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Abstract:

The protective potential of nortriptyline has been reported in a few experimental models of brain ischemia, both in vivo and in vitro.
However, the detailed molecular mechanisms of the protective action of the drug are still unresolved. The aim of the present study
was to determine whether treatment with low or medium concentrations of nortriptyline (0.1–10 µM) might have an effect on cPLA2
protein and/or mRNA expression in ischemic astrocytes, and whether this influence might be related to its potential positive influ-
ence on cell viability. On the 21st day in vitro, primary cultures of rat cortical astrocytes were subjected to ischemia-simulating condi-
tions (combined oxygen glucose deprivation, OGD) for 24 h and exposed to nortriptyline. The drug at concentrations of 0.1 and
1 µM attenuated the expression of cPLA2 (both the phosphorylated and unphosphorylated forms) together with a significant de-
crease in the cPLA2 mRNA level in ischemic astrocytes. We have demonstrated that nortriptyline influences a decrease in cPLA2-
mediated arachidonic acid (AA) release through a mechanism that appears to involve the attenuation of both PKC and Erk1/2 kinase
expression. Nortriptyline also significantly prevented mitochondrial depolarization in ischemic astrocytes. Moreover, the antide-
pressant protected glial cells against OGD-induced apoptosis and necrosis. Our findings document a role for cPLA2 expression at-
tenuation and AA release inhibition in the protective effect of nortriptyline in ischemic astrocytes.
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Abbreviations: AA – arachidonic acid, DIV – day in vitro, Erk –
extracellular-signal regulated kinase, FBS – fetal bovine serum,
JC-1 – 5,5’,6,6’-tetrachloro-1,1’,3,3’-tetraethyl-benzimidazolyl-
carbocyanine iodide, MAPK – mitogen-activated protein ki-
nases, MPT – mitochondrial permeability transition, MPTP –
mitochondrial permeability transition pore, MTP – mitochon-
drial transmembrane potential, OGD – oxygen glucose depri-
vation, PKC – protein kinase C

Introduction

The protective potential of nortriptyline has been re-
ported in a few experimental models of brain ische-
mia, both in vivo and in vitro [43, 48]. The main hy-
pothesis regarding the cellular mechanism of nortrip-
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tyline’s positive action is that the compound acts as
a neuroprotectant presumably through mitochondrial
permeability transition (MPT) inhibition, which pre-
vents the MPT mediated release of apoptogenic fac-
tors, thereby suspending the caspase cascade leading
to cell death [48]. On the basis of a screening study of
FDA-approved drugs, nortriptyline is one of the most
important 28 structurally related heterocyclics that
have been reported to be potent MPT inhibitors [39].
However, the detailed molecular mechanisms of pro-
tective action of the drug are still unresolved. The
known data imply that the positive effect observed in
various animal or cellular models of neurodegenera-
tion is derived from other yet unknown effects or
from previously acknowledged mechanisms, such as
an inhibition of phospholipase A2 (PLA2) [22, 24].

Thus far, nearly 20 different isoforms of PLA2 have
been identified in various mammalian tissues. Recent
studies have focused on three major groups of PLA2s:
Ca2+-dependent group IV cytosolic PLA2s (cPLA2)
and group II secretory PLA2s (sPLA2) as well as
Ca2+-independent group VI PLA2s (iPLA2) [10].

The cPLA2 (EC 3.1.1.4; molecular mass 85 kDa)
consists of two catalytic domains (A, B) and a Ca2+-
dependent lipid-binding C2 domain that is regulated
by Ca2+-dependent translocation mechanism and by
phosphorylation [26]. An increase in [Ca2+]i (100–
500 nM) induces translocation of the enzyme to the
intracellular membrane, and the selective hydrolysis
of phospholipids containing arachidonic acid (AA) in
the sn-2 position [29, 36]. Moreover, the activity of
cPLA2 is regulated post-translationally via direct
phosphorylation at several sites in the catalytic do-
main. Phosphorylation of cPLA2 at Ser505 can occur
by activation of mitogen-activated protein kinases
(MAPK), including extracellular-signal regulated ki-
nase (ERK1/2) and/or p38 MAPK, protein kinase C
(PKC), tyrosine kinases and probably other protein
kinases [11, 38]. In addition, cPLA2 is phosphorylated
at Ser727 by p38-activated protein kinases (MNK1,
MSK1, and PRAK1) and at Ser515 by calcium/
calmodulin-dependent kinase II [19, 27]. The phos-
phorylation of all catalytic sites is necessary for full
activation of the enzyme [30].

