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Abstract
Background Neurosteroids are involved in several important brain functions and have recently been considered novel players 
in the mechanic actions of neuropsychiatric drugs. There are no reports of murine studies focusing on the effect of chronic 
neurosteroid treatment in parallel with antipsychotics on key steroidogenic enzyme expression and we therefore focused on 
steroidogenic enzyme gene expression in the brainstem of rats chronically treated with olanzapine and haloperidol.
Methods and results Studies were carried out on adult, male Sprague–Dawley rats which were divided into 3 groups: control 
and experimental animals treated with olanzapine or haloperidol. Total mRNA was isolated from homogenized brainstem 
samples for RealTime-PCR to estimate gene expression of related aromatase, 3β-HSD and P450scc. Long-term treatment 
with the selected antipsychotics was reflected in the modulation of steroidogenic enzyme gene expression in the examined 
brainstem region; with both olanzapine and haloperidol increasing aromatase, 3β-HSD and P450scc gene expression.
Conclusions The present findings shed new light on the pharmacology of antipsychotics and suggest the existence of possible 
regulatory interplay between neuroleptic action and steroidogenesis at the level of brainstem neuronal centres.
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Introduction

Steroids play a crucial role in maintaining and regulating 
the body’s function, mediating many important physiologi-
cal processes, such as reproduction, sexual differentiation, 
ionic and carbohydrate homeostasis and stress responses. In 
a number of brain structures, these hormones are responsible 
for numerous neurochemical processes both during devel-
opment and in adulthood [1]. Regardless of tissue type, all 

steroid hormones are synthesized from cholesterol as a com-
mon precursor molecule. The term "neurosteroids" has been 
applied to steroids that can be synthesized de novo in the 
brain and occurs in the central and peripheral nervous sys-
tems, occurring both in neurons and glial cells [1]. The first 
step in the synthesis of steroid hormones is the conversion 
of cholesterol to pregnenolone (PREG), a process catalyzed 
by cytochrome P450scc (CYP11A1) (Fig. 1). Mitochondrial 
P450scc is synthesized in all known steroidogenic tissues, 
including the brain, with its expression most abundant in the 
cortex, amygdala, hippocampus and midbrain of the adult rat 
[2]. Noteworthy, the P450scc protein is detected at very early 
stages of brain development in the organizing neural tube, 
prior to adrenal or gonadal organogenesis, which potentially 
suggests a role for neurosteroids in embryonic neurogen-
esis. 3β-hydroxysteroid dehydrogenase (3β-HSD) is a mem-
brane bound enzyme located in the endoplasmic reticulum 
and mitochondria and is responsible for the oxidation and 
isomerization of inactive ∆5-3β-hydroxysteroids, includ-
ing pregnenolone and dehydroepiandrosterone (DHEA), to 
active ∆4-keto steroids—progesterone and androstenedione 
(AE), respectively (Fig. 1). At least two forms of human 
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3β-HSD exist, while in rodents four forms of the enzyme 
have been identified. Rat 3β-HSD is encoded by a wide vari-
ety of genes located on chromosome 2, all of which code 
for protein whose expression is tissue specific. It has been 
shown that in rats, 3β-HSD mRNA is expressed in several 
areas of the brain, in particular: the olfactory bulb, striatum, 
cortex, thalamus, hypothalamus, septum, hippocampus and 
cerebellum with the transcripts of 3β-HSD mRNA in the 
rat brain being significantly lower than in the ovary, adrenal 
glands or liver [3]. In contrast, the human gene for type I 
3β-HSD is expressed in the placenta, skin, mammary gland 
and other organs including the brain, while the human gene 
encoding type II 3β-HSD is expressed in the adrenal glands 
and gonads [3]. Aromatase P450 (CYP19A1) is a micro-
somal enzyme that plays a key role in the biosynthesis of 
estrogens. Aromatase is a glycoprotein located in the endo-
plasmic reticulum where it is responsible for the conversion 
of testosterone to estradiol, androstenedione to estrone, and 
16α-hydroxy-dehydroepiandrosterone to estriol (Fig. 1) [4]. 
Human P450 aromatase is expressed in steroidogenic tissues 
such as the ovary and placenta, as well as in non-steroido-
genic tissues such as adipose tissue and brain [4]. Aromatase 
is an enzyme necessary for the proper functioning of the 

body, as evidenced by numerous studies on mutations that 
inhibit CYP19A1 activity.

