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Abstract:

Increased activity of hypothalamic-pituitary-adrenal (HPA) axis and hypersecretion of corticotropin-releasing hormone (CRH) are

known to be important factors in pathogenesis of some stress-related diseases. Some neurosteroids exert anxiolytic and antidepres-

sant effects probably by inhibition of HPA axis activity. The aim of our study was to find out if neurosteroids can directly affect hu-

man CRH gene transcription. The effect of allopregnanolone (ALLO), allotetrahydrodeoxycorticosterone (THDOC), pregnenolone

(PGL), PGL sulfate (PGL-S), dehydroepiandrosterone (DHEA) and DHEA sulfate (DHEA-S) on CRH expression was determined

in differentiated Neuro-2A cells stably transfected with plasmid containing a fragment of human CRH promoter (–663 to + 124 bp)

linked to the chloramphenicol acetyltransferase (CAT) reporter gene. It was found that PGL (0.3–30 µM), ALLO (1–30 µM) and

THDOC (1–30 µM) present in the culture medium for 5 days in the concentration-dependent manner inhibited CRH-CAT activity.

These neurosteroids also inhibited forskolin-stimulated CRH gene transcription with similar potency. In contrast, PGL-S, DHEA

and DHEA-S in a concentration from 0.01 to 10 µM had no effect on basal and forskolin-stimulated CRH activity. Further experi-

ments revealed that wortmannin (an inhibitor of phosphatidylinositol 3-kinase; PI3-K) at concentrations of 0.01 and 0.02 µM did not

change the inhibitory effect of ALLO (3 µM) and PGL (1 µM) on CRH gene transcription. Moreover, ALLO (3 µM) and PGL (1 µM)

present in the culture medium for 5 days did not change the amount of active, phosphorylated form of protein kinase B (PKB, Akt)

and extracellular signal-regulated kinase (ERK). The obtained results indicate that PGL, ALLO and THDOC inhibited basal and

forskolin-induced CRH gene promoter activity in the differentiated Neuro-2A cells and that these effects did not depend on the acti-

vation of PI3-K/Akt and ERK-MAPK pathways.
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Introduction

Corticotropin-releasing hormone (CRH), a peptide

synthesized mainly in the paraventricular nuclei

(PVN) of the hypothalamus, is a key regulator of

hypothalamic-pituitary-adrenal (HPA) axis activity

during stress. CRH via pituitary adrenocorticotropic

hormone (ACTH) stimulates glucocorticoid synthesis

and release from adrenal glands. In turn, glucocorti-

coids inhibit production of CRH in PVN and ACTH

in pituitary by a feedback mechanism. CRH hyper-
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secretion in the central nervous system (CNS) is

thought to be an important factor in pathogenesis of

some stress-related diseases, such as major depressive

disorders, post-traumatic stress disorder (PTSD) or

panic disorder [34, 39, 42, 55]. The elevated CRH

concentrations in the cerebrospinal fluid and the in-

creased number of CRH-expressing neurons in the

hypothalamus have been found in depressed patients

[29, 37]. Similarly, the increased CRH concentration

or dysregulation of cortisol secretion has been ob-

served in patients with PTSD and panic disorders [11,

42]. Also in experimental animals, central administration

of CRH or overproduction of this peptide in transgenic

mice evoked anxiety- , depression- and schizophrenia-

like behavior [3, 12, 47]. A large number of preclini-

cal studies have indicated that anxiety-like behavior

results from the action of CRH through CRH� recep-

tor. Furthermore, the clinical data indicate that

antagonists of this receptor subtype are regarded as

a putative, novel class of anxiolytic and antidepres-

sant drugs [15]. Apart from CRH� receptor blockade,

another possibility of limiting CRH effect could in-

volve repression of the synthesis of this peptide. Inter-

estingly, although CRH synthesis is augmented by

many neurotransmitters and neuropeptides, only two

major mechanisms are known to inhibit the HPA axis

activity, namely the glucocorticoid negative feedback

and the �-aminobutyric acid (GABA) [17]. Among

compounds acting on GABA� receptors, neuroster-

oids deserve the special attention. Neurosteroids are

precursors or metabolites of steroid hormones, which

do not show affinities for intracellular steroid hor-

mone receptors, but modulate the action of some

membrane receptors, such as GABA�, NMDA and

sigma-1 [24, 45]. Steroid metabolites with hydroxyl

group in the position 3 and with reduced ring A, i.e.,

allopregnanolone (3�-hydroxy-5�-pregnan-20-one, ALLO)

