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Abstract: Developmental exposure with diazepam when coinciding with the ontogenesis of
its receptors may be crucial for the induction of long-term functional disturbances in the rat
brain. To investigate the possibility of intervention in the sexually dimorphic behavior of
reproduction and the under lying morphological and hormonal basis the time-mated female
rats were treated with 2.5 mg/kg, 5 mg/kg and 10 mg/kg, i.p.(n = 6-8) separately. Treatment
was continued from gestation day 15 till delivery and further continued to neonates 5 days,
postnatally. Control group (n= 5-8) given saline also followed the same treatment protocol.
Sexual behavior in the male offspring at adulthood born to diazepam-exposed rats was
enhanced, both in dose-dependent and time-dependent manner (p<0.01). Accordingly plasma
LH and testosterone concentration both in plasma and testis was also influenced. Compared
to controls treated animals also showed complete abolition of spermatogenesis and drastically
reduced testicular steroidogenesis. Our findings, thus support the hypothesis that like
psychoactive drugs benzodiazepines sedatives that crosses the blood brain barrier during the
critical period of brain sexual differentiation offer serious risk of abnormal post-pubertal
reproductive functions in the male rat.
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Introduction

It has been established that benzodiazepines can influence the development of the
brain and cause long-lasting teratological effects on several brain functions and
behavior [1]. Exposure of rat offspring to diazepam through the placenta or through
the mother’s milk resulted in extensive morphological changes, including gliosis and
perivascular cuffing, in the brain of mature rats [2].These changes depended upon the
period of exposure to diazepam, since the postnatally exposed pups showed very few
brain lesions [2].Furthermore, offspring that are perinatally exposed to diazepam
show severe deficits in motor activity[1], open-field behavior and lordotic behavior
[3-5] during adulthood. With respect to long-lasting diazepam-induced learning
deficits, male rats appear to show more vulnerability than females [6]. Guillaman et
al have demonstrated that a daily intraperitoneal administration of diazepam (2.5
mg/kg) to rat pups, from the day of birth to day 16, feminizes the continuously
reinforced free-operant response in the adult male, while adult female rats were
unaffected by the early postnatal diazepam treatment [3]. These observations are
substantiated by the fact that the time course of appearance of benzodiazepines
receptors in the developing rat brain shows a caudorostral gradient [7], and their
maximum concentration in the brain is reached in the first postnatal week [8]. This
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period of time, overlaps the periods of sexually dimorphic differentiation of several
hypothalamic nuclei in the rat [9,10]. It has been established that benzodiazepines
exert their CNS action via specific receptors located on the GABA receptor complex
[11]. A major portion of the benzodiazepines receptors in the CNS appear to be part
of a polymolecular complex which contains in addition to benzodiazepine receptors,
the recognition sites for the inhibitory neurotransmitter GABA and the chloride
ionophore protein[12]. Interaction of benzodiazepine at specific binding sites
facilitates the action of GABA on the chloride ionophore. Since the sensitivity of
GABA receptors in the brain has been shown to be significantly modulated by
benzodiazepine receptors and since GABA is thought to mediate neuroendocrine
functions [13-14], the present study was designed to investigate whether organization
of neuronal basis of sexually dimorphic reproductive behavior is disrupted as a result
of perinatal diazepam exposure in the rat.

