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Abstract

The tricyclic antidepressants (TCA) amitriptyline and desipramine and the serotonin reuptake inhibitor fluoxetine induce, at M
concentrations, cell death in HT22 immortalized hippocampal neurons and PC12 pheochromocytoma cells. Here, we show that these
neurotoxic effects are accompanied by a selective activation of extracellular signal-regulated protein kinase (ERK), the biosynthesis of the
transcription factor Egr-1 and an increase in the transcriptional activity of NF-kB. However, an impairment of both ERK activation and Egr-
1 biosynthesis by the MAP kinase kinase-1 (MEK-1) inhibitor PD98059 did not block cell death. Moreover, stimulation of ERK
phosphorylation and Egr-1 biosynthesis by sphingosine-1-phosphate did not induce cell death, indicating that stimulation of the ERK
signaling pathway and Egr-1 biosynthesis are not required for neuronal cell death induced by antidepressants. Likewise, attenuation of
antidepressant-induced NF-kB activity by elevation of the intracellular cAMP concentration or by retroviral driven expression of the non-
degradable superrepressor [kBaS32A/S36A demonstrated that the elevation of NF-«B activity by amitriptyline, desipramine and fluoxetine
is not an integral part of the apoptotic signaling cascade triggered by these compounds. (€ 2002 Elsevier Science Inc. All rights reserved.
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1. Introduction

TCA have been used since 40 years for the treatment of
major depression. The initial action of these compounds is
an immediate inhibition of norepinephrine and, in part,
serotonin, reuptake into the nerve endings. Desipramine
functions as the most selective norepinephrine-reuptake
inhibitor among the TCA [1]. Thus, noradrenergic and, in
part serotonergic, functions in the brain are elevated as a
result of TCA treatment. In contrast, compounds such as
fluoxetine are selective inhibitors of the active reuptake of
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serotonin and they are therefore termed “‘selective sero-
tonin reuptake inhibitors” (SSRIs).

The TCA drugs exhibit, in addition to their primary
action of inhibiting norepinephrine and serotonin transport,
many other neuropharmacological reactions. Thus, the
neuropharmacology of TCA cannot be reduced simply
to the initial inhibition of norepinephrine and serotonin
reuptake into the synapse. Likewise, the SSRIs have been
shown to trigger a complex set of secondary reactions that
follow the initial blockade of neuronal transport of sero-
tonin. Chronic administration of antidepressants has been
shown, for example, to increase the expression of cAMP-
specific phosphodiesterases and upregulate transcription
mediated via the cAMP-responsive element [2,3].

Here, we have studied the cellular effects of uM con-
centrations of amitriptyline, desipramine and fluoxetine in
the neuronal cell lines HT22 and PC12. Amitriptyline and
desipramine belong to the group of TCA drugs. Amitripty-
line is used for the treatment of spontaneous endogenous
depression and exhibits an extreme sedative effect (http://
www.psyweb/com/Drughtm/amitri.html). Amitriptyline is
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still the “‘leading antidepressant’ after 40 years of research
[4]. Desipramine is used for the treatment of endogenous
depression and is also known to reduce the craving for
cocaine (http://www.psyweb/com/Drughtm/desipr.html).
Fluoxetine (Prozac) is a serotonin-specific drug used in
the treatment of depression. Fluoxetine is often admini-
strated to patients not responding to heterocyclic antide-
pressants.

Recently, tricyclic antidepressants and selective seroto-
nin uptake inhibitors were reported to induce apoptosis in
neuronal and glioma cells and in lymphocytes [5—-7]. It has
been proposed that those compounds generate oxidative
stress and a subsequent activation of the transcription
factor NF-kB, that finally leads to cell death [7]. NF-xB
has been proposed to function either as a pro-apoptotic or
as an anti-apoptotic protein, determined by the cell type
and the apoptotic inducers. Recently, we generated a PC12
pheochromocytoma cell line expressing an NF-kB-respon-
sive reporter gene. Additionally, a cell line was engineered
that expresses—together with the NF-xB-responsive
reporter gene—a non-degradable form of IkB that impairs
NF-kB activation by retaining NF-kB in the cytoplasma
(Erlandsson, Baumann, Rossler, Kaufmann, Giehl, Wirth
and Thiel, manuscript submitted). The fact that the activa-
tion of NF-xB was proposed to be responsible for the
neurotoxic effects of pM concentration of antidepressants
[7] prompted us to investigate the relationship between NF-
kB activity and neuronal cell death using these PC12 cell
lines as tools. Moreover, we have studied the functional
role of ERK in amitriptyline, desipramine or fluoxetine
treated HT22 immortalized hippocampal cells, because in
these cells, a persistent activation of ERK has been
reported to be associated with glutamate-induced oxidative
toxicity [8], suggesting that antidepressant-induced cell
death may require an activation of ERK. The results show
that pM concentrations of antidepressants induce a specific
signaling cascade in neuronal cells involving an activation
of ERK, synthesis of the zinc finger protein Egr-1, and
stimulation of NF-xB. However, we provide evidence that
activation of ERK and NF-kB as well as the synthesis of
Egr-1 are not required for the cell damage induced by
amitriptyline, desipramine or fluoxetine.

