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Abstract

In Madin-Darby canine kidney (MDCK) cells, the effect of nortriptyline, an antidepressant, on
intracellular Ca2+ concentration ([Ca2+]i) was measured by using fura-2.  Nortriptyline (>10 µµµµµM) caused
a rapid increase of [Ca2+]i in a concentration-dependent manner (EC50 = 75 µµµµµM).  Nortriptyline-induced
[Ca2+]i increase was prevented by 40% by removal of extracellular Ca2+ but was not altered by voltage-
gated Ca2+ channel blockers.  In Ca2+-free medium, thapsigargin, an inhibitor of the endoplasmic
reticulum Ca2+-ATPase, caused a monophasic [Ca2+]i increase, after which the increasing effect of
nortriptyline on [Ca2+]i was abolished; also, pretreatment with nortriptyline reduced  a large portion of
thapsigargin-induced [Ca2+]i increase.  U73122, an inhibitor of phospholipase C, abolished ATP (but not
nortriptyline)-induced [Ca2+]i increase.  Overnight incubation with 10 µµµµµM nortriptyline decreased cell
viability by 16%, and 50 µµµµµM nortriptyline killed all cells. Prechelation of cytosolic Ca2+ with BAPTA did
not alter nortriptyline-induced cell death.  These findings suggest that nortriptyline rapidly increased
[Ca2+]i in renal tubular cells by stimulating both extracellular Ca2+ influx and intracellular Ca2+ release,
and was cytotoxic at higher concentrations in a Ca2+-dissociated manner.
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Introduction

Nortriptyline is a classic tricyclic antidepressant
that is used in treatment of various psychological
problems, including Parkinson’s disease (24), depression
(22), smoking cessation (10), migrane (20), etc.  At

the cellular level, nortriptyline has been shown to
exert different inhibitory actions.  It inhibits priming
of human neutrophils (28), human cytochrome P450
enzymes (25), Ca2+-activated K+ channel (29), and
opioid receptors (32), etc.

A regulated increase in cytosolic free Ca2+ levels
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([Ca2+]i) is a pivotal messenger in all cell types, and
can trigger many physio-pathological processes (2,
3); however, an abnormal elevation in [Ca2+]i is often
cytotoxic (6).  Thus it is important to examine the
effect of an agent on cellular Ca2+ signaling in order
to understand its in vitro effect.  Nortryptiline has
been shown to induce a [Ca2+]i increase in human
osteosarcoma cells (9).  The effect of nortriptyline on
[Ca2+]i and proliferation in renal tubular cells is
unknown (19, 23).

In the present study, Madin-Darby canine kidney
(MDCK) cells were used to investigate the effect of
nortriptyline on [Ca2+]i in renal tubular cells.  MDCK
cells have properties akin to human renal tubular cells
and, due to its active responsiveness under experimental
conditions, have been widely used as a model for renal
cell research (15).  Many endogenous and exogenous
agents can stimulate MDCK cells by causing a [Ca2+]i

increase, such as bradykinin (12), ATP (11), estrogens
(4), organic tins (13), etc.  The inositol 1,4,5-trisphosphate
(IP3)-sensitive Ca2+ store is the major Ca2+ store that
releases Ca2+ into the cytosol when cells are stimulated
by endogenous agents such as bradykinin and ATP (11,
12).  But exogenous agents can release Ca2+ from IP3-
insensitive stores (13).  The Ca2+ release may induce
Ca2+ influx across the plasma membrane via the process
of store-operated Ca2+ entry (21).

Using fura-2 as a fluorescent Ca2+ indicator, this
study shows that nortriptyline induced a significant
[Ca2+]i increase in MDCK cells.  The time course and
the concentration-response relationship, the Ca2+ sources
of the Ca2+ signal, the role of phospholipase C in the
signal have been explored.  The effect of nortriptyline
on cell viability and its relation to [Ca2+]i have also
been examined.

Materials and Methods

Cell Culture

MDCK cells obtained from American Type
Culture Collection (CRL-6253) were cultured in
Dulbecco’s modified Eagle medium supplemented
with 10% heat-inactivated fetal bovine serum, 100 U/
ml penicillin and 100 µg/ml streptomycin.  Cells were
kept at 37°C in 5% CO2-containing humidified air.