Materials and methods

Adult Wistar female rats weighing 180 to 200 g were procured from the Aga Khan
University housing unit. Each of these females experiencing verified normal ovarian
cyclicity on the day of oestrous were placed with a sexually active male rat. Vaginal
smears were taken the following morning between 9:00 to 9:30 h. The day on which
sperms were present, was designated day 1 of gestation. Females were then randomly
assigned to the following experimental groups; 1) diazepam (2.5 mg/kg), 2)
diazepam (5 mg/kg) and 3) diazepam (10 mg/kg) (n=6-8 in each group).
Intraperitoneal injections of either diazepam reconstituted in 0.9% saline as vehicle
(n=5-8) or saline were made. As per duration of diazepam treatment following two
different experiments were designed. Experiment I: Pregnant females were treated
with diazepam from 15" day of gestation till delivery, after which pups were treated
for five days, postnatally. Experiment II: Procedure was the same as mentioned in
experiment I except pups were treated for 20 days postnatally. Rats were housed
separately in controlled housing conditions (temperature 23+1°C; humidity 42+10%)
with a 12:12 hr light:dark cycle (lights on from 0600 h to 1800 h). Food and water
were freely accessible. All litters at birth were observed for symptoms of
hypothermia. Those appearing severely hypothermic were seen deprived of maternal
care, thus could not survive till the end of first week of their life. Litters from the
diazepam groups were assigned to saline treated control groups mothers whose pups
were born on the same day. All pups were weighed once weekly and weaned 25 days
after birth. Animals were then segregated and at adulthood were tested against
ovarian optimized females that were primed with 50 pg oestradiol benzoate for 2
days continuously and 5 mg progesterone. Fifteen days prior to the behavior testing
on day 120 days both experimental and control male rats were tested against steroids
primed females rats for 3 times over a period of three weeks with a gap of 4-6 days
between each test for parameters of male sexual behavior. For this purpose, the
receptive females were allowed to adapt to the testing arena for at least 5 min prior to
the introduction of an experimental male. Males were permitted to mount female rats
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for 5 min and the number of mounts as well as the quality of mount was recorded.
Number of intromissions was also recorded till the animal ejaculated. One testis from
each animal was decapsulated, cut into small pieces (diameter: 2 to 3 mm), and fixed
in 5.5% glutaraldehyde in Sorensen phosphate buffer(PBS, pH -7.4).After brief wash
in the same buffer solution, the samples were post fixed in 1% osmium tetraoxide in
0.IM PBS for150 min (pH-7.4 at 4°C).After gradual dehydration in ethanol and
finally in toluol (3 X 20 min), the tissue was embedded in Epon 812.Serial semithin
sections were prepared with an LKB ultramikrotom (Ultradome III), stained with 1%
borax-buffered toluidine blue, and examined under the light microscope.
Testosterone concentrations in the testiscular tissue and serum were detected by
radioimmunoassay.

Data for individual test between groups was compared and subjected to analysis of
variance followed by Duncan’s multiple range t test.

Results

The effects of perinatal diazepam exposure on male sexual activity were observed for
three occasions with a gap of 10-14 days performed over a duration of 5-6
consecutive weeks. The sexual activity of male rats was recorded in terms of number
of mounts and intromissions made by each rat per five-minute observation test
period. The observations recorded are presented in Table 1. In experiment I where
perinatal diazepam exposure (2.5mg/kg) continued from gestation day 15 till 5-days
postnatally showed a decrease in mounting frequency in the first week but the effect
was found reversed. There was an increase in frequency of mounting as a result of all
the treatment doses in second and third tests, respectively (p<0.5 and p<0.01). Like,
mounting the frequency of intromission was reduced in first test as compared to
controls (p<0.05) however, it was also reversed as observed in the second and third
test (p<0.01), respectively. Increasing the dose to Smg/kg, diazepam caused an
increase both in mounting and intromission frequencies and intensity (p<0.001). In
10mg/kg diazepam exposed male rats, increase in frequency of mounting was
recorded in all the three tests (p<0.01), whereas the intromission frequency was seen
relatively less significant (p<0.05). In experiment II where diazepam exposure to
male rats continued from gestation day 15 through 20 days postnatally, the effects of
all the three dose regimens on mounting frequency were noted more consistent.
Extended treatment over with lowest dose regimen i.e. 2.5 mg/kg showed an increase
in mounting frequency against OVX steroids primed female rats (p<0.05). The
increase remained not only consistent with the smallest dose regimen used, it rather
appeared more intense with the increase in the dose (Table I). Intromission frequency
as compared to frequency of mounting showed a decrease (p<0.05) in the first test
with the dose of 2.5 mg/kg which then found reversed in second and third test.
Exposure to higher doses of diazepam showed an increase which was mild initially
but turned more pronounced in the subsequent tests (p<0.01 and p<0.001),
respectively.
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Alterations in testicular weight, testicular histology, and testicular testosterone along
with plasma LH and testosterone were observed following exposure to different
doses of diazepam in male offspring which are presented in Table 2.