2. Materials and methods
2.1. Chemicals

Amitriptyline, desipramine, 3-(4,5-dimethylthiazol-2-
y1)-2,5-diphenyltetrazolium bromide (MTT), fluoxetine,
isobutyl-1-methylxanthine (IBMX), N,2’-O-dibutyrylade-
nosine-3:5-cyclic monophosphate (dbcAMP), and puromy-
cin were purchased from Sigma—Aldrich Chemie GmbH.
G418, neurobasal medium and N,-supplement were from
Invitrogen GmbH. The MEK inhibitor PD98059 was pur-
chased from Calbiochem (# S513000).

2.2. Cell culture

The HT22 immortalized hippocampal cell line was a
kind gift of David Schubert, The Salk Institute, La Jolla,
CA [9]. The cells were cultured in DMEM medium
supplemented with 10% heat inactivated fetal calf serum,
100 U/mL penicillin, 100 pg/mL streptomycin and 2 mM
glutamine. The PC12kBluc cell line is an engineered
subclone of PC12 pheochromocytoma cells containing
an integrated kB-dependent luciferase reporter transcrip-
tion unit. Cells were maintained in RPMI medium supple-
mented with 10% heat inactivated horse serum, 5% heat
inactivated fetal calf serum, 100 U/mL penicillin, 100 pg/
mL streptomycin, 2 mM glutamine, and 2.0 pg/mL pur-
omycin at 37° in 5% CO,. PC12kBluc-IkBaS32A/S36A
cells and PC12xBluc-neo cells that express the non-
degradable [kBoS32A/S36A mutant or neomycin acetyl-
transferase, respectively, were additionally cultured in
0.6 mg/mL G418. The generation of these PC12 cell lines
were described recently (Erlandsson, Baumann, Rossler,
Kaufmann, Giehl, Wirth and Thiel, manuscript submitted).

2.3. Reporter gene assays

To measure NF-kB activities in PC12xBluc cells, cells
were seeded at the density of 2 x 10° cells per well into 12-
well plates in RPMI medium supplemented with 10% heat
inactivated horse serum, 5% heat inactivated fetal calf
serum, 100 U/mL penicillin, 100 pg/mL streptomycin
and 2 mM glutamine, and incubated overnight. The next
day, the medium was changed to neurobasal medium
containing 100 U/mL penicillin, 100 pg/mL streptomycin,
2 mM glutamine and 1% N,-supplement. The cells were
incubated for a further 24 hr period, the medium was
renewed and the drugs were applied to the cells as indi-
cated. Cells were harvested in cold PBS, washed twice and
lysed using reporter lysis buffer (# 397A) from Promega
GmbH. Luciferase activities were measured as described
[10]. Protein concentrations were determined using the
BCA assay (Pierce). Luciferase activities were expressed
as luciferase light units/pg protein. The experiments were
done at least twice with similar results obtained each time.

2.4. Survival assays and detection of apoptotic markers

Cells were seeded in quadruplicate at a density of
2.5 x 10> (HT22 cells) or 1 x 10*cells per well
(PC12kBluc cells) in 96-well plates in serum-containing
medium. For HT22, the serum concentration was reduced to
5%. 24 hr later, the medium was renewed for HT22 cells and
the drugs were added. For PC12kBluc cells, the medium
was replaced by neurobasal medium containing 100 U/mL
penicillin, 100 pg/mL streptomycin, 2 mM glutamine and
1% N,-supplement. The cells were incubated for 24 hr and
the medium was renewed before the application of the
compounds. The mitochondrial reduction capacities were
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determined by quantification of the levels of MTT reduction
to formazan dye crystals. MTT solution (0.5 mg/mL final
concentration per well, dissolved in PBS) was added to
cultures and incubated for 4 hr at 37° in 5% CO,. Cells were
solubilized in 10 mM HCI containing 10% SDS, and the
plates were incubated overnight at 37°. Absorbance was
quantified on a BioRad Model 550 microplate reader, using
a test wavelength of 595 nm. MTT-reduction was expressed
as a percentage of controls.

Apoptotic DNA fragmentation was determined by term-
inal deoxynucleotidyl transferase-mediated 3’-tailing with
TMR red-labeled dUTP (TUNEL) using the “in situ cell
death detection kit (Roche Diagnostics) according to the
manufacturers protocol.