It has been shown that the enhanced activity,
mRNA expression and immunoreactivity of cPLA2
contributes to brain damage triggered by ischemic in-
jury [9, 40]. AA released by cPLA2 is metabolized by
lipooxygenases and cyclooxygenases to various bio-

active eicosanoids and free radicals that damage brain
cells [34]. Furthermore, free AA itself can affect mito-
chondrial function, including oxidative stress that
may activate protein kinase C (PKC), protein kinase
A (PKA), NADPH oxidase and GTPase-activating
protein [12]. Moreover, free AA inhibits glutamate
uptake by astrocytes, prolonging its excitotoxic effect
[42]. A link between the inhibition of cPLA2 and the
mitochondrial permeability transition pore (MPTP)
has been suggested because attenuation of AA libera-
tion by cPLA2 has been reported to prevent the assem-
bly of MPTP.

The aim of the present study was to determine
whether treatment with low or medium concentrations
of nortriptyline (0.1–10 µM) with proven neuropro-
tective potential might have an effect on cPLA2 pro-
tein and/or mRNA expression in ischemic astrocytes,
and whether this influence might be related to its po-
tential positive influence on cell viability. This seems
to be very important, because astrocytes are involved
in numerous processes that affect neuronal survival
during and after ischemic events. The degenerated as-
trocytes might not be effective enough to remove and
inactivate excessive amounts of excitatory amino ac-
ids, causing excitotoxic stress, death of neurons and
oligodendrocytes, and further gliosis [13, 16]. To de-
termine nortriptyline’s mechanism of cytoprotective
action, we used primary cultures of cortical rat astro-
cytes subjected to ischemia-simulating conditions
(combined oxygen glucose deprivation, OGD).

Materials and Methods

Cell culture

Astrocytes were isolated from one-day old Wistar rat
pups and cultured essentially according to the method
of Hertz et al. [20]. The study was approved by the
Local Ethics Commission for Animal Experimenta-
tion (No. 74/2009). Briefly, hemispheres of newborn
Wistar rats were removed aseptically from the skulls,
freed of the meninges, minced and mechanically dis-
rupted by vortexing in DMEM containing penicillin
(100 U/ml) and streptomycin (100 µg/ml). The sus-
pension was filtered through sterile nylon screening
cloth with pore sizes 70 µm (first sieving) and 10 µm
(second sieving). The cells were counted in a Coulter
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Z1 counter (Coulter Counter, Buckinghamshire, UK).
The concentration of cells in suspension was adjusted
to 1 × 106 cells/ml. The cells were sieved onto plastic
dishes of 100 mm in diameter at a density of 1 × 106

cells/dish. Subsequently, cultures were incubated at
37°C in 95% air and 5% CO2 with 95% relative hu-
midity (CO2-Incubator, Kebo-Assab, Stockholm, Swe-
den). The culture medium initially contained 20% fe-
tal bovine serum (FBS), and after 4 days, was re-
placed with medium containing 10% FBS. The total
volume of culture medium was changed twice a week.
The cells were cultured for two weeks until conflu-
ence. On the 14th day in vitro (DIV), contaminated mi-
croglia and oligodendrocytes were removed by shak-
ing at 200 rpm with an orbital shaker for 5 h and incu-
bating with 5 mM L-leucine methyl ester [37]. To
identify astrocytes, cultures were stained immunocy-
tochemically for glial fibrillary acidic protein (GFAP)
(Sigma-Aldrich, St. Louis, MO), a specific marker for as-
trocytes. Analyses of the cultures showed that 90–95% of
the cells were GFAP-positive. About 1–2% of cells in the
cultures reacted with Ricinus Communis Agglutinin-1,
a lectin that binds to surface glycoproteins on micro-
glia (Vector, Burlingame, CA). No neurons, as con-
firmed by an immunocytochemical staining method us-
ing monoclonal antibodies against MAP-2 (Promega,
Madison, WI), were detected. All experiments were
performed on 21-day old cultures.

Treatment of astrocyte cultures

Prior to the experiment, the cells were incubated over-
night with fresh medium. At the 21st DIV, cultures of
astrocytes were placed in medium deprived of glucose
and serum. The osmolarity of the medium was meas-
ured and adjusted to 319 mOsm with 20% mannitol
(0.9 ml/100 ml), and the cell cultures were incubated
for 24 h in the ischemia-simulating conditions (OGD):
92% N2, 5% CO2 and 3% O2 at 37°C (CO2 incubator,
Heraeus, Hanau, Germany). Cells were treated with
nortriptyline (0.1, 1 and 10 µM) during a 24 h-long
OGD. Nortriptyline was purchased from Sigma-
Aldrich (St. Louis, MO).

Cell viability

The cell viability of the astrocytes treated with nortrip-
tyline was evaluated using the 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolinum bromide (MTT) con-
version method [25]. The cells ability to convert MTT

indicates mitochondrial integrity and activity, which
might in turn indicate cell viability. The cleavage of
the tetrazoline ring in MTT takes place mainly with
the participation of mitochondrial succinate dehydro-
genase and depends on the activity of the respiratory
chain and the redox state of the mitochondria. MTT
(final concentration – 0.25 mg/ml) was added to the
medium 3 h before the scheduled end of the experi-
ment, and then the cultures were incubated at 37°C in
proper conditions. At the end of the experiment, after
being washed twice with PBS, the cells were lysed in
100 µl dimethyl sulfoxide, which enabled the release
of the blue reaction product – formazan. Absorbance
at 570 nm was read on a microplate reader, and the re-
sults were expressed as a percentage of absorbance
measured in the control cells.