and allotetrahydrodeoxycorticosterone (THDOC) are

among the most potent allosteric positive modulators

of the GABA� receptors and exert anxiolytic and an-

tiepileptic activity [7, 9]. Concentrations of ALLO and

THDOC are increased in plasma and CNS in response

to acute stress and that leads to effect HPA axis activ-

ity [14, 36]. Moreover, ALLO and THDOC attenuate

the anxiogenic activity of CRH and the methoxamine-

stimulated CRH release [33]. Contrary to acute stress,

chronic stress decreases brain ALLO concentration

and disturbs negative feedback mechanism of HPA

regulation. Although it is commonly accepted that the

modulation of membrane neurotransmitter receptors,

mostly GABA� receptors, is the main mechanism of

neurosteroid action, some their effects are difficult to

explain solely on this basis. For example, both posi-

tive and negative steroidal modulators of GABA� re-

ceptors produce similar effects. In particular, it has

been shown that dehydroepiandrosterone (DHEA),

which is a negative GABA� receptor modulator, simi-

larly as ALLO, exerts antidepressant and neuroprotec-

tive action [18, 21, 49]. Recent data have demon-

strated that neurosteroids, beside the action on mem-

brane receptors, can affect some intracellular targets

and in consequence modulate gene transcription. For

example, the inhibitory neurosteroid ALLO inhibits

glucocorticoid-induced gene transcription via the in-

teraction with protein kinase C (PKC) and extracellu-

lar signal-regulated kinase (ERK)-mitogen-activated

protein kinase (MAPK) [1], and after conversion to

5�-dihydroprogesterone stimulates progesterone-mediated

gene expression [40, 41]. Also, the excitatory neu-

rosteroid DHEA enhances androgen receptor-mediated

gene transcription [25]. Surprisingly, despite existing

data on the role of neurosteroids in the modulation of

HPA axis activity, their effects on regulation of CRH

gene transcription were not reported so far. The se-

quence of the human CRH precursor gene has been

determined [44] and regulation of its transcription has

been already partly recognized. It is well documented

that CRH gene has the functional CRE sequence, and

cAMP-dependent protein kinase A (PKA) is a major

intracellular signaling system intensifying CRH ex-

pression [13]. Research conducted by us and other

authors showed that beside PKA, also calcium/

calmodulin-dependent protein kinase (CaMK), MAPK

and phosphatidylinositol 3-kinase (PI3-K) were in-

volved in the regulation of CRH gene transcription [2,

54]. Since protein kinases are involved in neuropro-

tective effects of neurosteroids, it is likely that a simi-

lar intracellular signaling may be engaged in neu-

rosteroid action on the regulation of CRH gene ex-

pression. For these reasons, we decided to find out

whether neurosteroids can directly affect human CRH

gene transcription. For this study, we chose DHEA

and pregnenolone (PGL), the main excitatory neu-

rosteroids, present at high concentration in the brain,

their sulfate derivatives (DHEA-S and PGL-S), and

ALLO and THDOC as the principal positive GABA�

receptor modulators. The effect of the neurosteroids

on CRH expression was determined in Neuro-2A cell

cultures stably transfected with plasmid containing

fragment of human CRH promoter (–663 to + 124 bp)
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linked to the chloramphenicol acetyltransferase (CAT)

reporter gene. Since CRH gene transcription is posi-

tively regulated by cAMP/PKA-mediated mechanisms,

the effect of neurosteroids on forskolin-stimulated

CRH gene promoter activity was also investigated. In

order to shed more light on intracellular mechanism

of neurosteroid action, the effect of ALLO and PGL

on ERK-MAPK and protein kinase B (PKB, Akt) lev-

els was determined.

Materials and Methods

Cell culture conditions

Neuro-2A (mouse neuroblastoma) cells, obtained from

the American Type Culture Corporation (ATCC), were

cultured in Dulbecco’s modified Eagle’s medium

(Gibco BRL) supplemented with 10% fetal bovine se-

rum (Gibco BRL), 50 units/ml of penicillin and

50 µg/ml of streptomycin (Sigma Co.), in the atmos-

phere composed of 5% CO�/95% O� at 37°C. Stably

transfected cells were cultured in the medium with

zeocin (150 µg/ml; Symbios), instead of penicillin

and streptomycin. For in vitro differentiation, the cells

were grown for 3 days before experiment in the me-

dium containing 1% serum.