Olanzapine is classified as a second-generation antipsy-
chotic drug, referred to as atypical. They are still widely 
in use due to the smaller number of extrapyramidal side 
effects and less marked interactions with coadministered 
drugs. Olanzapine acts as an antagonist of dopamine  D1–D5 
receptors in the mesolimbic pathway blocking dopamine 
signalling on postsynaptic receptors, which has been used 
in the treatment of positive symptoms in patients suffering 
from schizophrenia. Olanzapine also exhibits an affinity to 
serotonin receptors  5HT2A, 5-HT2C, 5-HT6, 5-HT7, hista-
mine  H1, α1-adrenergic and muscarinic  M1–M5 receptors. 
Haloperidol belongs to the first generation (typical) antipsy-
chotic drugs and is still used in other diseases, for example 
to counter the effects of dopamine and to control psychosis 
in Huntington's disease. First generation antipsychotics are 
usually  D2 receptor antagonists and they may have a slight 
effect on serotoninergic 5-HT2 receptors which improves 
their pharmacological efficacy, but at the same time causes 
many side effects. Haloperidol is best known for its antago-
nism at dopamine  D2 receptors, with additional antagonism 
at 5-HT2A receptors, αα1A receptors, α1B receptors and the 

Fig. 1  Schematic diagram of the main neurosteroid synthesis path-
ways. The names of the neurosteroids and metabolites are beneath 
the structural formulas. Next to each arrow are located names of 
the enzymes responsible for specific reaction. Dotted one shows the 

multistage process. Analysed enzymes are in red colour. Enzymes 
include: cytochrome P450 side-chain cleavage (P450 Scc), Aro-
matase (CYP19A1), 3β-hydroxysteroid dehydrogenase (3β-HSD), 
17β-hydroxysteroid dehydrogenase (17β-HSD). (Color figure online)
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σ1 receptor [5]. At the level of neural circuits, haloperidol 
acts as a dopaminergic antagonist in the basal ganglia and it 
seems that the thalamocortical changes are secondary to the 
drug's action in this area of the brain [6].

The brainstem is a general term for the unique and rela-
tively small brain structure which plays a fundamental role 
in maintaining fundamental living functions such as circula-
tion and respiration. A lot of the brainstem’s neural assem-
blies, including aminergic reticular formation and numer-
ous nuclei of the cranial nerves, are also involved in diverse 
neurophysiological processes such as learning, memory, 
feeding regulation, osmotic balance, reproduction, affective 
reactions, circadian rhythm and pain transmission. Reticular 
formation consists of several perikarya that produce fun-
damental brain neurotransmitters such as catecholamines, 
acetylcholine or serotonin (raphe nuclei). Antipsychotics 
may hypothetically alter serotonin and/or norepinephrine 
signaling at the level of aforementioned brainstem neurons. 
However, at present there is little information about steroi-
dogenesis in the brainstem. An expression of P450sc and 
3α-hydroxy, 5α-reduced steroids has been detected in the 
rat vestibular nuclei and reticular formation suggesting that 
neurosteroids are involved in the activity of these structures 
[7]. The effects of DHEA and its derivatives on GABA-
ergic regulation of raphe nuclei serotoninergic neurons may 
underlie some functional properties e.g. behavioural and 
affective of brainstem neurosteroids [8].

To date, very little is known about the effects of antipsy-
chotic administration on neurosteroidogenic enzyme expres-
sion in the brain. The aim of this study was therefore to 
investigate the effect of long-term treatment with olanzapine 
and haloperidol on the expression of aromatase, 3-βHSD and 
P450scc genes in the rat brainstem. This work may shed a 
new light on antipsychotic pharmacology and help to find 
possible, neurosteroid-related mechanisms of neuroleptic 
action in animal models.