Western blot

Astrocyte cell cultures were washed with ice-cold
phosphate-buffered saline (PBS) and the proteins
were extracted with 150 µl of lysis buffer [50 mM
Tris-HCl, pH 7.4, 150 mM NaCl, 0.5% Igepal, 0.1%
sodium dodecyl sulfate (SDS), 10 µg/ml phenylmeth-
ylsulfonyl fluoride, 10 µg/ml leupeptin, 10 µg/ml
pepstatin and 10 µg/ml of heat activated sodium or-
thovanadate]. After 20 min on ice, the cell lysates
were centrifuged at 12,000 × g for 15 min at 4°C. Cy-
tosolic fractions were prepared as described previ-
ously [13]. The protein concentrations in the samples
were determined according to Bradford [5] with se-
rum albumin as a standard. Samples containing equal
amounts of protein (20 µg) were boiled in protein
loading buffer for 3 min, separated on 10% SDS-
polyacrylamide gels and transferred to nitrocellulose
membranes. For immunodetection of cPLA2 (both the
phosphorylated and unphosphorylated forms), 40 µg
of cell lysate was separated in a 20 cm 10% SDS-
polyacrylamide gel at 40 mA/gel for 6 h at room tem-
perature (RT) [47]. Nonspecific binding was inhibited
by incubation in TBST [20 mM Tris-buffered saline
(pH 7.5) with 0.1% Tween 20] containing 5% non-fat
dried milk for 1 h at RT. Polyclonal antibodies against
p-Erk1/2 (Thr 202/Tyr 204), PKC and cytochrome c
(Santa Cruz Biotechnology, Santa Cruz, CA) were di-
luted (1:500) in TBST containing 5% skimmed milk.
Membranes were incubated with antibodies overnight
at 4°C, washed with TBST and incubated at RT for 60
min with a horseradish peroxidase (HRP)-conjugated
secondary antibody diluted 1:1000 (Santa Cruz Bio-
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technology, Santa Cruz, CA) and washed three times
for 10 min with TBST. The chemiluminescence emit-
ted from the luminol oxidized by horseradish peroxi-
dase (ECL Western blotting detection system; Amer-
sham Biosciences, Piscataway, NJ) was detected us-
ing Kodak XAR-5 film for autoradiography.

The molecular weights of cPLA2, PKC, p-Erk1/2
and cytochrome c were estimated by electrophoresis
of a pre-stained protein marker (BenchMarkTM Pre-
Stained Protein Ladder, Invitrogen, Paisley, UK). To
control the amount of proteins loaded in each lane,
�-actin or Erk1/2 was detected in parallel. After strip-
ing and blocking in 5% non-fat dry-milk TBST, the
membranes were incubated again with a 1:400 dilu-
tion of mouse anti-�-actin antibody (MP Biomedicals
Inc., Solon, OH) or with a 1:500 dilution of rabbit
anti-Erk1/2 antibody (Santa Cruz Biotechnology,
Santa Cruz, CA) in TBST containing 0.1% BSA for
2 h at room temperature (RT). Then, the membranes
were incubated with a 1:5000 dilution of HRP-
conjugated secondary antibodies in TBST containing
5% (w/v) non-fat milk for 1 h at RT. After washing,
the secondary antibodies were visualized on autora-
diographic Hyperfilm-Kodak (Sigma-Aldrich, St. Louis,
MO) using an ECL kit. The integrated optical density
(IOD) of the signals was semiquantified using Image
Pro Plus software and expressed as the ratio of IOD
from the tested proteins (cPLA2, PKC, cytochrome c)
to the IOD from �-actin. Furthermore, densitometric
analysis of the bands corresponding to phosphorylated
Erk1 (p-Erk1) and Erk2 (p-Erk2) was performed. The
values of relative phosphorylation of the kinases were
shown as the ratios of phosphorylated kinase to the to-
tal kinase. Experiments were repeated three times and
the values of relative fluorescence were subjected to
statistical analysis.