Plasmid construction and cell transfection

Syntheses of hCRHCAT plasmid and stable transfec-

tion of Neuro-2A cells were performed as described

previously [5, 6]. Human DNA was isolated from

blood using Blood DNA Prep Kit (A&A Biotechnol-

ogy, Poland). Based on the known human CRH gene pro-

moter sequence (GenBank Accession No. AF48855), the

specific primers from the region –663 to +124 bp

were synthesized for PCR amplification. The forward

primer was: CRHKpn 5’ CGC GGT ACC GAG AGA

CGT CTC CGG GGG C 3’ (28 nt, containing a KpnI

recognition site), and reverse primer was: CRHBgl 5’

GCG AGA TCT GGC TCA TAA CTC CTT TAT

GTG CTT GC 3’) (35 nt, containing a BglII recogni-

tion site). The reaction mixture consisted of: 50 ng of

the human genomic DNA, 2 µl (10 µM) of each

primer, 5 µl (10 mM) of dNTP’s, 5 µl of 10 × PCR buffer

(100 mM Tris-HCl, pH 8.9, 500 mM KCl, 20 mM

MgCl�, 1% Triton X-100), 2 u of Pwo DNA po-

lymerase [10]. The fragment was amplified by 7 cy-

cles performed with the following temperature pro-

file: 30 s at 94°C, 1 min at 58°C, and 1 min at 72°C,

and then 33 cycles (30 s at 94°C, 1 min at 70°C, and

1 min at 72°C). The amplification product was ana-

lyzed by electrophoresis on a 1% agarose gels stained

with ethidium bromide. Specific, approximately 800 bp

long, PCR product was obtained (0.2 µg), which was

purified using Clean-Up Kit (A&A Biotechnology,

Poland), and digested with BglII and KpnI, and then

isolated from an agarose gel band using Gel-Out Kit

(A&A Biotechnology, Poland). The purified fragment

was ligated into pSecTag2A (Invitrogen, USA)

BglII-KpnI sites. E. coli TOP10F’ cells (Invitrogen,

USA) were transformed with the ligation mixture, and

12 colonies were assayed for the presence of CRH

promoter encoding gene by PCR amplification and re-

striction analysis. Four independent clones with CRH

promoter were selected, and sequenced, and com-

pared to the known DNA sequence. After sequencing,

one plasmid was selected, named hCRH, and used for

the next construct. Gene encoding CAT was amplified

using primers CATBamHI 5’ GCG GGA TCC ATG

GAG AAA AAA ATC ACT GG 3’ (29 nt, containing

a BamHI recognition site) and CATXhoI 5’ CGC CTC

GAG TTA CGC CCC GCC CTG CC 3’ (26 nt, contain-

ing a XhoI recognition site). A 2 ng of pACYC184

plasmid were used as a source of DNA containing

CAT gene. The product was amplified by 7 cycles

(30 s at 94°C, 1 min at 50°C, and 1 min at 72°C), and

then 33 cycles with the following temperature profile:

30 s at 94°C, 1 min at 65°C, and 1 min at 72°C. Spe-

cific PCR product (666 bp) was obtained, purified,

and digested with BamHI and XhoI, and ligated into

pCRH BamHI-XhoI plasmid sites. The obtained

hCRH-CAT plasmid was analyzed by restriction di-

gestion and sequencing.

Cells at 50–60% confluence were transfected with

hCRH-CAT plasmid using LipofectAMINE reagent

(Invitrogen, USA) according to the supplier’s recom-

mendation. The cells were plated 1 day prior to trans-

fection in a six-well tissue culture dish and grown in

a medium with serum, but without antibiotics. Just be-

fore transfection, the cells were washed once with

2 ml of serum-free medium (Opti-MEM I; Invitrogen,

USA). For each well, 12 µl of LipofectAMINE rea-

gent was diluted in 100 µl Opti-MEM I and incubated

at room temperature for 30 min. Next, 1 µg of DNA

diluted in 100 µl Opti-MEM I was added to Lipofect-

AMINE solution, and after 30 min incubation at room
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temperature, DNA-liposome complexes, diluted with

