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Effect of antidepressant drugs on the human corticotropin-releasing-hormone gene
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col., 2002, 54, 711–716.

In order to test if antidepressant drugs can directly influence corticotropin-releasing
hormone (CRH) gene expression, their effect on CRH gene promoter activity was evalu-
ated in neuro-2A cells stably transfected with a human CRH – chloramphenicol acetyl-
transferase plasmid. Forskolin (an activator of adenylate cyclase), but not phorbol 12-my-
ristate 13-acetate (an activator of protein kinase C), ca. 3-fold increased reporter gene ac-
tivity, which confirms the critical role of the cAMP-responsive element in regulation of
the CRH gene. Imipramine and fluoxetine present in the medium for 5 days, in a concen-
tration-dependent manner (3–30 �M) inhibited the basal activity of CRH gene promoter,
while tianeptine was inactive. The obtained results indicate that inhibition of the human
CRH gene promoter activity by imipramine and fluoxetine, but not tianeptine, may play
a role in a mechanism by which the former drugs attenuate HPA axis activity.
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INTRODUCTION

It has been well documented that major depres-
sion is frequently associated with the hypothala-
mic-pituitary-adrenal (HPA) axis hyperactivity [8,
11]. Clinically effective antidepressant therapy at
least partly normalizes the disturbed HPA axis ac-
tivity by decreasing corticotropin-releasing hor-
mone (CRH) secretion. The mechanism of antide-
pressant action on CRH synthesis and release in
particular brain regions is poorly understood yet. In
animal studies, some authors found that chronic ad-
ministration of antidepressant drugs decreased the
CRH mRNA level in the rat hypothalamus, how-
ever, the lack of effect of some antidepressants on
CRH synthesis under basal condition was also re-
ported [2, 15].

Recently, it has been indicated that antidepres-
sant drugs can directly regulatate gene transcription
[3, 12–14]. In order to find out whether antidepres-
sants may affect CRH gene promoter activity, we
studied the effect of imipramine, fluoxetine and tia-
neptine in neuro-2A cells stably transfected with
a human CRH – chloramphenicol acetyltransferase
(hCRHCAT) plasmid. Furthermore, the effect of
these drugs on neuro-2A cell viability was investi-
gated in order to exclude any non-specific, toxic ef-
fects.

MATERIALS and METHODS

Cell culture

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 serum (Gibco BRL), 50 units/ml
of pencillin and 50 �g/ml of streptomycin (Sigma
Co.), in the atmosphere composed of 5% CO�/95%
O� at 37°C.

Plasmid construction

Human DNA was isolated from blood using
Blood DNA Prep Kit (A&A Biotechnology, Po-
land). 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 synthetized for PCR amplification. The
forward primer was: CRHKpn 5’ CGC GGT ACC
GAG AGA CGT CTC CGG GGG C 3’ (28 nt, con-

taining 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 recognition site). The bold parts of primer
sequences are complementary to the nucleotide se-
quences of CRH promoter, whereas 5’ overhanging
ends of primers contain recognition sites for re-
striction endonucleases (underlined), and serve to
facilitate cloning. The reaction mixture consisted of
50 ng of the human genomic DNA, 2 �l (10 �M) of
each primer, 5 �l (10 mM) of dNTP’s, 5 �l 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 polymerase [5]. The fragment was amplified
by 7 cycles performed with the following tempera-
ture profile: 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 analyzed by electrophoresis on a 1% agarose
gels stained with ethidium bromide. Specific, ap-
proximately 800 bp long, PCR product was ob-
tained (0.2 �g), which was purified using Clean-Up
Kit (A&A Biotechnology, Poland), and digested
with BglII and KpnI, and then isolated from an aga-
rose gel band using Gel-Out Kit (A&A Biotechno-
logy, Poland). The purified fragment was ligated
into pSecTag2A (Invitrogen, USA) BglII-KpnI sites.
E. coli TOP10F’ cells (Invitrogen, USA) were trans-
formed with the ligation mixture, and 12 colonies
were assayed for the presence of CRH promoter
encoding gene by PCR amplification and restric-
tion analysis. Four independent clones with CRH
promoter were selected, and sequenced, and com-
pared to the known DNA sequence. After sequenc-
ing, one plasmid was selected, named pCRH, and
used for 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, containing a XhoI recogni-
tion 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. Specific PCR
product (666 bp) was obtained, purified, and digested
with BamHI and XhoI, and ligated into pCRH
BamHI-XhoI plasmid sites. Obtained pCRHCAT

712 Pol. J. Pharmacol., 2002, 54, 711–716

B. Budziszewska, L. Jaworska-Feil, M. Tetich, A. Basta-Kaim, M. Kubera, M. Leœkiewicz, W. Lasoñ



plasmid (Fig. 1) was analyzed by restriction diges-
tion and sequencing.