Solutions Used in [Ca2+]i Measurements

Ca2+-containing medium (pH 7.4) had 140 mM
NaCl, 5 mM KCl, 1 mM MgCl2, 2 mM CaCl2, 10 mM
Hepes, 5 mM glucose.  In Ca2+-free medium, Ca2+ was
substituted with 0.1 mM EGTA.  Nortriptyline
hydrochloride was dissolved in water and kept at
-20°C as a 0.1 M stock, and was diluted to the final
concentrations before experiments.  Other chemicals

were dissolved in water, ethanol or dimethyl sulfoxide
as stock solutions.  The concentration of the organic
solvent(s) (ethanol and/or dimethyl sulfoxide) in the
[Ca2+]i measurements did not exceed 0.1% and did not
alter basal [Ca2+]i or cell viability (n = 4).

[Ca2+]i Measurements

Trypsinized cells (106/ml) were allowed to recover
in serum-free culture medium for 1 h before being
loaded with 2 µM fura-2/acetoxy methyl for 30 min at
25°C in the same medium.  Cells were washed and
resuspended in Ca2+-containing medium.  Fura-2
fluorescence measurements were performed in a water-
jacketed cuvette (25°C) with continuous stirring; the
cuvette contained 1 ml of medium and 0.5 million
cells.  Fluorescence was monitored with a Shimadzu
RF-5301PC spectrofluorophotometer (Shimadzu Corp.,
Kyoto, Japan) by recording excitation signals at 340
nm and 380 nm and emission signal at 510 nm at 1-sec
intervals.  Maximum and minimum fluorescence values
were obtained by adding 0.1% Triton X-100 (plus 5
mM CaCl2) and 10 mM EGTA sequentially at the end
of each experiment.  [Ca2+]i was calculated as described
previously assuming a Kd of 155 nM (8).  Mn2+

quench of fura-2 fluorescence was performed in Ca2+-
containing medium containing 50 µM MnCl2, by
recording the Ca2+-insensitive excitation signal at
360 nm (emission signal at 510 nm) at 1-sec intervals.

Cell Viability Assays

The measurement of cell viability is based on
the ability of viable cells to cleave tetrazolium salts
by mitochondrial dehydrogenases.  Augmentation in
the amount of developed color directly correlates
with the number of metabolically active cells.  Assays
were performed according to manufacturer’s instructions
(Roche Molecular Biochemical, Indianapolis, IN, USA).
Cells were seeded in 96-well plates at a density of 104

cells per well in culture medium for 24 h to allow
attachment.  On the next day, the culture medium was
replaced with 100 µl of serum-free medium containing
different concentrations of nortriptyline.  Cell viability
detecting reagent WST-1 (4-[3-[4-lodophenyl]-2-4
(4 -n i t ropheny l ) -2H-5- te t razo l io -1 ,3 -benzene
disulfonate] (10 µl pure solution) was added to each
sample 24 h after nortriptyline treatment, and cells
were incubated for additional 30 min in a humidified
atmosphere.  In experiments using BAPTA to chelate
intracellular Ca2+, the cells were treated with 20 µM
BAPTA/AM for 1 h prior to nortriptyline treatment.
The cells were washed once with Ca2+-containing
medium and incubated with or without 100 µM
nortriptyline for 24 h.  The absorbance of samples
(A450) was determined using a scanning multi-well
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spectrophotometer.  Absolute optical density was
normalized to the absorbance of unstimulated cells in
each plate and expressed as a percentage of the control
value.  Experiments were repeated five times in six
replicates.

Chemicals

All chemicals used in culture were obtained from
Gibco (Grand Island, NY, USA).  The other chemicals
were obtained from Sigma (St. Louis, MO, USA).

Statistics

Data are reported as means ± SEM of five
experiments.  Data were analyzed by two-way analysis
of variances (ANOVA) using the Statistical Analysis
System (SAS®, SAS Institute Inc., Cary, NC, USA)
on a personal computer powered by Intel Pentium IV
CPU at 1.8 GHz.  Multiple comparisons between
group means were performed by post-hoc analysis
using the Tukey’s HSD (honestly significant difference)
procedure. A P-value less than 0.05 was considered
significant.