RT-PCR

Total RNA was extracted from harvested cells using the
Chomczynski extraction method [7]. Astrocyte cul-
tures were rinsed twice with PBS and treated with the
RNA extraction reagent TRIzol (Sigma-Aldrich, St.
Louis, MO). After extraction with a 1:5 volume of
chloroform, the upper aqueous phase was precipitated
at RT for 10 min with a 1:1 volume of isopropanol.
Total RNA was precipitated by centrifugation at
12,000 × g for 10 min at 4°C, and then washed with
ethanol and again re-centrifuged at 7,500 × g for
5 min at 4°C. Precipitated and purified RNA was dis-

solved in sterile nuclease-free water (Promega Corpo-
ration, Madison, WI) and stored at –70°C before use.
The RNA concentration was quantified by determin-
ing the absorbance at 260 nm. Subsequently, RNA
(1 µl) was retrotranscribed into cDNA in a final vol-
ume of 20 µl reverse transcription buffer using a one-
step Reverse Transcriptase Promega Kit (Promega
Corporation, Madison, WI) containing (in 20 µl) 4 µl
of MgCl2, 2 µl of dNTP, 1 µl of Oligo (dT) primer,
0.5 µl of ribonucleasin (1 U/1 µl) and 0.75 µl of avian
myeloblastoma virus reverse transcriptase (AMV RT)
(15 U/1 µl). The reaction was performed for 60 min at
42°C and was blocked by heating at 95°C for 5 min
before chilling on ice.

An aliquot of cDNA synthesis mix (2 µl) was used
for PCR amplification using the Taq PCR Master Mix
Kit (Qiagen GmbH, Hilden, Germany) according to
manufacturer’s instruction. Amplification was carried
out for 30 cycles for cPLA2 and �-actin with a 30 s
denaturation at 94°C, 30 s of annealing at 54°C and
a 1 min extension at 72°C. The sense and antisense
sequences used for cPLA2 were 5’-ACC TTT GGC
GAT ATG CTG GAC AC-3’ and 5’-ATA GAG
CGC CTT CAT CAC ACC GGA-3’ (Gen-Bank®,
gi|126722673), respectively, resulting in a PCR-product
of 532 bp. The sense and antisense sequences used for
�-actin were 5’-CCT GCG TCT GGA CCT GGC TG-3’
and 5’-CTC AGG AGG AGC AAT GAT CT-3’, re-
spectively (Gen-Bank®, gi|42475962), resulting in
a PCR-product of 478 bp. Amplified cDNA was then
separated by electrophoresis in 2% agarose gel
stained with SYBR Gold® (Molecular Probes, Lei-
den, Netherlands) and visualized using electrophore-
sis gel imaging analysis system QuantiGel software.
The IOD of the signals was semiquantified using Im-
age Pro Plus software and expressed as the ratio of
IOD from the transcript examined to the IOD from the
�-actin. The experiments were repeated three times,
and the values of relative fluorescence were subjected
to statistical analysis.

Measurement of AA release

The procedure for measuring AA release from
[3H]arachidonate-labeled cells was essentially the
same as described by Samanta et al. [35] and Xu et al.
[47], with some minor modifications. Briefly, 0.1 µCi
of [3H]AA (NEN, specific radioactivity 50 Ci/mol)
was suspended in 1 ml DMEM containing 0.5% (w/v)
BSA and added in the 4th h of exposure to normoxia or
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ODG directly to primary cultures of astrocytes on 35
mm dishes for the next 4 h. AACOCF3 (1,1,1-trifuo-
romethyl-6,9,12,15-heneicosatetraen-2-one) as a cPLA2

inhibitor (Sigma-Aldrich, St. Louis, MO) was pre-
pared as an ethanol stock solution (1 mM) and added
to the culture medium at a final concentration of
1 µM. The concentration of ethanol in the medium did
not exceed 0.1%. Corresponding amounts of ethanol
were added to the control cultures. During OGD ex-
posure, the inhibitor remained in the medium.

After a 4 h incubation at 37°C, approximately 75%
of the added radioactivity was incorporated into phos-
pholipids. Unincorporated [3H]AA was removed by
three successive washings with buffer A (145 mM
NaCl, 5.5 mM KCl, 1.1 mM MgC12, 1.1 mM CaC12,
5.5 mM glucose, 20 mM HEPES and 0.5 mg/ml BSA
at pH 7.4). Then, the astrocytes were incubated in
buffer A for 30 min at RT, followed by incubation for
30 min at 37°C. The cell culture media were transferred
to scintillation tubes and the radioactivity in the super-
natant was determined using a Beckman S 6000 IC liquid
scintillation counter (Beckman Instruments Inc., CA).
The results were expressed as a percentage of control.

Mitochondrial transmembrane potential [JC-1

fluorescence]

The sensitive fluorescent dye 5,5’,6,6’-tetrachloro-
1,1’,3,3’-tetraethyl-benzimidazolyl-carbocyanine iodide
(JC-1) is used to determine mitochondrial transmem-
brane potential (MTP) [23]. The uptake of the JC-1
dye is directly related to the MTP across the mito-
chondrial inner membrane [33]. The effect of nortrip-
tyline was compared with cyclosporine A as an almost
specific MPTP. Cyclosporine A solution was prepared
as an ethanol stock (1 mM) and added to the culture
medium at a final concentration of 10 µM. The final
concentration of ethanol in the medium did not ex-
ceed 0.1%. Corresponding amounts of ethanol were
added to the control cultures. Cultured astrocytes
were loaded with 10 µM JC-1 for 20 min by incuba-
tion at 37°C. Cells were washed three times with
HBSS and depolarization of the inner mitochondrial
membrane was assessed by JC-1 fluorescence intensities
using a fluorescence microplate reader (Fluoroscan,
Labsystems, Finland). The dye was excited at 485 nm,
and emission was filtered using a 590 nm barrier filter
(J-aggregates). During the measurements, cells were
maintained at 37°C and protected from light. Fluores-
cence intensity was measured for < 2 s to minimize

photobleaching. All fluorescent measurements were
corrected for autofluorescence of the cells not loaded
with JC-1; the value was constant throughout the experi-
ment. In a control study, no photobleaching was observed
during the fluorescence assay. The JC-1 red fluorescence
intensity was expressed as a percentage of control.