2.5. Preparation of nuclear extracts and Egr-1
immunoblot analysis

Preparation of whole cell extracts and nuclear extracts
and detection of phosphorylated ERK and Egr-1 immuno-
reactivities by Western blotting were performed as pre-
viously described [11].

3. Results

3.1. Induction of neuronal cell death by amitriptyline,
desipramine, or fluoxetine

The cytotoxic effects of pM concentrations of the anti-
depressants amitriptyline, desipramine, and fluoxetine on
neuronal cell survival was tested in two neuronal cell lines,
that have been frequently used to monitor neurocytotoxic
effects. HT22 cells are immortalized hippocampal cells
that are very susceptible to oxidative stress [9]. The PC12
pheochromocytoma cell line is a well known model for the
study of neuronal differentiation, signaling and cell death
[12]. Here, we used a subclone of PC12 cells containing an
integrated NF-«xB responsive reporter gene (see below). To
study the effects of antidepressants on cell survival, HT22
and PC12«Bluc cells were treated with different concen-
trations of amitriptyline, desipramine, or fluoxetine,
respectively. Cells were incubated for 24 hr with the
indicated concentrations of these compounds and the
mitochondrial reduction capacities were measured using
the reduction of MTT to formazan dye crystals. In this
assay, colorless tetrazolium salts are reduced by mitochon-
drial NADP(H)-dependent dehydrogenases to form a
colored product termed formazan that was subsequently
detected spectrophotometrically. The data are presented in
comparison to the amount of formazan formed in the
absence of the cytotoxic compound. Fig. 1 (left panels)
shows that concentrations of 50 uM amitriptyline, 10 uM
desipramine, and 20 pM fluoxetine were neurotoxic for
HT?22 cells. For PC12xBluc cells, slightly higher concen-
trations were necessary to exhibit similar effects. As shown
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Fig. 1. Induction of cell death in HT22 and PCI12«Bluc cells by
antidepressants. HT22 and PC12«Bluc cells were exposed for 24 hr to
different concentrations of amitriptyline, desipramine, or fluoxetine as
indicated. The cytotoxic effects of the applied compounds were
determined spectrophotometrically by the MTT method.

in Fig. 1 (right panels), concentrations of 100 uM ami-
triptyline, 50 uM desipramine, and 50 uM fluoxetine were
neurotoxic for PC12kBluc cells. Please note that these
concentrations are usually not found in patients treated
with antidepressants (usual dose: amitriptyline, 100-
200 mg per day; desipramine, 100-200 mg per day; fluox-
etine, 20-40 mg per day [1]). For amitriptyline and desi-
pramine, a typical concentration of 100-250 ng/mL is
found in the serum, whereas toxic effects can be expected
at serum concentrations above 500 ng/mL [1].

3.2. Induction of ERK phosphorylation and Egr-1
biosynthesis by antidepressants in HT22 cells

The activation of ERK is often associated with a mito-
genic response that counteracts cell death-inducing signals.
Surprisingly, a persistent activation of ERK has been
reported to be associated with glutamate-induced oxidative
toxicity in HT22 cells. Likewise, inhibition of the ERK
activation protected HT22 cells from glutamate toxicity [8].
Therefore, we tested whether the antidepressants amitripty-
line, desipramine, and fluoxetine function as activators of
ERK. HT22 cells were cultured in medium containing 5%
fetal calf serum. Cells were treated with 50 uM amitripty-
line, 10 uM desipramine, or 20 uM fluoxetine for 2, 5 and
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10 min. Whole cell extracts were prepared and ERK acti-
vation monitored by Western blotting using an antibody
against the phosphorylated form of the kinase. The anti-
body mainly detected the activated p42 isoform of ERK
termed ERK?2. Fig. 2A shows that administration of ami-
triptyline, desipramine, or fluoxetine triggered a rapid
phosphorylation, i.e. activation of ERK2 in HT22 cells.
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Fig. 2. Phosphorylation and activation of extracellular signal-regulated
protein kinase and stimulation of Egr-1 biosynthesis in HT22 cells
following administration of antidepressants. (A) HT22 cells were cultured
in medium containing 5% serum for 24 hr, treated with 50 uM amitripty-
line, 10 pM desipramine, or 20 uM fluoxetine for 2, 5 and 10 min or left
untreated (control). Whole cell extracts were prepared and subjected to
Western blot analysis. The blot was incubated with an affinity purified
rabbit antibody directed against the phosphorylated active form of p42
(ERK2). The antibody reacts weakly with p44 (ERK1). (B) HT22 cells
were treated with 50 pM amitriptyline, 10 uM desipramine, or 20 uM
fluoxetine for 1, 3 and 5 hr or left untreated (control). Nuclear extracts
were prepared and subjected to Western blot analysis with an antibody
recognizing Egr-1.