Materials and methods

Adult (5 month old, 210–240 g) male Sprague–Dawley 
rats (Medical University of Silesia Experimental Centre) 
were housed at 22 °C with a regular 12/12 light-darkness 
cycle and with access to standard Murigran chow and water 
ad libitum. All experimental procedures were approved by 
the Local Bioethical Committee at the Medical University 
of Silesia (agreement no. 36/2012) and were conducted 
in a manner consistent with NIH Guidelines for Care and 
Use of Laboratory Animals. Individuals were divided into 
three groups (n = 5)—received olanzapine (5 mg/kg/day) 
or haloperidol (1 mg/kg/day) or control saline vehicle by 
intraperitoneal injection for 28 days. 24 h after the last drug 
administration, rats were anaesthetized using isoflurane and 

killed. Total mRNA was extracted from excised brainstem 
sections (each sample was taken from one individual, seg-
ments from − 8.7 to − 13.2 mm from bregma, Fig. 2) via 
the phenol–chloro-form method using Trizol™. Collected 
mRNA samples were transcribed into cDNA during incuba-
tion in a buffered solution of reverse transcriptase MMLV-
RT with RNAsin, oligo-dT, and a mix of nucleotides. The 
whole process occurring at 42 °C for 60 min using DNA 
Thermal Cycler 480 (Perkin Elmer Inc., Waltham, MA). 
The quantitative real-time PCR reaction (qPCR) was per-
formed by FastStart SYBR Green Master mix (Roche) in a 
Light Cycler 1 96 (Roche) with previously prepared cDNA. 
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was 
chosen as a standard internal reference gene. Transcripts 
were; amplified using the following primers (Sigma, Life 
Science): CYP19A1:F:5′–TAA AAG ATG GCA CAC AAA 
GAG TGC , R: 5′–ACC GAG GTTAC CTG GAT CTGC; 
P450scc: F: 5'-AGA AGC TGG GCA ACA TGG AGT CAG -3′, 
R:5'-TCT CAT CCC AGG CAG CTG CAT GGT -3′; 3β-HSD: F: 
5'-ACT GGC AAA TTC TCC ATA GCC -3′, R: 5'-CTT CCT 
CCC AGC TGA CAA GTGG-3′; GAPDH: F: 5′-GTG AAC 
GGA TTT GGC CGT ATCG-3′, R: 5′-ATC ACG CCA CAG 
CTT TCC AGAGG-3′. Optimal hybridization temperature 
was established according to a gradient PCR and was 62, 
65, 65 °C respectively and 69 °C for GAPDH housekeep-
ing gene. Statistical analysis was performed using Statistica 
10 (Systat software). Data were statistically analyzed using 
one-way ANOVA and HSD Tukey’s tests. Differences were 
considered statistically significant at p < 0.01.

Results and discussion

A growing body of recent evidence points to a key role of 
neurosteroids in the wide spectrum of brain function. The 
effect of neurosteroids on the release of neurotransmitters 
has attracted a lot of attention as this process is the first 
important step in ensuring effective synaptic transmission 
[1]. Distribution of steroidogenic enzyme expression is 
strictly region and cell specific and may possibly determine 
the local mode of antipsychotic action in the brain.

Our experiment showed for the first time that selected 
first- and second generation antipsychotics can affect the 
gene expression of the main neurosteroidogenic enzymes 
in the rat brainstem. Presented Real-Time PCR data show 
that after long-term treatment with olanzapine P450scc 
and 3β-HSD mRNA expression in the rat brainstem were 
significantly increased (3.09 ± 0.07 vs. control p = 0.00018 
and 4.62 ± 2.30 vs. control p = 0.0009 respectively) (Fig. 3). 
Olanzapine increased the mean of the aromatase mRNA 
level, more than other enzymes (8.36 ± 2.49) but this effect 
was not statistically significant (p = 0.081) (Fig. 3). A par-
ticular interesting gene activation was found in the brainstem 
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tissue after treatment with haloperidol, with mRNA expres-
sion increasing for each type of enzyme but to a different 
degree. For P450scc we observed lower gene expression 
than after treatment with olanzapine (1.96 ± 0.4 vs. control 
p = 0.00018) (Fig. 3), while expression for 3β-HSD mRNA 
increased to the same level as after treatment with olan-
zapine (4.43 ± 1.64 vs. control p = 0.0013) (Fig. 3). Most 
notably, haloperidol increased aromatase mRNA, and it was 
significantly higher than in the olanzapine treated group 
(43.53 ± 7.10) vs. control p = 0.000183 (Fig. 3). Although 
comparable studies on the brainstem steroidogenesis after 
pharmacomodulation are not available, the presented 
results are generally in line with our previous studies show-
ing increased level of aromatase expression in the whole 
brain hemispheres of rats chronically treated with atypical 
(clozapine) and typical (haloperidol) antypsychotics [9]. 
They are also partly consistent with other studies reporting 
a distinct elevation of the cortical and striatal allopregna-
nolone, allotetrahydrodeoxycorticosterone (THDOC) and 
3α,5α-tetrahydroprogesterone (3α,5α-THP) concentrations 
in rats after short-term clozapine and olanzapine administra-
tion [10]. An interesting study reports that both ganaxolone 
and 3α, 5αα -THP restored citalopram-induced reduction of 