0.8 ml of Opti-MEM I, were added to the cells. Cells

were incubated for 6 h in the incubator and then, 1 ml

of growth medium containing twice the normal con-

centration of serum was added. Twenty four hours af-

ter the beginning of transfection, the medium with

lipid-DNA complex was replaced by fresh, normal

growth medium. Because pSecTag2A vector contains

zeocin-resistant gene, at 72 h after transfection, the

cells were passaged (1:6) to the selective medium

with 600 µg/ml of zeocin (Invitrogen, USA). Before

transfection, the dose-response assays were performed

which showed that 300 µg/ml of zeocin is the lowest

concentration that kills all not transfected Neuro-2A

cells. Three to four weeks after transfection, the

zeocin-resistant colonies were selected, cultured in

the medium with zeocin (150 µg/ml) and assayed for

reporter gene activity.

Treatment of cell cultures

Stably transfected differentiated Neuro-2A cells, at fi-

nal confluence of about 80%, were treated with vehi-

cle, ALLO, THDOC, PGL, PGL-S, DHEA, DHEA-S

(all from Sigma Co.) at concentrations from 0.01 to

30 µM for 5 days. Next, the influence of all the

above-listed neurosteroids at the same concentrations

(0.01–30 µM) present in the medium for 5 days, on

forskolin-stimulated CAT activity was measured in

Neuro-2A cells. Forskolin (25 µM; Calbiochem) was

added to the culture medium 24 h before harvesting of

the cells. Experiments were performed three times in

four wells each.

In the next part of study, the effects of wortmannin

(an inhibitor of phosphatidylinositol 3-kinase; PI3-K)

on the action of ALLO and PGL, i.e., the neuroster-

oids which most potently inhibited CRH gene pro-

moter activity, was determined. In order to find out if

the action of PGL is exerted by its metabolite ALLO,

the effect of finasteride (an inhibitor of 5�-reductase)

on PGL-induced inhibition of CAT activity was inves-

tigated. Wortmannin (Sigma Co.) at concentrations

0.01 and 0.02 µM or finasteride (Steraloids) at 0.1 and

1 µM concentrations were added to culture medium

one hour before ALLO (3 µM) or PGL (1 µM). The

concentrations of ALLO and PGL were selected on

the basis of previous part of this study.

Neurosteroids were dissolved in a small amount of

ethanol while forskolin, wortmannin and finasteride

in DMSO, followed by dilution in medium (the final

concentration of ethanol or DMSO was below 0.5%).

The control cultures were supplemented with the

same amount of an appropriate vehicle. The medium

were changed once over 5-day culture.

CAT activity

CAT activity was determined as described previously

[4, 6]. Cell lysates were prepared by a freezing/thawing

procedure. To determine CAT activity, aliquots of lysate

(after heating at 60°C for 10 min) were incubated in

0.25 M Tris-HCl buffer (pH = 7.8) with 0.25 µCi D-

threo-[dichloroacetyl-1-��C]-chloramphenicol and 0.2 mM

n-butyryl coenzyme A at 37°C for 1 h. The butyry-

lated forms of chloramphenicol (in direct proportion

to the CAT gene expression) were extracted twice with

xylene (mixture of isomers), washed with 0.25 M

Tris-HCl buffer, and radioactivity was measured in

a �-counter (Beckmann LS 335 liquid scintillation

counter). The results were calculated as dpm of a bu-

tyrylated fraction of chloramphenicol per 100 µg of

protein per 1 hour of incubation. The protein concen-

tration in cell lysates was determined by the method

of Lowry et al. [22].

ERK1/2 and Akt phosphorylation

For detection of the phosphorylated and total amount

of ERK1/2 and Akt proteins, Neuro-2A cells were

treated with vehicle, ALLO (3 µM) and PGL (1 µM)

for 5 days. Next, the cell medium was removed and

cells were fixed with 100 µl of 4% formaldehyde in

PBS. Phosphorylated and total amount of ERK1/2

and Akt were determined using the Cellular Activa-

tion of Signaling ELISA (CASE) kit for ERK1/2 and

Akt, from SuperArray Bioscience Corporation, USA,

according to the manufacturer’s instructions. The

CASE kit utilizes one antibody which recognizes only

the activated (phosphorylated) form of the measured

protein and another antibody which recognizes the

measured protein regardless of its activation state.