Results

Effect of Nortriptyline on [Ca2+]i

In Ca2+-containing medium, nortriptyline (≥10 µM)
caused an immediate increase in [Ca2+]i, which lasted
for, at least, 200 sec after the addition of nortriptyline
(Fig. 1A); e.g. nortriptyline (500 µM)-induced [Ca2+]i

increase attained to 225 ± 3 nM (n = 5; trace a) over the
baseline (50 ± 2 nM; trace e; n = 5).  The increasing
effect of nortriptyline was concentration-dependent with
an EC50 of 75 µM (Fig. 1C; filled circles).

Effect of Removal of Extracellular Ca2+ on Nortriptyline-
Induced [Ca2+]i Increase

To examine whether/how influx of extracellular
Ca2+ and/or mobilization of Ca2+ from the intracellular
store site(s) may contribute to the nortriptyline-
induced [Ca2+]i increase, effect of nortriptyline on
[Ca2+]i was measured in the absence of extracellular
Ca2+ (Fig. 1B).  In Ca2+-free medium, the initial rapid
and subsequent [Ca2+]i increases caused by 100 and
500 µM nortriptyline were both reduced, with no
change in basal [Ca2+]i (50 ± 3 nM, n = 5).  Figure 1B
shows that nortriptyline (500 µM) increased [Ca2+]i

by 105 ± 2 nM over baseline. The [Ca2+]i increase
disappeared at  250 sec.  In contrast, figure 1A shows
that in the presence of Ca2+, 500 µM nortriptyline-
induced [Ca2+]i increase was 105 ± 3 nM over baseline
at 250 sec.  Figure 1C shows that removal of

Fig. 1. Effect of nortriptyline on [Ca2+]i in MDCK cells.
(A) Nortriptyline-induced [Ca2+]i rises in Ca2+-contain-
ing medium.  The concentration of nortriptyline was 500
µM in trace a, 100 µM in trace b, 50 µM in trace c, 10 µM
in trace d, and zero in traced e.  The agent was added at
25 sec.  (B) Effect of removing extracellular Ca2+ on
nortriptyline-induced [Ca2+]i rises.  The experiments
were performed in Ca2+-free medium.  The concentration
of nortriptyline was 500 µM in trace a, 100 µM in trace
b, and zero in trace c.  Nortriptyline was added at 25 sec.
(C) The concentration-response plot of nortriptyline-
induced Ca2+ signals in Ca2+-containing medium (filled
circles) and Ca2+-free medium (closed circles). The y axis
is the percentage of control.  Control was the net (baseline
subtracted) maximum [Ca2+]i of 500 µM nortriptyline-
induced [Ca2+]i rises in Ca2+-containing medium.  Data
are means ± SEM of five experiments.  *P < 0.05
compared with closed circles, by using ANOVA.
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extracellular Ca2+ reduced nortriptyline-induced
[Ca2+]i increase by about 40%, without changing the
EC50.  Further experiments were performed to exclude
the possibility that the smaller nortriptyline-induced
response in Ca2+-free medium was caused by EGTA-
induced depletion of intracellular Ca2+.  Mn2+ enters
cells through similar pathways as Ca2+ but quenches
fura-2 fluorescence at all excitation wavelengths (17).
Thus, quench of fura-2 fluorescence excited at the
Ca2+-insensitive excitation wavelength of 360 nm by
Mn2+ indicates Ca2+ influx.  Figure 2 shows that 500
µM nortriptyline induced an immediate decrease in
the 360 nm excitation signal (compared to control; n
= 5; P < 0.05).  The maximal decrease occurred after
40 sec with a value of 110 ± 2 units (n = 5).  This
suggests that nortriptyline-induced [Ca2+]i increase
involved Ca2+ influx from extracellular space.

Lack of Effects of Voltage-Dependent Ca2+ Channel
Blockers on Nortriptyline-Induced [Ca2+]i Increase

Nortriptyline (500 µM)-induced [Ca2+]i increase
was not changed by pretreatment with 1 µM of
nifedipine, verapamil and diltiazem (data not shown;
n = 5; P > 0.05).