This activation was of transient nature, because the levels of
phosphorylated ERK2 decreased already 10 min later.

Activation of ERK is frequently coupled to an induction
of Egr-1 transcription, due to the phosphorylation and
activation of the ternary complex factor Elk1l [11,13].
Egr-1 is a zinc finger transcriptional regulator connecting
signaling pathways to changes of the gene expression
program. Interestingly, it has been proposed that Egr-1
may function as a pro-apoptotic protein [14]. To test the
effect of antidepressants on Egr-1 biosynthesis, HT22 cells
were cultured in medium containing 5% serum for 24 hr.
Cells were incubated with 50 uM amitriptyline, 10 uM
desipramine, or 20 puM fluoxetine for 1, 3 and 5 hr. Nuclear
extracts from drug and vehicle treated cells were prepared
and analyzed for Egr-1 immunoreactivity. Weak Egr-1
immunoreactivity was observed in the absence of the
compounds. However, amitriptyline, desipramine, and
fluoxetine strikingly induced Egr-1 biosynthesis, with
highest amounts observed after 1-3 hr of stimulation
(Fig. 2B). This induction of Egr-1 biosynthesis was tran-
sient, as we observed a decrease in Egr-1 immunoreactivity
after 5 hr of incubation with the drugs.

3.3. Effects of ERK inhibition on neuronal cell death
of HT22 cells

To verify the role of ERK and Egr-1 in antidepressant-
induced cell death, we preincubated HT22 cells with
PD98059. This compound inhibits phosphorylation of
the MEK, thus blocking the activation of ERK [15]. As
shown in Fig. 3A, PD98059 blocked efficiently the induc-
tion of Egr-1 synthesis by amitriptyline, desipramine, or
fluoxetine, indicating that the activation of ERK is required
for Egr-1 gene transcription. Next, we tested the cytotoxic
activity of amitriptyline, desipramine, and fluoxetine under
conditions where the ERK signaling pathway was blocked
by PD98059. HT22 cells were preincubated with PD98059
and than challenged with either amitriptyline, desipramine,
or fluoxetine. The cytotoxic effects were determined by the
MTT assay. Fig. 3B shows that incubation with PD98059
caused a slight decrease in the mitochondrial reduction
capacities. However, additional challenge with either ami-
triptyline, desipramine, and fluoxetine strikingly decreased
the mitochondrial reduction capacities of HT22 cells, in the
presence or absence of PD98059. We conclude that the
activation of ERK and the biosynthesis of Egr-1 are not
required for antidepressant-induced neuronal cell death.

3.4. Effects of sphingosine-1-phosphat-induced activation
of ERK phosphorylation and Egr-1 biosynthesis on the
mitochondrial reduction capacities in HT22 cells

The lipid messenger sphingosine-1-phosphate has been
shown to activate ERK and Egr-1 biosynthesis in astrocytes
[16,17]. To further elucidate whether both ERK activation
and Egr-1 biosynthesis are linked to neuronal cell death, we



P. Bartholomdi et al./Biochemical Pharmacology 63 (2002) 1507-1516 1511

(A)
E < Egr-1
- - + PD98059
- + + Amitriptyline

— | € Egr-1

- - + PD98059
- + + Desipramine
— — é Egr'1
- - + PD98059
- + Fluoxetine
(B)
e ~
§3 150
0 =
3 5 100
23
6 50
ER
- 4+ - 4+ PD98059
= = <+ <4 Amitriptyline
é ? 150
St
ég 100
Ee B0
x T
- 4+ = < PD98059
= = <4 4 Desipramine
e ~
S3 150
0 =
3 £
L5
E 2 50