Thus, a half of each plate was treated with the anti-

phospho-protein specific primary antibody, and a half

with the anti-pan-protein specific primary antibody.

Following the incubation with primary and secondary

antibodies, the developing solution was added and ab-

sorbance was read at 450 nm in an ELISA Plate

Reader. Next, the relative cell number was deter-

mined. The cells were washed, incubated with Cell

Staining Buffer and 1% SDS and absorbance was read
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at 595 nm. Negative control wells were processed

without primary antibody. The quantities of phospho-

and total proteins were normalized to the relative cell

number by the ratio of OD��� to OD��� for each well.

The percent activation of ERK1/2 and Akt was calcu-

lated as the ratio of phospho-to-total proteins for the

same experimental condition. Experiments were per-

formed twice, each time in four wells.

Statistical analysis

The data are presented as the means ± SEM from

three to five independent experiments and the signifi-

cance of differences between the means have been

evaluated by the Duncan’s test following a one-way

or a two-way analysis of variance, respectively.

Results

The effect of neurosteroids on basal and

forskolin- induced CRH gene promoter activity

Treatment of stably transfected differentiated Neuro-

2A cells for 5 days with ALLO and THDOC, the most

potent allosteric positive modulators of the GABA�

receptors, inhibited in a concentration-dependent

manner (1–30 µM) the CRH-CAT activity (Fig. 1A
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Fig. 1. The effect of ALLO (A) and
THDOC (B) on the basal CAT activity
and the effect of ALLO (C) and THDOC
(D) on forskolin-stimulated CAT gene
transcription in Neuro-2A cells. The
neurosteroids were applied at the
indicated concentration for 5 days.
Forskolin (Fors; 25 µM) was added
24 h before harvesting the cells for the
CAT activity assay. The data from three
separate experiments, each in four
wells (expressed as a percentage of
the control that received vehicle alone)
are presented as the mean ± SEM. The
significance of differences between
the means was evaluated by the Dun-
nett’s test following a one-way analysis
of variance (* p < 0.05 vs. control
group); n = 12
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Fig. 2. The effect of PGL (A) and PGL-S
(B) on the basal CAT activity and the
effect of PGL (C) and PGL-S (D) on
forskolin-stimulated CAT gene tran-
scription in Neuro-2A cells. The neu-
rosteroids were applied at the indicated
concentration for 5 days. Forskolin
(Fors; 25 µM) was added 24 h before
harvesting the cells for the CAT activity
assay. The data from three separate
experiments, each in four wells (ex-
pressed as a percentage of the control
that received vehicle alone) are pre-
sented as the mean ± SEM. The signifi-
cance of differences between the
means was evaluated by the Dunnett’s
test following a one-way analysis of
variance (* p < 0.05 vs. control group);
n = 12



and 1B). Lower concentrations of ALLO and THDOC

(0.01–0.3 µM) were inactive. Twenty four-hour incu-

bation of transfected Neuro-2A cells with forskolin

(25 µM) increased CAT activity about 2.5-fold.

ALLO and THDOC inhibited forskolin-stimulated re-

porter gene activity with similar potency as non-

stimulated one (Fig. 1C and 1D).

The excitatory neurosteroid, PGL potently and in

a concentration-dependent manner (0.3–30 µM) inhib-

ited CRH-CAT activity, whereas its sulfate form was

active only at high (30 µM) concentration (Fig. 2A

and 2B). Similarly as basal activity, also forskolin-

stimulated gene transcription was potently inhibited

by PGL (1–30 µM), while PGL-S was inactive in

these concentrations (Fig. 2C and 2B).

DHEA and DHEA sulfate present in cell culture for

5 days in concentration from 0.01 to 10 µM had no ef-

fect on CRH gene transcription. The highest concen-

tration of these compounds – 30 µM – statistically

significantly inhibited the CRH-CAT activity (Fig. 3A

and 3B). Also the forskolin-induced gene transcrip-

tion was attenuated only by DHEA and DHEA-S ap-

plied in 30 µM concentration (Fig. 3C and 3D).