Table 1
Percentage differences of various doses of treatment on male sexual activity vs saline during
Experiment I and Experiment II

Week . Frequencies
Experimental . .
of treatment Experiment I Experiment I1
Tests Mounting Intromission Mounting Intromission
DZ, 20.5" l |98 d 1150 T172 l
1 DZ, 65.6 T 19557 T 1385 T 141 T
DZ; 577" T 1455 T|386 T 154 T
DZ, 340 T 1656 T 1900 T 15307 T
2 DZ, 91.0 T 649" T 83.8™ T | 493" T
DZ, 463" T 1530 T 180.0" T |580° T
DZ, 789" T | 443" T 15107 T 169.07 T
3 DZ, 75.8" T 756" T 1 700" T ] 803 T
DZ, 620 T 1430 T 7347 T 1677 T

#p<0.05; ** p<0.01; *** p<0.001

Table 2
Percentage differences of various doses of treatment on testicular weight and hormonal profile in male
offspring vs saline during Experiment I and Experiment II.

Experimental Testl.cular Plasma LH Testosterone

treatment weight
Experiment I Plasma Tissue
DZ, 0.99 T 120 ) 131.07 T 136 T
DZ, 1.8 T 130 d 350" T 1211 T
DZ, 4.6 I | 62™ d 387.0 T 1410 )
Experiment II
DZ, 525" l |57 ) 113.77 T 112 T
DZ, 518" l 98 d 109™ T 1380 T
DZ, 493" l 160 d 11557 T 1102.0 T

*p<0.05 compared to controls; ** p<0.01 and *** p<0.001.

Testicular weight remained unaffected following exposure to different doses of drug.
Testicular concentration of testosterone remained unaffected in 2.5 mg/kg diazepam
treated males. However, significant rise (p<0.01) in tissue content was found in both
5 and 10mg/kg diazepam exposed males. Plasma LH which was estimated to monitor
any pituitary related effect did not show any change in its concentration except at
highest dose where reduction occurred was significant (p<0.001) as compared to
control. Furthermore, significantly elevated (2.5 mg/kg: p<0.01, Smg/kg: p<0.05 and
10mg/kg: p<0.001) mean plasma levels of testosterone at all doses were also noted.
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Semithin section (X 150) of testis of control group of rats showed that seminiferous
tubules were completely intact (Fig. 1). Dividing spermatogonia and spermatocytes
were observed and there was very little interstitial space between the adjacent
spermatogonia and spermatocytes. Compared to the controls, the testis of diazepam
exposed (2.5mg/kg) rats showed shrinkage of seminiferous tubules (Fig. 2)

Fig. 1: Testis of a rat exposed to 2.5 mg/kg Fig. 2: Testis of a control rat (age 120 days) shows
semithin section stained with toulidine small leydig cells with largely condensed chromatin
blue showing shrinkage of seminiferous tubales. with dark cytoplasm. Intracellular bridges between
The network shows shrinkage and is broken the secondary spermatocytes are intact (X10000).
partially (X580)

Wide spaces between the germinal cells were observed. The network was partially
broken. There appeared significant reduction in the number of spermatocytes.
Although basement membrane was intact as it was relatively thin but it was
composed of only one to two layers. The Leydig cells were small and contained
small nuclei with largely condensed chromatin with dark cytoplasm. The interstitial
tissue contained fibrocytes, macrophages, and mast cells. The electron micrograph
(X 10,000) of the testis of the control group shows that the intercellular bridges
between the secondary spermatocytes are intact (Fig.3). Electron micrograph of
similar magnification in the testis of the treated animals (2.5mg/kg) showed that
there were wide gaps between the spermatocytes and the intercellular bridges were
pushed apart. The network did not seen intact and the intercellular bridges showed
marked thickening (Fig. 4).