- 4+ = 4 PD98059

- = <4+ <4 Fluoxetine

Fig. 3. Effects of PD98059 on Egr-1 biosynthesis and cell death in HT22
cells. (A) HT22 cells were preincubated for 20 hr with the MEK inhibitor
PD98059 and then stimulated with 50 pM amitriptyline, 10 pM desipra-
mine, or 20 pM fluoxetine for 1 hr. As a control, cells were incubated
solely with vehicle. Nuclear extracts were prepared and subjected to
Western blot analysis using an antibody directed against Egr-1. (B) HT22
cells were preincubated for 20 hr with PD98059 and then stimulated with
50 uM amitriptyline, 10 uM desipramine, or 20 pM fluoxetine for 24 hr.
As a control, cells were incubated solely with vehicle. The cytotoxic
effects of the applied compounds were determined spectrophotometrically
by the MTT method.
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Fig. 4. Activation of ERK and Egr-1 biosynthesis by sphingosine-1-
phosphate does not induce cell death in HT22 cells. (A) HT22 cells were
treated with 10 pM sphingosine-1-phosphate for 0, 2 and 5 min. Whole
cell extracts were prepared and subjected to Western blot analysis. The blot
was incubated with an affinity purified rabbit antibody directed against the
phosphorylated active form p42 (ERK2). (B) Upper panel: HT22 cells
were incubated with 10 puM sphingosine-1-phoshate for 1, 3 and 5 hr or left
untreated (control). Nuclear extracts were prepared and subjected to
Western blot analysis with an antibody recognizing Egr-1. Lower panel:
HT?22 cells were preincubated for 20 hr with PD98059 and then stimulated
with 10 pM sphingosine-1-phosphate. Nuclear extracts were prepared and
subjected to Western blot analysis with an antibody recognizing Egr-1. (C)
HT22 cells were treated with 10-20 uM of sphingosine-1-phoshate for
24 hr. The cytotoxic effects of the applied compounds were determined
spectrophotometrically by the MTT method.

incubated HT22 cells with sphingosine-1-phosphate. Fig. 4
shows that under these conditions, ERK is transiently acti-
vated (A). Likewise, sphingosine-1-phosphate activated the
biosynthesis of Egr-1 via the ERK signaling pathway (B).
However, sphingosine- 1-phosphate did not trigger neuronal
cell death (C), indicating that solely an activation of ERK
and a subsequent synthesis of Egr-1 is not toxic for the cells.

3.5. Activation of NF-kB by antidepressants
in PC12kBluc cells

It has been reported that the antidepressants amitripty-
line, desipramine, and fluoxetine cause a moderate activa-
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tion of NF-kB in HT22 cells [7] suggesting that NF-xB
may play a role in the execution of the cytotoxic/apoptotic
activities of those compounds [7]. To elucidate the relation-
ship between antidepressant-induced cell death and NF-xB
activity, we employed a recently engineered PC12 cell line
(PC12kBluc) in the analysis containing an integrated NF-
kB-responsive luciferase gene (Erlandsson, Baumann,
Rossler, Kaufmann, Giehl, Wirth and Thiel, manuscript
submitted). Enhanced reporter gene transcription in these
cells functions as a direct indicator for an activation of NF-
kB. In addition, we had already shown in Fig. 1 that
amitriptyline, desipramine, and fluoxetine are cytotoxic
for this PC12 cell clone. PC12kBluc cells were seeded in
serum-containing medium, then cultured in a defined
medium (neurobasal plus N,-supplement) for 24 hr, and
challenged with amitriptyline, desipramine, or fluoxetine
for 8 hr. Cell extracts were prepared and the protein
concentrations and luciferase activities determined. Luci-
ferase activities were normalized to the protein concentra-
tion of the extracts and expressed as light units/pg protein.
Fig. 5 shows the antidepressants triggered a concentration-
dependent increase in the NF-kB activity in PC12kBluc
cells. The stimulation of NF-xB activity by 100 uM ami-
triptyline, 100 pM desipramine, and 100 uM fluoxetine
was in the order of 44-, 50-, and 10-fold, respectively.

3.6. Effects of attenuation of antidepressant-induced
NF-kB activity by elevated cAMP concentrations
on the mitochondrial reduction capacities

Recently, we showed that an elevation of the intracellular
cAMP concentration impaired tumor necrosis factor o or
phorbol ester triggered activation of NF-kB in PC12«xBluc
cells (Erlandsson, Baumann, Rdossler, Kaufmann, Giehl,
Wirth and Thiel, manuscript submitted). We therefore tested
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Fig. 5. Activation of NF-«xB by amitriptyline, desipramine, and fluoxetine in
PC12kBluc cells. PC12kBluc cells were seeded in serum-containing
medium and incubated overnight. The medium was replaced by neurobasal
medium containing N,-supplement and the cells were incubated for 24 hr.
The neurobasal medium was renewed and the cells were treated for 8 hr with
the indicated concentrations of amitriptyline, desipramine, or fluoxetine.
Cell extracts were prepared and the protein concentrations and luciferase
activities determined. Luciferase activities were normalized to the protein
concentration of the extracts and expressed as light units/pg protein.