the dorsal raphe neuron firing activity in the rat brainstem 
suggesting that neurosteroids can be considered as poten-
tial adjuvants in the pharmacotherapy of mood disorders, 
particularly in female patients [11]. On the other hand, a 
stimulation of tritium-labeled flunitrazepam binding by 
3α-OH-DHP in the brainstem nuclei regulated the barore-
flex circuits suggesting that neurosteroids may be involved 
in blood pressure control [12].

The molecular mechanism of antipsychotics effects on the 
brainstem steroidogenesis is so far unknown. Possibly, an 
elevation in aromatase, 3β-HSD and P450scc gene expres-
sion may be caused by inhibition of specific dopamine and 
serotonin receptors located in certain aminergic neurons. 
Interestingly, an inhibition of brain steroid synthesis with 
selective blockers of 3β-HSD (trilostane) and 3-a-hydrox-
ysteroid oxidoreductase (indomethacin) and silencing of 
GABAA receptor transmission with bicuculline abolished 
the behavioral effects of olanzapine (but not haloperidol 
and risperidone) administration in rats. This finding does 
suggest that neurosteroid-dependent modulation of GABA-
ergic signalling may play an important role in the neuro-
leptic activity of olanzapine [13]. A valuable hypothesis by 
Maria Luisa Barbaccia [14] predicts that antipsychotics, as 

Fig. 2  A methodological 
scheme of the study. The 
brainstem segments (− 8.7 
to − 13.2 mm from bregma) 
were excised, total mRNA was 
isolated, transcribed into cDNA 
and the Real Time-PCR method 
was used for estimation of 
related aromatase, 3β-HSD and 
P450scc gene expressions. Tis-
sue samples contained reticular 
formation neurons including 
aminergic and peptidergic cells. 
Structural figure based on modi-
fied sagittal brain sections taken 
from the standard Paxinos and 
Watson The Rat Brain Atlas
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well as some antidepressants, increase neurosteroid levels in 
several brain structures which supports the aforementioned 
considerations.

Several other possibilities can be taken into considera-
tion to explain how antipsychotics modulate steroidogenic 
enzymes synthesis. Hypothetically, an elevation in enzyme 
mRNA expressions may be caused by blockade of selective 

monoamine, mainly dopamine receptors located in certain 
neuronal and glial populations (Fig. 4). Nevertheless, selec-
tive  D1 agonist flupentixol caused c-AMP-dependent upregu-
lation of aromatase mRNA expression on cultured goldfish 
radial glial cells [15]. Moreover, in vitro studies showed that 
brain aromatase activity was inhibited by both  D1/D2 ago-
nists (apomorphine) and antagonists (spiperone, primozide), 

Fig. 3  Quantitative real-time 
PCR results of relative aro-
matase, 3-βHSD and P450Scc 
mRNA expression levels in the 
rat brainstem. Obtained results 
were normalized to GAPDH 
housekeeping reference gene. 
Data are presented as mean 
 2−ΔΔCq. One-way ANOVA 
followed by Tukey’s HSD post-
hoc test was used for statistical 
analysis (experimental group vs 
control). p ≤ 0.01 is considered 
as statistically significant
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suggesting that the observed changes are independent from 
dopamine receptor action [16]. Noteworthy, sulpiride, a 
selective  D2 antagonist affects neurosteroid-induced mod-
ulation of evoked  [3H]-noradrenaline release [17]. On the 
other hand, extended treatment with fluoxetine, a selective 
serotonin reuptake inhibitor increased allopregnanolone 
level in the rat prefrontal cortex and hippocampus, including 
in animal models of depression [18]. Because the presence 
of glutamate receptors in the aromatase-expressing cells 
has been found, a glutamatergic hypothesis of olanzapine 
action may also be suggested. Nevertheless, pharmacologi-
cal stimulation with glutamate agonists resulted in reduction 
of aromatase activity in rodent hypothalamus [19], which 
is conflicting to the mechanism proposed above. There are 
also reports that hippocampal aromatase activity and local 
synthesis of estradiol or pregnenolone may be stimulated by 
NMDA-dependent calcium influx into the neuroplasm [20]. 
On the other hand, endogenous pregnenolone facilitated glu-
tamate release in the rat hippocampus [21]. Neurosteroids 
may therefore act as paracrine modulators of neural trans-
mission within several brain structures not excluding the 