Apoptotic and necrotic cell death

Apoptosis of the astrocytes was determined by
Hoechst 33342 (Sigma-Aldrich, St. Louis, MO) stain-
ing, which allows determination and quantification of
cells with fragmented and condensed chromatin. After
washing with PBS, astrocytes cultured on coverslips
were fixed for 10 min with 4% paraformaldehyde at
RT. After being washed twice with PBS, the samples
were then dehydrated in 70% ethanol and then abso-
lute ethanol. The samples were kept at –20°C until
they were stained with Hoechst 33342 (5 µg/ml in
PBS) for 5 min at RT. Next, the cells were washed
again with PBS. Cell nuclei analysis was conducted
with the fluorescence imaging MiraCal Pro III work-
station (Life Science Resources Ltd., UK) comprised
of an inverted microscope Eclipse TE200 (Nikon, Ja-
pan) (ex/em 340/510 nm). A 20× objective was used.
The number of apoptotic nuclei was determined on at
least six randomly selected areas from three cov-
erslips of every experimental group, each containing
approximately 200 cells. Experiments were repeated
on three separate cultures. The results were expressed
as a percentage of apoptotic cells relative to the total
number of cells.

Necrotic cell death was determined by a fluores-
cent method with the use of a Live/Death Kit (Mo-
lecular Probes Inc., Eugene, OR) containing cal-
cein/AM and ethidium homodimer-1 (EthD-1). Cal-
cein/AM is absorbed by living cells and subsequently
converted by cytosolic esterases into a green fluores-
cent product (ex/em 495 nm/530 nm), whereas
EthD-1 is known to enter only cells with compro-
mised cell membrane permeability, and after being at-
tached to nucleic acids, yields a red fluorescence
(ex/em 495/635 nm). After twice washing with PBS,
both reagents were diluted in PBS and applied to the
cell cultures immediately after exposure to OGD and
treatment with nortriptyline. Astrocytes were incu-
bated with 2 µM of calcein/AM and 4 µM of EthD-1
for 30 min at 37°C. The number of dead and live cells
was determined in a least six randomly selected areas
from three coverslips of every experimental group,
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each containing approximately 200 cells. Cells were
examined by fluorescence imaging with a MiraCal
Pro III workstation (Life Science Resources Ltd., UK)
comprised of an inverted microscope Eclipse TE200
(Nikon, Japan) and high-resolution cooled CCD cam-
era (Photonic Science Ltd., UK). The results were ex-
pressed as a percentage of necrotic cells relative to the
total number of cells.

Statistical analysis

One-way analysis of variance (ANOVA) was used to
compare mean responses among the treatments. For
each endpoint, the treatment means were compared
using Bonferroni’s least significant difference proce-
dure. In all analyses, a p value < 0.05 was considered
as statistically significant. All data were expressed as
the mean ± SD.

Results

Effect of nortriptyline on MTT conversion

Figure 1 presents the effect of nortriptyline on MTT
conversion into formazan dye in the cultures of rat as-
trocytes. To ensure that cPLA2 protein and/or mRNA
expression and AA release by nortriptyline treatment
was not confused by nonspecific effects due to cell
damage, its toxicity (0.1, 1 and 10 µM) in normoxia
was quantified using the MTT conversion method.
Nortriptyline did not have any influence on cell vi-
ability at the indicated doses after incubation for 24 h
in normoxic conditions. The 24 h exposure of astro-
cytes to OGD resulted in attenuation of the MTT con-
version. A substantial increase of MTT conversion in
OGD stimulated by both 0.1 µM and 1 µM nortrip-
tyline indicated a significant restoration of mitochon-
drial activity.

Effect of nortriptyline on cPLA2 protein and

mRNA expression

Since cPLA2 is activated through phosphorylation and
a membrane translocation mechanism, we examined

whether nortriptyline affected the phosphorylation of
cPLA2 in OGD exposed astrocytes. Figure 2A illus-
trates the effect of the drugs on the expression of
phosphorylated cPLA2 (p-cPLA2, upper panel) and
unphosphorylated cPLA2 (cPLA2, lower panel), as de-
termined by western blot. As shown in Figure 2B, ex-
posure of astrocytes to OGD significantly increased
the phosphorylation of cPLA2, as demonstrated by an
upward electrophoretic mobility shift of cPLA2 [47].
The phosphorylation intensity of cPLA2 in astrocytes
cultures exposed to OGD was markedly attenuated af-
ter treatment with 0.1 and 1 µM nortriptyline. How-
ever, the expressions of p-PLA2 and cPLA2 after
10 µM nortriptyline addition were increased in com-
parison with OGD alone (Figs. 2A and 2B).