Mobilization by Nortriptyline of Intracellular Ca2+

We examined whether nortriptyline-induced
[Ca2+]i increase involved the mobilization of intracellular
Ca2+ sequestered in the endoplasmic reticulum (ER).
Figure 3A shows that in Ca2+-free medium, 1 µM
thapsigargin, an inhibitor of ER Ca2+-ATPase (30),
increased [Ca2+]i by 101 ± 2 nM (n = 5) in a rapid
monophasic manner.  The [Ca2+]i increase declined to
baseline after 300 sec. In this condition, 500 µM
nortriptyline failed to increase [Ca2+]i (n = 5; P > 0.05).
Figure 3B shows that after pretreatment with 500 µM
nortriptyline for several min, thapsigargin only induced
a small [Ca2+]i increase of 15 ± 2 nM (n = 5).

No Involvement of Phospholipase C Activation in Nortrip-
tyline-Induced Ca2+ Release

The possibility that phospholipase C may be
involved in nortriptyline-induced Ca2+ release from
stores was examined.  Figure 4A shows that 10 µM
ATP, an agonist for P2Y type ATP receptors that
mobilizes intracellular Ca2+ via activating phospholipase
C (11), caused an instantaneous monophasic [Ca2+]i

increase (151 ± 4 nM, n = 5) in Ca2+-free medium.
Figure 4B, however, shows that pretreatment with 2
µM U73122, an inhibitor of phospholipase C (31),
abolished ATP-induced [Ca2+]i increase; in contrast,
10 µM U73343, a biologically inactive analogue of
U73122 (31), failed to prevent ATP-induced [Ca2+]i

increase (data not shown, n = 4).  Even in the presence
of U73122 and ATP, 500 µM nortriptyline caused a
[Ca2+]i increase by 101 ± 2 nM (n = 5), a value similar
to the nortriptyline-induced [CA2+]i increase in control
cells (Fig. 1B).

Effect of Nortriptyline on Viability of MDCK Cells

It is well established that unregulated, prolonged
[Ca2+]i increases may lead to cytotoxicty (8-10), thus
experiments were performed to examine the effect of
overnight incubation with nortriptyline on viability of
MDCK cells.  Control groups had 10,145 ± 459 cells/
well before experiments, and had 14,133 ± 554 cells/
well after incubation overnight, the cell number per
well increased by 39.2 ± 3.1% (P < 0.05).  In the
presence of 10 µM nortriptyline, the cell number decreased
by 17 ± 2% (Fig. 5; P < 0.05).  At concentrations of 50-
100 µM, nortriptyline nearly killed all cells (P < 0.05).

Independence of Nortriptyline-Induced Cell Death on a
Preceding [Ca2+]i Increase

Ca2+ is a central intracellular second messenger
and is tightly controlled in normal cells.  Hence,
alteration of intracellular Ca2+ homeostasis may trigger
diverse processes, including death, in cells.  Therefore,
the following set of experiments were performed to
explore whether nortriptyline-induced cell death was
evoked by a preceding [Ca2+]i increase.  The Ca2+-

Fig. 2. Effect of nortriptyline on Ca2+ influx by measuring Mn2+

quench of fura-2 fluorescence.  Experiments were per-
formed in Ca2+-containing medium.  MnCl2 (50 µM) was
added to cells before fluorescence measurements.  The y
axis is fluorescence intensity (in arbitrary units) mea-
sured at the Ca2+ insensitive excitation wavelength of 360
nm and the emission wavelength of 510 nm.  Trace a: no
nortriptyline was present.  Trace b: 500 µM nortriptyline
was added at 55 sec.  Data are mean ± SEM of five
experiments.
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chelator BAPTA was used to prevent [Ca2+]i from
increasing.  Figure 6 shows that chelation of cytosolic
Ca2+ did not reverse nortriptyline-induced decrease in
cell viability (n = 5; P > 0.05).  BAPTA loading alone
did not alter control cell viability (P > 0.05).

Discussion

The novel finding of this study is that the
antidepressant nortriptyline induced significant increases
in [Ca2+]i and decreased viability of renal tubular
cells.  A change in [Ca2+]i in renal tubular cells may
affect many cell functions such as adhesion and secretion
(14, 26).  Thus, caution must be exercised in using
nortriptyline to incubate cells, because this procedure
may deplete intracellular Ca2+ and significantly reduce

the [Ca2+]i signal that is evoked by other agents added
subsequently.