brainstem. Interestingly, olanzapine is considered to promote 
the initial phase of neurosteroid synthesis by the stimulation 
of P450scc mRNA expression. Haloperidol, seems in turn 
to highly enhance the aromatase mRNA expression. Both 
two dopamine antagonists seem to act on different regula-
tory pathways but commonly increase the gene expression 
levels of examined steroidogenic enzymes in the rat brain-
stem. The molecular mechanism of these effects is so far 
unknown. Possibly P450scc synthesis may be regulated via 
olanzapine binding to several serotonin receptors rather than 
dopaminergic blockade.

Neurosteroidogenic enzymes may play an important 
role in the regulation of possible neuroprotective activity 
of estrogens e.g. an elevation of aromatase activity was 
reported in the rat cortical structures and basal ganglia after 
several brain injuries [22]. In the present study extended 
treatment with haloperidol and olanzapine increased aro-
matase, 3-βHSD and P450scc mRNA expression in the rat 
brainstem. It should be pointed out that haloperidol as well 
as other first generation antipsychotics exhibit several neu-
rotoxic actions e.g. it can dysregulate neuronal oxidative 

Fig. 4  A possible mechanism 
of the effect of olanzapine 
and haloperidol on aromatase, 
3β-HSD and P450scc expres-
sions in the rat brainstem. The 
steroidogenic enzyme level in 
some neurons can probably 
be modulated by their dopa-
mine and serotonin, receptors. 
Haloperidol-related oxidative 
stress may in turn stimulate 
neuronal aromatase expression 
that can possibly be a kind of 
protective response against 
antipsychotic toxicity. Olan-
zapine may increase the gene 
expressions of steroidogenic 
enzymes through the inhibi-
tion of both dopamine  D1/D2 
and serotonin 5-HT2 receptors. 
This may block cAMP and 
PLC- dependent signalling 
and modulate gene transcrip-
tion. cAMP cyclic AMP, CREB 
cAMP response element bind-
ing protein, DAG diacylglycerol, 
IP3 inositol triphosphate, NFkB 
nuclear factor kappa-light-
chain-enhancer of activated B 
cells, PKC protein kinase C, 
PLC phospholipase C
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balance [6] Moreover, a longitudinal haloperidol adminis-
tration disturbed glutamatergic transmission in the rat pre-
frontal cortex, that was mainly an effect of NMDAR activity 
inhibition caused by decreased GluN1 and GluN2A but not 
GluN2B subunit expression [23]. Possibly, the elevation of 
aromatase mRNA expression observed in our study may be 
part of a neuronal protective mechanism against an extended 
treatment with this drug.

On the other hand, olanzapine has a high affinity to 
several central, peripheral and even non neuronal types 
of dopamine and serotonin receptors [6].Given that it was 
administered intraperitoneally, an alteration of gastrointes-
tinal serotonin-secreting cells (ECL) activity can potentially 
occur that could indirectly influence our results. Moreover, 
antipsychotic-related changes in steroidogenic enzyme 
expression found in the brainstem may also result from a 
compensatory mechanism for a different effect in another 
endocrine organ e.g. adrenal glands and testes, as steroids 
can easily pass through the blood–brain barrier. For instance, 
olanzapine and to a lesser extent aripiprazole administration 
may directly decrease FSH, LH and testosterone levels and 
disturb spermatogenesis in male rats [24]. This effect may 
potentially be related with an inhibition of 3-βHSD activity 
in the Leydig cells.

It should be pointed out that there are some limitations 
to our study. For instance enzyme protein levels in the 
brainstem nuclei were not measured and the estimation of 
estrogen levels were not provided. However, these prelimi-
nary novel findings should be treated as an initial step in 
the pharmacological interplay between antipsychotic action 
and neurosteroidogenesis at the level of brainstem centres.
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