-«" ."&“1‘ ¢ . T T,
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Fig. 3: Testis of a rat exposed to 2.5 mg/kg diazepam Fig. 4: Electron micrograph of a testis (120 days)

(120 days) stained with toulidine blue. Semithin cross exposed to diazepam (2.5 mg/kg) shows wide
section show dissolution of germ cells in the gaps between the spermatocytes. The network
adluminal compartment (X150). is broken and the intracellular bridges are markedly

thickened (X10000)
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Discussion

Three different groups of female rats were subjected to diazepam exposure for two
different durations at three different dose regimens. The treatment period as chosen
so for the first experiment (i.e. from gestation day 15 to postnatal day 05) as it
coincides not only with the timing of ontogenesis of benzodiazepine receptors but
also with the androgen-dependent critical period of brain sexual differentiation in the
fetal rat CNS [15-17] that continues to day five, postnatally. In rat, neuronal
multiplication occurs during the third week prenatally, a period comparable to the
second trimester of human pregnancy [7]. Further to that, postnatal development of
benzodiazepine receptors is rapid and adult densities are reached between the second
and fourth week in the rat [18]. Coen et al evaluated behavioral and neurochemical
consequences in adult rats of prolonged exposure to chlordiazepoxide (a long-acting
benzodiazepine) during the first three weeks of postnatal life which seems to be the
period specific for the ontogenesis of central benzodiazepine and GABA receptors
[19]. This was regarded as a firm reason for having the other treatment duration
employed, i.e. from day 15 of gestation uptil 20 days of postnatal life; thus taking
care of not only the period of brain sexual differentiation but also the attainment of
the peak concentration of benzodiazepine receptors [20]. Although, the periods of
exposure used in this study is challenged for the first time in such a research study of
this nature, however, the data obtained as a result of exposure to both the agents for
the two durations was found essentially similar and not very significantly different
from each other. Therefore, the results will mainly be discussed in the context of the
dose regimen employed and to some extent of two durations of exposure to these
agents. For diazepam, dose regimen used were similar i.e. 2.5 mg, 5 mg, and 10
mg/kg/day. The three dose regimen were selected as an equivalent of therapeutic to
largely a supra therapeutic benzodiazepine exposure. While the doses given in
experimental studies may seem high when compared to clinical doses, however the
clearance rate of the compound differs between species. Approximately 50% of the
total injected drug was eliminated in the faeces and urine of the dams over 80 days of
exposure to diazepam at 25mg/kg/day [21]. The effects observed in relation to sexual
behavior in male offspring in the present study were pronounced. Monitoring of the
male sexual behavior indices in this study demonstrate that male rat offspring
exposed to any of the dose regimen of diazepam used, displayed significantly
enhanced copulatory activity. This is in line with the previous observation of in utero
exposure to diazepam a positive modulator of the GABA (A) receptor that exerts
profound effects on the offspring that become most apparent after the maturation of
the brain during puberty. The effects are often sex specific suggesting that the early
exposure might have interfered with CNS organizing actions of sex steroids [22].
The decrease in LH to group exposed to highest dose used in our study could be
attributed to the activation of the central GABAergic system because in an earlier
finding Ro5-4864 a selective peripheral benzodiazepine agonist have been shown to
cause a significant increase in hypothalamic LHRH and pituitary LH content
concomitant with low serum LH levels suggesting diazepam treatment may have
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impaired LH release at the hypothalamic level Furthermore, it is shown that the
Leydig cells atrophies when release of LH from pituitary is eliminated following
hypophysectomy or is suppressed by treatment with testosterone and estradiol
releasing implants [23]. On the contrary, despite unaffected (in case of low doses) or
low LH concentration in exposed rats (10mg/kg), testosterone concentration in the
present study is significantly elevated in all groups. The increased testosterone
concentration is possibly mediated via peripheral benzodiazepine receptors (PBRs),
which are localized principally in steroidogenic tissues such as adrenal, testis and
ovary [24,25]. Peripheral benzodiazepine receptors are mainly located on outer
mitochondrial membrane where enzymes involved in steroidogenesis are strictly
compartmentalized. In vitro studies using decapsulated testes or interstitial cell