The effect of wortmannin and finasteride on

ALLO or PGL-induced inhibition of CRH gene

promoter activity

Treatment of stably transfected differentiated Neuro-

2A cells with 0.01 and 0.02 µM PI3-K inhibitor, wort-

mannin itself had no effect on CAT activity (Fig. 4).

These concentrations of wortmannin were selected on

the basis of our previous study, because a higher level

of wortmannin (0.1 µM) was found to increase CRH

gene promoter activity [2]. Wortmannin at both investi-

gated concentrations changed neither the inhibitory ef-

fect of ALLO (3 µM) nor PGL (1 µM) on CAT activity.

The 5�-reductase inhibitor – finasteride, at 0.1 and

1 µM did not change the basal CAT activity and had

no effect on PGL (1 µM) inhibition of CRH gene pro-

moter activity (Fig. 5).
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Fig. 3. The effect of DHEA (A) and
DHEA-S (B) on the basal CAT activity
and the effect of DHEA (C) and DHEA-S
(D) on forskolin-stimulated CAT gene
transcription in Neuro-2A cells. The
neurosteroids were applied at the indi-
cated concentration for 5 days. Forsko-
lin (Fors; 25 µM) was added 24 h be-
fore harvesting the cells for the CAT
activity assay. The data from three
separate experiments, each in four
wells (expressed as a percentage of
the control that received vehicle alone)
are presented as the mean ± SEM. The
significance of differences between
the means was evaluated by the Dun-
nett’s test following a one-way analysis
of variance (* p < 0.05 vs. control
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Fig. 4. The effect of wortmannin (Wort; PI3-K inhibitor) on ALLO and
PGL-induced decrease of CAT gene transcription in Neuro-2A cells.
The neurosteroids and wortmannin were applied at the indicated
concentration for 5 days. The data from two separate experiments,
each in four wells (expressed as a percentage of the control that re-
ceived vehicle alone) are presented as the mean ± SEM. The signifi-
cance of differences between the means was evaluated by the Dun-
nett’s test following a two-way analysis of variance (* p < 0.05 vs. con-
trol group); n = 8



The effect of ALLO and PGL on Akt and ERK1/2

phosphorylation

The levels of phosphorylated and total amount of Akt

and ERK1/2 kinases determined by CASE ELISA as-

say were normalized to the cell number and next, the

ratio of phosphorylated-to-total form was calculated.

ALLO present in the culture medium for 5 days in

3 µM concentration did not change the ratio of phos-

phorylated to total form of both determined kinases

(Tab. 1). Also PGL at 1 µM concentration had no ef-

fect on the phosphorylated and total amount of both

Akt and ERK1/2 kinases.

Discussion

In the present study, we found that some neurosteroids

in a concentration-dependent manner inhibited CRH

gene promoter activity in the differentiated Neuro-2A

cells. Among investigated neurosteroids, PGL, the

main precursor of steroid hormones, exerted the most

potent effect. ALLO and THDOC, two potent en-

dogenous positive modulators of the GABA� recep-

tors had only a little weaker inhibitory effect than

PGL on CRH activity. It is likely that the inhibitory

effect of ALLO and THDOC on CRH gene transcrip-

tion may be implicated in the mechanism of their

anxiolytic action. This assumption is supported by the

data which showed that synthesis of ALLO and

THDOC in the brain was increased after acute stress

and that these neurosteroids might act as endogenous

stress-protective agents [36]. Furthermore, it has been

demonstrated that in vivo ALLO counteracted the

anxiogenic action of CRH, prevented adrenalectomy-

induced up-regulation of CRH mRNA and attenuated

HPA axis activity after acute emotional stress in rats

[31, 33]. Also THDOC abolished the behavioral and

neuroendocrine effects of neonatal exposure to stress

[32]. Our results are in line with the above-mentioned

reports and suggest that the inhibition of CRH gene

transcription may be a molecular mechanism respon-

sible, at least partly, for their stress-protective effects.