Cell transfection

Cells at 50–60% confluence were transfected
with hCRHCAT plasmid using LipofectAMINE
reagent (Invitrogen, USA) according to the supplier’s
recommendation. Briefly, the cells were plated 1 day
prior to transfection in a six-well tissue culture dish
and grown in medium with serum, but without anti-
biotics. Just before transfection the cells were washed
once with 2 ml of serum-free medium (Opti-MEM
I; Invitrogen, USA). For each well, 12 �l of Lipo-
fectAMINE Reagent was diluted in 100 �l of
Opti-MEM I and incubated at room temperature for
30 min. Next, 1 �g of DNA diluted in 100 �l Opti-
MEM I was added to LipofectAMINE solution,
and after 30 min incubation at room 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 next, 1 ml of
growth medium containing twice the normal con-
centration of serum was added. Twenty four hours
after the beginning of transfection, the medium
with lipid-DNA compex was replaced by fresh,
normal growth medium. At 72 h after transfection,
the cells were passaged (1:6) into the selective me-

dium (with 600 �g/ml of zeocin; Invitrogen, USA),
because pSecTag2A vector contains zeocin-resis-
tant gene. The dose-response assay with neuro-2A
cells showed that 300 �g/ml of zeocin is the lowest
concentration which kills all not transfected cells.
Three to four weeks after transfection, the zeocin-
resistant colonies were selected, cultured in the me-
dium with 150 �g/ml of zeocin and assayed for re-
porter gene activity.

Drug treatment

Stable transfected neuro-2A cells (final conflu-
ence of 70%) were treated with the appropriate ve-
hicle, forskolin (Calbiochem; final concentration
25 �M), phorbol 12-myristate 13-acetate (TPA, RBI;
final concentration 0.1 �M) for 24 h. Imipramine
hydrochloride (Polfa, Poland), fluoxetine hydro-
chloride (Eli Lilly, USA), tianeptine hydrochloride
(Servier, France) were added to the medium for
5 days at final concentrations of 3, 10 and 30 �M.
The medium and drugs were changed once during
5-day cultures. Forskolin and TPA were dissolved
in DMSO (the final concentration of DMSO was
0.5%), whereas antidepressant drugs were dis-
solved in water. Control cultures were supplemen-
ted with an appropriate vehicle.

CAT activity

CAT activity was determined as described pre-
viously [1, 3]. Cell lysates were prepared by a freez-
ing/thawing procedure. To determine CAT enzyme
activity, aliquots of lysate (after heating for 10 min
at 60°C) were incubated in 0.25 M Tris-HCl buffer
(pH = 7.8) with 0.25 �Ci D-threo-[dichloroacetyl-
1-� C]-chloramphenicol and 0.2 mM n-butyryl co-
enzyme A at 37°C for 1 h. The butyrylated forms of
chloramphenicol (in direct proportion to the CAT
gene expression) were extracted twice with xylene,
washed with 0.25 M Tris-HCl buffer, and radioac-
tivity was measured in a �-counter (Beckmann LS
335 liquid scintillation counter). The results are
presented as dpm of a butyrylated fraction of chlo-
ramphenicol per 100 �g of protein per 1 h of incu-
bation. The protein concentration in cell lysates
was determined by the method of Lowry.

Effect of antidepressant drugs on cell viability

Neuro-2A cells were treated with the vehicle,
imipramine hydrochloride, fluoxetine hydrochlo-
ride or tianeptine hydrochloride (at final concentra-
tions of 3, 10 and 30 �M) for 5 days. The effect of
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Fig. 1. Schematic representation of hCRHCAT fusion gene.
PCRH – human CRH promoter gene (–663/+124 bp); CAT –
coding region of the CAT gene; BGHpA – bovine growth hor-
mone polyadenylation and termination signals; F1ori – F1 ori-
gin; SV40� – SV40 early promoter and origin; Zeo� – zeocin
resistance gene; SV40 – polyadenylation signal; ColE1 – frag-
ment allowing high-copy number replication and growth in
E. coli; AMP� – ampicillin resistance gene



drugs on cell viability was determinated by count-
ing viable and non-viable (blue) cells in a hemocy-
tometer. The cell suspensions were mixed (at the
1:1 ratio) with a 0.4% trypan blue, and the number
of non-viable cells per a total of 100 cells was
counted.

Statistical analysis

The data are presented as means ± SEM of three
independent experiments (in duplicate wells), and
the significance of differences between the means
has been evaluated by the Duncan’s test following
one-way analysis of variance.