Expression of the cPLA2 gene was determined by
a semiquantitative RT-PCR method using the primers
specific for cPLA2 mRNA (Figs. 2C and 2D). The re-
sults demonstrated that, in ischemic cultures untreated
with the studied compound, the expression of cPLA2
mRNA was close to the control. The exposition of cell
cultures to 0.1 µM and 1 µM nortriptyline resulted in
down-regulation of the cPLA2 transcript in ischemic
astrocytes compared to the control, while treating the
cells with 10 µM nortriptyline had no effect on the
cPLA2 mRNA level.
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Fig. 1. Effect of nortriptyline on cell viability cultured rat astrocytes ex-
posed to normoxia (N) or 24 h of oxygen glucose deprivation (OGD),
as measured by the MTT conversion assay. Astrocytes were exposed
to normoxia or OGD and treated with nortriptyline (0.1–10 µM). The
results are presented as a percentage relation of the control value in
normoxia. Each value is the mean from twelve wells ± SD from three
separate experiments; * p < 0.05 vs. normoxia; � p < 0.05 vs. OGD



Effect of nortriptyline on PKC and Erk1/2

expression

Figure 3 illustrates the effect of nortriptyline on the
expression of PKC and Erk1/2 kinases, as determined
by western blot. OGD alone increased the level of
PKC in comparison with the normoxia group, without
any change in �-actin expression, which was em-
ployed as a loading control. The expression of PKC
after 1 µM nortriptyline treatment was similar to that
observed after exposure to normoxia (Figs. 3A-B).
Under the same experimental conditions, exposure to
0.1 µM nortriptyline resulted in significant attenua-
tion of PKC expression. Immunoblotting of p-Erk1/2
was performed with an antibody recognizing Erk1
and Erk2 double phosphorylated on Thr 202 and Tyr
204 within the TEY motif (Fig. 3C – upper panel) and
with a polyclonal antibody recognizing Erk1/2 re-
gardless of its phosphorylation state (Fig. 3C – lower

panel). The phosphorylation intensity of Erk1 and
Erk2 in astrocytes cultures exposed to 24 h of simu-
lated ischemia in vitro was markedly increased. There
was a clear attenuation of p-Erk1/2 following expo-
sure of the cells to 0.1 and 1 µM nortriptyline. How-
ever, the compound at a concentration of 10 µM sig-
nificantly increased the p-Erk1 and p-Erk2 expression
in comparison with the normoxia group.

Effect of nortriptyline on the [3H]AA release

As indicated in Figure 4, cellular exposure to OGD
for 24 h markedly increased the release of [3H]AA
into the culture medium. This effect was attenuated by
0.1 µM and 1 µM nortriptyline. In addition, we com-
pared the efficacy of the pharmacological blockage of
the cPLA2 through nortriptyline with the cPLA2

inhibitor AACOCF3; to accomplish this, we used
AACOCF3 at 1 µM, because at this dose, AACOCF3
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SD of the percentage of control. * p < 0.05 vs. normoxia; � p < 0.05 vs. OGD



inhibits only cPLA2 activity [6]. The efficacy of the
pharmacological blockage of cPLA2 through AACOCF3

was similar to that observed after the exposure of
ischemic astrocytes to nortriptyline at concentrations
of 0.1 µM and 1 µM.

Effect of nortriptyline on MPT

We examined whether the protective effect of nortrip-
tyline was associated with control of the MPT and the
prevention of mitochondrial membrane depolarization
(Fig. 5). Severe depolarization of the mitochondrial
inner membrane, as indicated by loss of the red fluo-
rescence (J-aggregates), was observed in ischemic
astrocytes (Fig. 5). Administration of nortriptyline
(0.1 µM and 1 µM) over 24 h with OGD significantly
increased the red JC-1 fluorescence, indicating that
the drug prevents mitochondrial depolarization.

This effect of nortriptyline was slightly weaker
than 10 µM cyclosporine A, which was proven to be
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Fig. 3. (A) Western blot analysis of PKC expression in astrocytes exposed to normoxia (N) or oxygen glucose deprivation (OGD) and treated
with nortriptyline (0.1–10 µM). Cell lysates (20 µg of protein) from experimental groups were analyzed by immunoblotting using antibody
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an almost specific inhibitor of MPTP. However, expo-
sure of astrocytes under these conditions to 10 µM
nortriptyline did not increase red JC-1 fluorescence
intensity in comparison with the OGD group, suggest-
ing no effect on MPT.

