The observation that prenatal exposure to DZ
affects mature stressor responsiveness but does not affect ma-
ture reproductive behaviors suggests that the impact of the
drug is on developing mechanisms and systems specifically re-
lated to organization of mature stressor responsiveness.

SUMMARY

Although it has been known for some time that early de-
velopmental exposure to centrally acting drugs such as BZDs
affects later neural and behavioral function, mechanisms that
could mediate the effects of the exposure have remained elu-
sive. However, the growing understanding of the trophic role
of GABA in normal brain development and the rapidly
emerging picture of neurotrophin action on the brain supports
earlier hypotheses that manipulation of GABA, receptors
during development could have long-lasting consequences.
Although the initial results that demonstrated dose-related ef-
fects of prenatal exposure to DZ on brain function at a time
period long after the drug had been cleared from the organ-
ism (67) were startling in the context of classic pharmacology,
developmental insults are now considered etiological factors
in behavioral disorders, such as schizophrenia, that emerge in
late adolescence, young adulthood (77). The time course of
appearance of the consequences of prenatal DZ exposure and
the nature of the consequences suggest that understanding
how BZDs influence the brain during early development will
aid in understanding how insults to the developing brain in
general can affect later neural organization and function.
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