RESULTS and DISCUSSION

The first part of the present study confirmed the
critical role of the cAMP-responsive element in
regulation of the CRH gene [7, 9]. Forskolin (25 �M;
24 h), an activator of adenylate cyclase, stimulated
CAT activity ca. 3-fold (Fig. 2A), which is in line
with results found in other cell cultures [7], in in
vivo studies [9], as well as with fact that the func-
tional CRE sequence is present in the upstream
regulatory region of the CRH gene [9]. In contrast,

the activator of protein kinase C (TPA, 0.1 �M; 24 h)
had no effect on CRH gene promoter activity, which
suggests that the phospholipase C/protein kinase C
(PLC/PKC) pathway is not involved in the regula-
tion of human CRH gene in neuro-2A cells. In fact,
the absence of a clearly discernible perfect TPA-re-
sponsive element in the proximal 0.9-kb 5’ flanking
the hCRH gene has been reported [16]. However, it
has been found that TPA stimulated CRH mRNA
levels in primary cultures of the rat hypothalamic
cells and in the human hepatoma cell line, but mi-
croinjection of TPA to paraventricular nucleus had
no effect on CRH mRNA concentrations in the hy-
pothalamus [9, 16]. All in all, these data suggest
that responsiveness of CRH gene to PKC stimula-
tion is cell-specific and may involve other mecha-
nism than action via TPA-responsive element.

Regulation of CRH gene promoter activity is
well characterized, mainly in pituitary cell line, but
effect of psychotropic drugs has not been studied
yet. We have chosen the neuro-2A cell line, which
displays a neuron-like phenotype both morphologi-
cally and neurochemically [10]. The exposure of
neuro-2A cells to imipramine, tianeptine (3, 10, 30
�M) or fluoxetine (3, 10 �M) for 5 days produced
no toxic effect, estimated by counting non-viable
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Fig. 2. The effect of forskolin (For; 25 �M, 24 h) and phorbol 12-myristate 13-acetate (TPA; 0.1 �M, 24 h) on the CAT gene transcrip-
tion in neuro-2A cells stably transfected with pCRHCAT plasmid. B. The effect of antidepressant drugs on the CAT gene transcrip-
tion in neuro-2A cells stably transfected with pCRHCAT plasmid. The drugs at the indicated concentrations were applied for 5 days
before harvesting the cells for an assay of CAT enzyme activity. The data are presented as the dpm of the butyrylated fraction of chlo-
ramphenicol per 100 �g of protein per 1 h of incubation; n = 6; the significance of differences between the means was evaluated by the
Duncan’s test following a one-way analysis of variance (* p < 0.001 vs. respective control group)



cells (data not shown). However, at the highest used
concentration (30 �M), fluoxetine increased cell
damage by ca. 20%. This is in line with our previ-
ous observation in fibroblast cell lines, that among
used antidepressant drugs only fluoxetine showed
weak toxic effect [3].

The main finding of our study was the demon-
stration that imipramine and fluoxetine present in
the medium for 5 days, in a concentration-depen-
dent manner (3–30 �M) inhibited the basal CAT
activity, while tianeptine was inactive (Fig. 2B).
Antidepressant drugs, tested in the present study,
differ between themselves in respect of their effect
on the monoamine system. Imipramine is a nonse-
lective serotonin and noradrenaline reuptake blocker,
fluoxetine is a selective serotonin reuptake inhibi-
tor, while tianeptine increases the uptake of sero-
tonin. Neuro-2A cells, in undifferentiated form, con-
tained no measurable amounts of noradrenaline,
adrenaline and dopamine. The level of serotonin in
undifferentiated form of neuro-2A cells (cultured in
the medium with 10% FBS) is about 0.2 ng/mg of
protein, and increases to about 6.0 ng/mg in differ-
entiated form of these cells. Also serotonin uptake
amounts are 0.5 and 12 pmol/min/10' cells in un-
differentiated and differentiated form of neuro-2A
cells, respectively [4]. It is possible that the effect
of imipramine and fluoxetine on gene transcription
is connected with their effect on serotonin uptake,
however result of the present study, performed only
on undifferentiated cells, could not verify such con-
clusion, yet. Effect of imipramine and fluoxetine,
but not tianeptine can be connected with their intra-
cellular concentration and direct action on some in-
tracellular processes. Imipramine and fluoxetine
penetrate and accumulate in cells, but to best of our
knowledge, the data about intracellular concentra-
tion of tianeptine are not available so far. Antide-
pressant drugs can directly affect some intracellular
processes e.g. activity of protein kinases involved
in regulation of GR-mediated gene transcription. In
addition, it has been shown that these drugs modu-
late gene transcription in cell cultures, which do not
contain monoamine receptors [3, 12, 13].

Thus, it seems that inhibition of the hCRH gene
promoter activity by imipramine and fluoxetine
may play a role in the mechanism by which these
drugs attenuate HPA axis activity. The lack of ef-
fect of tianeptine on CRH gene promoter activity is
somewhat unexpected, since this drug inhibits HPA
axis activity [6]. However, it should be kept in

mind, that the present study evaluated only the ef-
fects of antidepressant drugs on basal CRH gene
promoter activity. It is possible that tianeptine
might affect the CRH gene expression under other
conditions, e.g. following stimulation of adenylate
cyclase or inhibition by glucocorticoids.

In conclusion, the present data indicate that
some antidepressants may attenuate HPA axis ac-
tivity through direct inhibition of CRH gene pro-
moter activity.
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