Effect of nortriptyline on apoptotic and necrotic

cell death

Assessment of apoptosis after staining with the fluo-
rescent dye Hoechst 33342 was made by microscopic
analysis of changes in the nuclear and chromatin
structure (Fig. 6A). We found that simulated ischemia
significantly increased the number of apoptotic nuclei
in comparison with the normoxic conditions. Nortrip-
tyline at concentrations of 0.1 µM and 1 µM provided
distinct protection against OGD-induced cell death. In
the ischemic cultures treated with 10 µM drug, the
apoptosis was significantly increased in comparison
with normoxia. The process of apoptosis involved the
release of cytochrome c from the mitochondrial inter-
membrane space into the cytosol. The results of west-
ern blot analysis showed that exposure of astrocytes
to OGD caused an increase in cytochrome c in the
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cytosolic fraction (Fig. 6B). Nortriptyline (0.1 µM and
1 µM) attenuated OGD-induced cytochrome c release
from mitochondria into the cytosol.

Moreover, the Live/Dead assay was used to deter-
mine the intensity of necrosis in cultures exposed to
24 h of OGD. We found that simulated in vitro ische-
mia significantly increased the number of necrotic nu-
clei in comparison with the normoxia group (Fig. 6A).
Nortriptyline at a concentration of 0.1 µM seemed to
be the most efficient in preventing necrosis of the
ischemic astrocytes. However, adding 1 µM of the
antidepressant into the culture medium in OGD for
24 h also reduced the number of necrotic nuclei, and
10 µM did not cause any statistically significant
changes in the intensity of necrosis in comparison
with the OGD group.

Discussion

In this study, we examined the effect of nortriptyline
on cPLA2 protein and mRNA expression because
there is evidence that the level of cPLA2 is regulated
by both transcriptional and post-transcriptional mecha-
nisms [8]. We have shown that 24 h exposure of un-
treated astrocytes to OGD resulted in an increase in
enzymatic activity and protein expression of cPLA2,
which was accompanied by a lack of changes in
cPLA2 gene expression (Fig. 2). The absence of
a change in cPLA2 mRNA compared to that of the
protein suggests that regulation of cPLA2 activity in
response to OGD predominantly occurs at the transla-
tional and/or post-translational level. Our results coin-
cide with those of Poulsen et al. [32], who found that
the changes in OGD-induced activity were correlated
with changes in the PLA2 protein, indicating that in-
creased activity, at least in part, reflects increased pro-
tein mass. In relation to nortriptyline (0.1 µM and
1 µM), we observed attenuation of the expression of
cPLA2 (both the phosphorylated and unphosphory-
lated forms) together with a significant decrease in the
cPLA2 mRNA level in ischemic astrocytes (Fig. 2).
This last effect seems to be very important to a poten-
tial protective mechanism of nortriptyline against
ischemic brain damage. It has been shown that fol-
lowing transient focal cerebral ischemia, “knockout”
(cPLA2–/–) mice had smaller infarcts and fewer neu-
rological deficits compared to wild type, thereby

proving a significant role for cPLA2 in ischemic brain
injury [4, 41]. What is especially important, in our ex-
perimental paradigm, is that nortriptyline attenuated
the expression of both the phosphorylated and un-
phosphorylated forms of cPLA2 (Fig. 2). The studies
performed in vitro by Bayburt and Gelb [2] demon-
strated that unphosphorylated cPLA2 is catalytically
active and that Ser505 phosphorylation increases ac-
tivity by ~30 percent.

Protein kinases play major roles in cPLA2 activa-
tion, and regulation by the mitogen-activated protein
kinase kinase (MEK)/ERK signaling pathway has re-
ceived particular attention [11]. cPLA2 requires phos-
phorylation at Ser505 within the catalytic domain by
the action of PKC and ERK1/2 [38]. It has been
shown that such modulations of the enzyme activity
may be involved in the rapid activation of cPLA2 fol-
lowing ischemia [1]. Because PKC can activate Erk1/2
kinase, it has been hypothesized that sequential acti-
vation of PKC, and in turn Erk1/2 kinase, is the prin-
cipal mechanism of activation of cPLA2 and AA re-
lease [45]. However, it should be noted that the study
by Xu et al. [46] on primary astrocytes provided evi-
dence that PKC and Erk1/2 can independently phos-
phorylate cPLA2 and cPLA2-mediated AA release
through both ERK1/2-dependent and ERK1/2-
independent pathways.

We decided to examine the influence of nortrip-
tyline on PKC and Erk1/2 kinase expression to make
an appraisal of its potential effect on the post-
transcriptional modification of cPLA2. The data in the
present study show that phosphorylation of cPLA2 by
PKC and Erk1/2 is involved in activating this lipase in
ischemic astrocytes. We also demonstrated that nor-
triptyline (0.1 µM) influences a decrease in cPLA2-
mediated AA release through a mechanism that ap-
pears to involve attenuation of both PKC and Erk1/2
expression (Fig. 3). Although the role of different PKC
isoforms was not evaluated in our experiments, on the
basis other studies in rat primary astrocytes, we hy-
pothesize that activation of the � isoform is required
for of cPLA2 activation [47]. However, the participa-
tion the other PKC isoforms existing in primary rat as-
trocytes such as �, � and � should not be excluded [47].