suspensions have shown that benzodiazepines (diazepam and Ro5-4864) stimulated
androgen production [26]. The possible underlying mechanism as proposed by
Vassilios, elaborates that steroidogenesis begins with the conversion of cholesterol to
pregnenolone in the inner mitochondrial membrane, which then leaves the
mitochondrion to undergo enzymatic transformation in the endoplasmic reticulum
that finally gives rise to the final steroid products. This pathway is essentially
regulated by LH in testicular and ovarian cells and the magnitude of the LH that
binds to its receptor on the Leydig cell surfaces primarily control the synthesis and
secretion of androgen by the adult Leydig cells [27].In the present study, histological
examination of gonads of animals exposed to higher doses in experiment I revealed a
marked increase in the number of Leydig cells in the interstitial compartment of the
testicular tissue. This finding is in contrast with the previous observation that the
Leydig cells atrophies in the absence of LH from pituitary [28]. It is reported that
androgen secretion is modulated by various effectors that are synthesized and
secreted in the testis which include benzodiazepine binding inhibitory protein besides
enormous number of modulators of androgen production in Leydig cells. Preferential
increase of plasma testosterone as compared to testicular testosterone in both
experiment 1 and II may also be attributed to stimulation by the diazepam of the
adrenals as PBRs have been demonstrated on adrenal cells [24,29]. Differential
findings of testicular testosterone concentrations in this study could also be due to
dose regimen or schedule of perinatal diazepam exposure employed. Previously,
experimental design reported lowered serum testosterone levels following
intraperitoneal administration of benzodiazepine [30] and it was suggested that
diazepam acts directly on the testicular interstitial cells to inhibit testosterone
production, as there was no difference in serum LH and FSH or in the hypothalamic
LHRH content. Increase in testosterone concentration resulting is significantly
increased sexual behavior in male rats by interfering positively with central
neurotransmission has already been associated with LH-independent rise in
circulatory testosterone concentrations which indicates that some central mechanism
may possibly be responsible for enhanced motor execution of the copulatory activity.
In fact, evidence indicates that testosterone acts on the brain through activation of the
dopaminergic system and inhibition of the serotoninergic system[31].Later it has
been shown that tuberoinfundibular dopaminergic neurones are activated by
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benzodiazepines, that is entirely within the hypothalamus thereby enhancing the
sexual behavior in male rats [32]. Percentage of rats that mate with receptive females
was shown increased by DA. It is documented that psychotic patients who undergo
long term treatment with dopaminergic blocking agent have reduced sexual activity
while plasma prolactin, LH and testosterone concentrations are normal [31].
Treatment with benzodiazepine has indicated a trend towards recovery of sexual
function i.e. restoration of libido and spontaneous erection. Significantly increased
penile erectile reflexes and shortening of latency to onset of reflexes was already
been shown [33]. Inhibition of sexual activity by diazepam and chlordiazepoxide has
been reported [34] whereas benzodiazepine antagonist, Flumazenil was shown to be
without effect. This indicates that normal development of the neuroendocrine
components involved with gonadal function and reproductive behaviour of the
animals appears to be highly sensitive to a critical steroid hormonal milieu during
pregnancy [17,35-36]. Enhanced dopaminergic activity in the medial preoptic area
results in an increased number of ejaculations, increased efficiency of the mounting
performance and facilitated extra-copulatory penile reflexes [37-39] whereas DA
antagonism is known to attenuate sex behavior at therapeutic doses in humans [40].
The histological changes (broken network, wide gaps between spermatocytes)
produced as a result of drug exposure are in agreement with other studies stating
various degrees of localized necrosis in the seminiferous epithelium and Leydig cells
hyperplasia when nitrazepam was administered to male rats for four weeks [41].
Morphological changes in seminiferous tubules and necrotic changes in Leydig cell
cytoplasm were observed after two weeks exposure to 1, 4 benzodiazepine, SC’
32855 in dogs [42].

Thus, our findings support the hypothesis that administration of psychoactive drugs
including benzodiazepine sedatives that crosses blood brain barrier during the critical
period of brain sexual differentiation offer serious risk for abnormal post-pubertal
reproductive performance.
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