However, the involvement of GABA� receptor in

neurosteroid action on CRH gene promoter activity is

rather doubtful, because not only ALLO and THDOC,

but also PGL, which belongs to another class of neu-

rosteroids, inhibited CRH activity. Neurosteroids in-

teract with GABA� receptor through multiple positive

and negative sites, but the mechanism of this interac-

tion has not been fully elucidated [27, 30]. Many data

indicated that sulfate derivatives of PGL and DHEA –

strongly and DHEA – weakly acted antagonistically

on GABA� receptor, whereas PGL behaved as an in-

verse agonist [23, 30, 46]. Apart from the action on

GABA� receptor, PGL-S and DHEA-S positively

modulated NMDA receptor and interacted with the ��

receptors: DHEAS as a �� receptor agonist, while
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Fig. 5. The effect of finasteride (Fin; 5�-reductase inhibitor) on PGL-
induced decrease of CAT gene transcription in Neuro-2A cells. The
neurosteroid and finasteride were applied at the indicated concen-
tration for 5 days. The data from two separate experiments, each in
four wells (expressed as a percentage of the control that received ve-
hicle alone) are presented as the mean ± SEM. The significance of
differences between the means was evaluated by the Dunnett’s test
following a two-way analysis of variance (* p < 0.05 vs. control
group); n = 8

Tab. 1. Effects of ALLO and PGL on phosphorylation levels of Akt and
ERK1/2

Vehicle ALLO-3 PGL-1

Phospho-Akt 0.20 ± 0.02 0.19 ± 0.04 0.20 ± 0.02

Total Akt 1.12 ± 0.10 1.19 ± 0.08 1.06 ± 0.15

Phospho/total Akt 0.18 ± 0.04 0.16 ± 0.03 0.19 ± 0.0

Phospho-ERK 1/2 0.96 ± 0.15 0.99 ± 0.06 0.72 ± 0.11

Total ERK1/2 1.9 ± 0.12 1.88 ± 0.16 1.43 ± 0.08

Phospho/total ERK1/2 0.52 ± 0.09 0.54 ± 0.06 0.50 ± 0.05

The data from two separate experiments, each in four wells, are pre-
sented as the mean ± SEM (OD��� : OD���). Neuro-2A cells were
treated with ALLO or PGL for 5 days and phosphorylation of Akt and
ERK1/2 was determined by using the signaling ELISA kit



PREGS as a �� receptor inverse agonist [8, 16, 26, 52].

Thus, the similar effect of PGL, ALLO and THDOC

on CRH gene transcription cannot be simply con-

nected with their identical influence on any of the

mentioned neurotransmitter receptor. Since PGL can

be transformed via progesterone and 5�-dihydropro-

gesterone to ALLO, we examined whether the effect

of PGL can reflect the action of its metabolite. How-

ever, the fact that finasteride, an inhibitor of 5�-reduc-

tase, which blocks the conversion of progesterone to

5�-dihydroprogesterone and in consequence PGL

transformation to ALLO – did not inhibit PGL action,

excluded such possibility.

Although it is commonly accepted that the modula-

tion of membrane neurotransmitter receptors is the

main mechanism of neurosteroid action, recent data

point also to the involvement of their other possible

targets, such as intracellular nuclear receptors, protein

kinases and microtubule-associated protein [1, 25, 35,

40]. The rationale for searching for other mechanisms

of neurosteroid action was provided by reports that

both inhibitory and excitatory neurosteroids (i.e.,

positive and negative GABAA modulators) could

cause similar pharmacological effects. For example,

both neurosteroid groups were shown to exert neuro-

protective effect in various models of cell injury [18,

50]. Also in the present study, neurosteroids with dif-

ferent action on neurotransmitter receptors inhibited

CRH gene promoter activity. Thus, it is possible that

neurosteroid effect on gene transcription is rather con-

nected with action on some protein kinases involved

in regulation of CRH activity. The regulation of the

human CRH precursor gene has already been a sub-

ject of several investigations and it is well docu-

mented that its transcription in different cell cultures

(AtT-20, PC-12, SK-N-MC, Neuro-2A) is intensified

mainly by cAMP/PKA pathway activation [5, 6, 13,

38, 43, 48]. These findings are in line with the fact

that the functional CRE sequence is present in the up-

stream regulatory region of the CRH gene [43]. Be-

cause cAMP/PKA pathway is the main regulator of

CRH gene, we investigated the effect of neurosteroids

not only on the basal CRH transcription, but also on

the forskolin-stimulated gene promotor activity. The

obtained results showed that ALLO, THDOC and

PGL, but not DHEA, DHEA-S and PGL-S, similarly

as in the case of basal CRH transcription, effectively

and in low micromolar concentrations inhibited

forskolin-stimulated CRH activity. Because CRH ac-

tivation during stress is connected with increased

level of phospho-CREB and it acts via CRE sequence,

these data strongly suggest that stress-induced in-

crease in CRH gene transcription should be inhibited

by ALLO, THDOC and PGL.