whether an increase in the intracellular cAMP concentration
also blocked antidepressant-induced NF-xB activation.
Cells were preincubated with the cAMP analogue dibutyryl
cAMP and the phosphodiesterase inhibitor IBMX for 48 hr
and then stimulated with either amitriptyline, desipramine,
or fluoxetine. Cells were harvested, cell extracts prepared
and the relative luciferase activities determined. Induction
of NF-xB by either amitriptyline, desipramine, or fluoxetine
was efficiently inhibited by an increase in the intracellular
cAMP concentration (Fig. 6A). Next, we tested the neuro-
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Fig. 6. Pharmacological inhibition of NF-kB has no impact on the survival of PC12xBluc cells. (A) PC12kBluc cells were cultured in neurobasal medium
containing N,-supplement. Cells were preincubated for 48 hr with 0.2 mM dbcAMP and 0.1 mM IBMX. The stimulation was performed with 100 uM of
amitriptyline, desipramine, or fluoxetine for 8 hr. Cell extracts were prepared, the protein concentrations and luciferase activities determined, and the relative
luciferase activities calculated. (B) PC12xBluc cells were cultured in neurobasal medium containing N,-supplement. Cells were preincubated for 48 hr with
0.2M dbcAMP and 0.1 M IBMX and then exposed to 100 pM of amitriptyline, desipramine, or fluoxetine for 24 hr. Cytotoxicity was determined

spectrophotometrically by the MTT method.



P. Bartholomdi et al./Biochemical Pharmacology 63 (2002) 1507-1516

toxic activity of amitriptyline, desipramine, and fluoxetine
under conditions of suppressed NF-kB. PC12«kBluc cells
were incubated with dbcAMP and IBMX for 48 hr and then
challenged with amitriptyline, desipramine, and fluoxetine
for 24 hr. The mitochondrial reduction capacities were
measured using the MTT assay. Fig. 6B reveales that an
impairment of NF-kB activation had at the time points
analyzed no impact on cell survival.

3.7. Effects of attenuation of antidepressant-induced NF-
KB activity by expression of the superrepressor IkBoS32A/
S36A on the mitochondrial reduction capacities

The activation process of NF-kB requires phosphoryla-
tion and subsequent degradation of IxB. Thus, expression
of a non-degradable form of IkB impairs NF-kB activity by
retaining NF-kB in the cytoplasma. Recently, we generated
PC12«kBluc cells expressing a non-degradable IxBaS32A/
S36A mutant that contains alanine residues instead of the
critical serine residues (PC12xBluc-IxkBaS32A/S36A
cells). As a control, we generated PC12kBluc cells expres-
sing solely the neomycin resistance gene (PC12kBluc-neo
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cells). The biological effect of [kBaS32A/S36A was tested
in cells challenged with amitriptyline, desipramine, and
fluoxetine. Fig. 7A (right panel) shows that expression of
the superrepressor efficiently attenuated the antidepres-
sant-triggered elevation of NF-xB activity. In contrast,
PC12«Bluc cells expressing neomycin acetyltransferase
(PC12kBluc-neo) showed a strong induction of NF-xB
following stimulation of the cells with either amitriptyline,
desipramine, or fluoxetine (Fig. 7A, left panel). We further
tested the neurotoxic activity of amitriptyline, desipra-
mine, and fluoxetine in PC12kBluc-IkBaS32A/S36A
and PC12«kBluc-neo cells. The data show that the mito-
chondrial reduction capacities were reduced in IkBaS32A/
S36A expressing cells as a result of antidepressant treat-
ment (Fig. 7B, right panel). We did not observe significant
differences in the neurotoxic activities of amitriptyline,
desipramine, and fluoxetine in PC12 cells expressing either
neomycin acetyltransferase or the IkBo superrepressor
IkBaS32A/S36A (compare Fig. 7B, left and right panels).
These results indicate that NF-kB is not involved in the
signaling pathway initiated by amitriptyline, desipramine,
and fluoxetine that leads to neuronal cell death.

PC12xBluc PC12xBluc
neo- IkBaS32A/S36A-
cells cells

__ 150 150
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Fig. 7. Biological activity of the superrepressor [kBaS32A/S36A upon antidepressant-induced NF-xB activity and mitochondrial reduction capacity in PC12
cells. (A) PC12kBluc-neo (left panel) and PC12xBluc-IkBaS32A/S36A cells (right panel) were cultured in neurobasal medium containing N,-supplement
for 24 hr and stimulated with 100 uM of amitriptyline, desipramine, or fluoxetine for 8 hr. Cell extracts were prepared, the protein concentrations and
luciferase activities determined, and the relative luciferase activities calculated. (B) PC12«Bluc-neo (left panel) and PC12kBluc-IkBaS32A/S36A cells (right
panel) were exposed to 100 uM of amitriptyline, desipramine, or fluoxetine for 24 hr. Cytotoxicity was determined spectrophotometrically by the MTT

method.
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3.8. Role of NF-kB activation for antidepressant-induced
apoptotic cell death