Numerous studies have used AA release as a marker
for cPLA2 activity [31]. Incubation of primary astro-
cyte cultures under ischemic conditions efficiently
stimulated the release of AA, which was partially pre-
vented by 0.1 and 1 µM nortriptyline and by pharma-
cological inhibition of cPLA2 with 1 µM AACOCF3
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(Fig. 4). In brain ischemia, where an increase of AA
release as a result of cPLA2 action is a key pathogenic
event, MPTP opening, uncoupling respiration, oxida-
tive phosphorylation and prominent mitochondrial
swelling in situ has been observed [20]. However, the
mode of cell death induced by MPTP is still contro-
versial. It has been observed that MPTP may cause
cell death via both apoptosis and necrosis [17]. In the
apoptotic process, MPTP participates in the release of
proapoptotic proteins through at least two mecha-
nisms: swelling-dependent rupture of the outer mito-
chondrial membrane and remodeling of the mitochon-
drial cristae, which increases the availability of cyto-
chrome c for release [3]. In addition, the results
obtained by Nakagawa et al. [28] indicate that cyclo-
philin D-dependent MPTP regulates some forms of
necrotic, but not apoptotic cell death.

In a few experimental paradigms, nortriptyline has
proven to be a potent inhibitor of the MPTP [24, 43].
Our results are generally consistent with other reports
on the mitochondrial effects of nortriptyline, and also
indicated that influence on MPTP might be involved
in its protective effect towards ischemic astrocytes.
We have observed that nortriptyline significantly pre-
vented mitochondrial depolarization in ischemic as-
trocytes as measured by JC-1 fluorescence (Fig. 5).
This effect was slightly weaker than cyclosporine A,
which has been shown to be an almost specific inhibi-
tor of the MPTP, and completely prevented mitochon-
drial swelling in situ [14, 15].

In our study, nortriptyline was able to prevent both
apoptosis and necrosis of ischemic astrocytes (Fig. 6).
Also, in the study performed by Zhang et al. [48], nor-
triptyline administered in vitro at low concentrations
(0.25–5 µM) into cultures of primary neurons blocked
the development of MPTP and reduced the release of
mitochondrial apoptogenic factors (cytochrome c,

AIF and smac/Diablo), which prevented the subse-
quent events leading to apoptotic cell death. Further-
more, the release of cytochrome c and activation of
caspase 3, two molecular phenomena associated with
mitochondrial-pathway-mediated cell death, were in-
hibited by nortriptyline in mouse models of chronic
neurodegeneration (amyotrophic lateral sclerosis and
Huntington‘s disease) [43]. In addition, nortriptyline
at a concentration of 0.1 µM seems to be the most ef-
ficient drug in preventing necrosis of ischemic astro-
cytes (Fig. 6). The antinecrotic properties of nortrip-
tyline may also depend on its interaction with compo-
nents of MPTP, including cyclophilin D, a protein that

induces MPTP opening [18]. However, at present, the
dominant view is that pharmacological inhibitors of
MPTP, like nortriptyline might function at multiple
components rather than one that is targeted by genetic
method [48].

In the present study, astrocyte cell cultures were
treated with nortriptyline at low concentrations that
do not have toxic effects (Fig. 1) and are commonly
used in scientific research on neuroprotection. Nor-
triptyline at doses 0.1 and 1 µM, which in our study
effectively down-regulated cPLA2 in ischemic astro-
cytes, has also been used by other researchers in in vi-

tro experiments and demonstrated a notable protective
effect in mice with middle cerebral artery occlusion
(MCAO) [48]. It should be noted that nortriptyline
was found to increase resting respiratory rates at low
concentration, and to inhibit the electron transport
chain at high concentrations [24, 44]. These multiple
effects are likely related to the tricyclic structure of
the drug. However, nortriptyline displayed no effect
on the calcium retention capacity in human liver mito-
chondria [24]. Recently, Zhang et al. [48], in cellular
models of OGD, have shown that the optimal concentra-
tion of nortriptyline for neuroprotection is 1 to 5 µM,
suggesting that it has a relatively narrow window of
effectiveness in these models. Thus, the authors sug-
gest that complex therapy with drug cocktails might
be required to interfere with the cell death pathways
that are involved in acute neurological injury.

In conclusion, the present results provide further in-
formation about the cytoprotective mechanisms of nor-
triptyline towards astrocytes in relation to the patho-
physiology of ischemic brain injury. It appears that nor-
triptyline’s protective effects could be mediated, at least
in part, by suppression of cPLA2 expression and activity
in ischemic astrocytes, which leads to attenuation of
OGD-induced apoptosis and the necrosis of glial cells.
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