The involvement of other than PKA kinases in the

regulation of CRH gene transcription is poorly recog-

nized yet, but available data indicate that also CaMK,

extracellular signal-regulated kinase (ERK)-mitogen-

activated protein kinase (MAPK) and p38-MAPK in-

creased while PI3-K inhibited CRH gene transcription

[2, 54]. In the previous study, we found that a long-

term inhibition of PI3-K activity increased CRH tran-

scription [2], so it is possible that the inhibitory effect

of neurosteroids on CRH activity can result from the

activation of this kinase. On the other hand, it has

been found that anti-apoptotic action of PGL in hu-

man neuroblastoma SH-SY5Y cells and inhibition of

excitotoxic cell death in differentiated P19- neurons

by ALLO is connected with activation of the

PI3-K/Akt pathway [20, 53]. However, the lack of

any effect of wortmannin, a PI3-K inhibitor, on the

action of ALLO and PGL on CRH gene promoter ac-

tivity and the absence of alterations in the amount of

active, phosphorylated Akt in Neuro-2A cells cultured

for a long time with ALLO or PGL excludes the par-

ticipation of PI3-K/Akt pathway in these neurosteroid

action on CRH. ERK-MAPK is another kinase which

could be involved in CRH transcription regulation by

neurosteroids, since their inactivation decreased CRH

activity and, on the other hand, some neuroprotective

neurosteroid action increased its activity [2, 19]. The

present results demonstrated that neither ALLO nor

PGL increased the level of active, phosphorylated

form of ERK-MAPK in differentiated Neuro-2A cells.

Thus, it can be concluded that neither PI3-K/Akt nor

ERK-MAPK pathways are involved in the inhibitiory

action of neurosteroids on CRH gene promoter activ-

ity.

Contrary to PGL, the sulfated form of this neu-

rosteroid, in concentrations below 30 µM, had no ef-

fect on the basal and forskolin-induced CRH gene ac-

tivity. This indicates that only free PGL is able to af-

fect the CRH gene transcription and suggests that

Neuro-2A cells do not possess steroid sulfatase, the

enzyme responsible for PGL-S conversion to PGL.

Similarly as in the case of CRH gene regulation, it has

been found that only DHEA, but not the sulfated form

of this neurosteroid, enhanced the androgen receptor-

mediated reporter gene transcription [25]. Consider-

ing the data indicating that PGL-S is present in the
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brain in substantially higher concentrations than PGL,

it appears that in vivo only the free form of this neu-

rosteroid might be involved in the regulation of CRH

gene transcription.

DHEA is regarded as a functional antagonist of

glucocorticosteroids, because its effect on the immune

and central nervous system is often opposite to that

exerted by cortisol. Moreover, because of its antiglu-

cocorticoid activity DHEA is supposed to be a protec-

tive factor against depression [49, 51]. However, the

results of the present study showed that DHEA and

DHEA-S did not modify CRH gene promoter activity

in Neuro-2A cells. Moreover, it has been found that

DHEA did not change the gene transcription induced

by dexamethasone, cortisol and corticosterone [1, 28].

Thus, mechanism of its action on HPA regulation re-

quires further studies.

These data suggest that ALLO and THDOC may

attenuate aberrant HPA activity via two independent

mechanisms: (1) the GABAA receptor-mediated inhi-

bition of HPA axis activity and (2) direct inhibitory ef-

fect on CRH gene transcription. It remains to be

evaluated, whether those two mechanisms work in

synergistic manner. It should be, however, accentu-

ated that the excitatory neurosteroid, PGL, the level of

which, like that of ALLO and THDOC, increases af-

ter acute stress, is also effective in the inhibition CRH

gene transcription.

In conclusion, the present study indicates that PGL,

ALLO and THDOC, but not PGL-S, DHEA and

DHEA-S, inhibited CRH gene promoter activity in

the differentiated Neuro-2A cells. Moreover, the mech-

anism of ALLO and PGL action on CRH activity did

not result from the effect of these neurosteroids on

PI3-K/Akt and ERK-MAPK pathways.
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