To confirm these data, we analyzed the fragmentation of
chromatin as a result of the neurotoxic challenge with
antidepressants using the terminal deoxynucleotidyl trans-
ferase-mediated dUTP 3’-end-labeling (TUNEL) techni-
que. Cells were preincubated with dbcAMP and IBMX
for 48 hr and then exposed to amitriptyline, desipramine,
or fluoxetine for 15 hr. Fig. 8 shows the morphology of
PC12xB cells in the presence or absence of the drugs. It is
clearly visible that tM concentrations of antidepressants
killed the cells. The right panels depicts the TUNEL
analysis of PC12xB cells. No chromatin fragmentation

Vehicle dbcAMP/IBMX
Controrp oo
/ﬁf Fode
B

o
|

i S

ﬂrﬁﬁ: tw'
E esmram"'

Fig. 8. Attenuation of NF-kB activity in antidepressant-treated PC12kBluc
cells by elevated cAMP concentration does not block programmed cell
death. PC12«Bluc cells were cultured in neurobasal medium containing N,-
supplement. Cells were preincubated for 48 hr with vehicle (left panels) or
0.2 mM dbcAMP and 0.1 mM IBMX (right panels) and then exposed to
100 pM of amitriptyline, desipramine, or fluoxetine for 15 hr. Control cells
are shown on top. Cells were analyzed using the TUNEL technique with
TMR red-labeled UTP. Phase contrast and fluorescence micrographs of the
same locations are depicted.
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was detected in the absence of the cytotoxic stimuli.
TUNEL-positive cells emerged as a result of drug-treat-
ment, indicating that these compounds initiated apoptotic
cell death. The preincubation of PC12xBluc cells with
dbcAMP and IBMX, in order to attenuate NF-kB activity,
did not reduce the amount of TUNEL positive cells, indi-
cating that the level of NF-xB activity is not of any
importance in drug-induced cell death. These data were
confirmed in PC12kBluc cells expressing the IkBaS32A/
S36A superrepressor. PC12xBluc cells died as a result of
amitriptyline, desipramine, or fluoxetine treatment, despite
the expression of [IkBaS32A/S36A (Fig. 9, right panels). We
did not observe a difference in either IkBaS32A/S36A or
neomycin acetyltransferase expressing PC12xBluc cells.
Taken together, these data show that the elevation of NF-
kB activity by amitriptyline, desipramine, or fluoxetine is
not required for the apoptotic cell death of PC12kBluc cells.

PC12 xBluc-

PC12 kBluc-neo kB0 S32A/S36A

rcontrol

Fig. 9. Attenuation of NF-xB activity in antidepressant-treated cells via
expression of the superrepressor IkBaS32A/S36A does not block
programmed cell death. PC12xBluc-neo (left panels) and PC12xBluc-
IkBaS32A/S36A cells (right panels) were cultured in neurobasal medium
containing N,-supplement for 24 hr and exposed to vehicle (top), 100 uM
of amitriptyline, desipramine, or fluoxetine for 15 hr. Cells were analyzed
using the TUNEL technique with TMR red-labeled UTP. Phase contrast
and fluorescence micrographs of the same locations are depicted.
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4. Discussion

We have analyzed the signaling pathways induced by
UM concentrations of the tricyclic antidepressants ami-
triptyline and desipramine and the serotonine reuptake
inhibitor fluoxetine. It is well known that antidepressants
exhibit a variety of secondary neuropharmacological reac-
tions, in addition to their primary activity, the inhibition of
the norepinephrine and/or serotonin transporter. Here, we
showed that amitriptyline, desipramine and fluoxetine are
very active signaling molecules, leading to an elevation of
ERK and NF-kB activities and Egr-1 concentrations.
Moreover, we confirmed previous observations [4—6] that
these antidepressants—when applied at pM concentra-
tions—triggered apoptotic cell death. Amitriptyline, desi-
pramine and fluoxetine are thought to increase the
generation of reactive oxygen species and trigger a reduc-
tion of intracellular glutathione levels [7]. Accordingly, the
HT?22 cells were more sensitive to these drugs than PC12
cells, confirming the observation that HT22 cells are
particularly sensitive to oxidative stress [18].

Recently, a persistent activation of the ERK was pro-
posed to contribute to glutamate-induced oxidative toxicity
in HT22 cells [8]. Accordingly, inhibition of the ERK
activating kinase MEK-1/2 protected HT22 cells from
glutamate toxicity [8]. In contrast, activation of ERK
has been connected with enhanced survival in cortical
neurons and PC12 cells [19,20]. Here, we observed a
transient activation of ERK following exposure of HT22
cells to elevated concentrations of amitriptyline, desipra-
mine and fluoxetine. The activation of ERK was the result
of a specific activation of the MAP kinase signaling path-
way, as shown by the effects of PD98059, a specific MEK
inhibitor. However, this activation of ERK was not required
for the cytotoxic effects of the drugs since inhibition of
ERK activation by PD98059 did not block antidepressant-
induced cell death. Moreover, incubation of HT22 cells
with PD98059 slightly reduced cell survival, indicating
that the ERK signaling pathway has, at least in part, a
protective effect for the cells. Further investigations are
required to test whether a persistent activation of ERK
promotes cell survival in antidepressant-treated HT22
cells. Recently, an activation of the MEK/ERK signaling
pathway by the chemotherapeutic drug paclitaxel has been
reported [21]. According to our observation, inhibition
of MEK did not alter the cell death induced by paclitaxel
[21].

One of the targets of the ERK signaling pathway is the
gene encoding the transcriptional regulator Egr-1 [13]. A
variety of environmental signals including growth factors
induce Egr-I gene expression suggesting that Egr-1
couples extracellular signals to long-term responses by
altering expression of Egr-1-regulated target genes. Since
the discovery of the Egr-I gene as an ‘‘early growth
response gene’’ [22], research was directed towards a
function of Egr-1 in growth and proliferation. However,

Egr-1 activation has also been linked to cell death [14]. In
the nervous system, an enhanced expression of Egr-1 has
been connected with neuronal apoptosis of cerebellar
granule cells [23]. Here, we have shown that cell death
induced by elevated concentrations of amitriptyline, desi-
pramine, or fluoxetine is accompanied by a rapid synth-
esis of Egr-1. However, we demonstrated that an
impairment of Egr-1 biosynthesis has no effect upon
HT22 cell survival. These data indicate, that Egr-1 plays
under these circumstances no substantial role in the
apoptotic signaling cascade triggered by antidepressants
in HT22 cells.

NF-kB has been proposed to function either as a pro-
apoptotic or as an anti-apoptotic protein, determined by the
cell type and the apoptotic inducers. The protective effect
of NF-xB was demonstrated by p65 knock-out mice that
died at day 14/15 of embryonic development, due to
massive apoptosis of hepatocytes [24]. In the nervous
system, the activation of NF-kB has been connected with
an enhanced neuronal survival [25] but also with an
induction of cell death [26,27]. Accordingly, NF-kB has
been suggested to be crucial for the neurotoxic effects of
antidepressants [7]. Using a PC12 cell clone with an
integrated NF-xB responsive transcription unit, we con-
firmed that amitriptyline, desipramine, and fluoxetine acti-
vated the transcriptional activity of NF-kB when applied to
the cells in uM concentrations. This effect was specific,
because expression of a non-degradable /kBo mutant
attenuated antidepressant-induced stimulation of NF-kB,
indicating that those compounds activate the IkB kinase
complex. Furthermore, no NF-kB activation was detected
following incubation of the cells with toxic concentrations
of H,0,, K,Cr,0;, MnCl,, or C,-ceramide (Erlandsson,
Baumann, Rossler, Kaufmann, Giehl, Wirth and Thiel,
manuscript submitted). However, inhibition of NF-xB
activity by either an elevation of the intracellular cAMP
concentration or by expression of a non-degradable IxkB
superrepressor demonstrated that an induction of NF-xB is
not the molecular mechanism underlying antidepressant-
stimulated neuronal cell death.

Here, we have shown that amitriptyline, desipramine
and fluoxetine induced signaling pathways in neuronal
cells leading to an activation of ERK and NF-kB as well
as to enhanced Egr-1 synthesis. However, the activation of
ERK and NF-«B is not required for the apoptotic signaling
cascade induced by amitriptyline, desipramine, or fluox-
etine. Furthermore, an impairment of the Egr-1 biosynth-
esis did not rescue the cells. Recently, the generation of
reactive oxygen intermediates has been described as a
result of antidepressant-treatment of HT22 cells, followed
by a concomitant reduction of the intracellular glutathione
concentrations [7]. Neuronal cell death may thus be the
result of oxidative stress and the reduction of the cellular
antioxidative capacity. Reactive oxygen intermediates are
known to function as messengers in the activation of NF-
kB [28]. Furthermore, the transcription factor Elkl has
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been identified to be responsible for the serum-response
element regulated transcription of the c-fos gene [29]. The
Egr-1 5'-flanking region contains five serum response
elements, suggesting that reactive oxygen intermediates
activate Egr-1 transcription via these genetic elements.
Moreover, activation of Elkl by reactive oxygen inter-
mediates was dependent upon the integrity of ERK2 [29].
Taken together, we propose that oxidative stress induced by
UM concentrations of amitriptyline, desipramine or fluox-
etine is responsible for the cell damage as well as for the
activation of ERK, NF-kB and the synthesis of Egr-1.
However, ERK, Egr-1 and NF-kB are not responsible for
the cytotoxic effects of these drugs. The fact that anti-
depressant-induced neuronal death is thought to change the
cellular antioxidative capacity may give an indication
where future studies should be directed.
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