The nortriptyline-induced [Ca2+]i increase is
contributed by both Ca2+ influx and Ca2+ release, as
the Ca2+ signal was partly reduced by removal of
extracellular Ca2+.  The nortriptyline-induced Ca2+

influx does not appear to be mediated by L-type Ca2+

channels, consistent with previous data that MDCK
cells do not posses this type of channels (12).  In Ca2+-
containing medium, nortriptyline-induced [Ca2+]i

increase displayed a gradual rise and a stable, flat
plateau.  In contrast, in Ca2+-free medium, nortriptyline
induced a smaller [Ca2+]i increase followed by a clear
decrease.  This suggests that extracellular Ca2+ influx
contributes not only to the initial increase, but also to
the prolonged phase of nortriptyline-induced [Ca2+]i

Fig. 3. Intracellular Ca2+ stores of nortriptyline-induced [Ca2+]i rises.  The experiments were performed in Ca2+-free medium.  The agents
were added at the time points indicated by arrows.  The concentration of agents was: thapsigargin, 1 µM; nortriptyline, 500 µM.
Data are mean ± SEM of five experiments.

Fig. 4. Lack of involvement of phospholipase C in nortriptyline-induced [Ca2+]i rises.  The experiments were performed in Ca2+-free
medium.  (A) ATP (10 µM) was added at 20 sec.  (B) U73122 (2 µM), ATP (10 µM) and nortriptyline (500 µM) were added
at the time points indicated by arrows.  Data are mean ± SEM of five experiments.
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increase in Ca2+-containing medium.  In nonexcitable
cells, a possible Ca2+ influx pathway is store-operated
Ca2+ entry, a process triggered by depletion of Ca2+

stores (21).  But this possibility was not explored due
to the lack of selective pharmacological inhibitors for
this Ca2+ influx (16).  TRPC1 is a type of Ca2+ channels
that has recently been cloned in different cell types
(1).  It is activated following receptor-mediated Ca2+

mobilization, representing a regulatory mechanism
that controls the magnitude of Ca2+ influx by
modulating the membrane potential and, with it, the
driving force for Ca2+ entry through other Ca2+-
permeable pathways.  Thus it remains possible that
Ca2+ entry mechanisms other than depletion-activated
channels may be important in Ca2+ influx in non-
excitable cells (16).  MDCK cells have been shown to
possess Ca2+ stores in the endoplasmic reticulum,
mitochondria and other compartments (11-13).
Among these stores, nortriptyline appears to solely
release Ca2+ from thapsigargin-sensitive endoplasmic
reticulum Ca2+ stores based on the results that depletion
of the stores with thapsigargin nearly abolished
nortriptyline-induced Ca2+ release, and nortriptyline
pretreatment partly inhibited thapsigargin-induced
Ca2+ release.  It is unlikely that phospholipase C was
involved in nortriptyline-induced Ca2+ release because
the release was not changed by suppressing this
enzyme.  Ryanodine-sensitive Ca2+ stores are not
present in MDCK cells (12).  How nortriptyline causes
[Ca2+]i increases in the absence of extracellular Ca2+

is unclear, although another similar antidepressant
desipramine has been shown to inhibit skeletal and

neuronal endoplasmic reticulum (5, 31), in a manner
similar to thapsigargin.

Nortriptyline also induced [Ca2+]i increases and
cytotoxicity in MG63 human osteosarcoma cells (9).
The differences from its effect in MDCK cells lie in
that the EC50 for increasing [Ca2+]i in MG63 cells is
much lower (75 µM) compared to that in MDCK cells
(200 µM).

Because alterations in [Ca2+]i may affect diverse
cellular processes, we also explored the effect of
nortriptyline on the viability of MDCK cells.  The
data show that overnight treatment with 1 µM
nortriptyline did not alter cell viability; however, 10
µM nortriptyline slightly inhibited it, and 50 µM
nortriptyline killed all cells.  Furthermore, nortriptyline-
induced cell death was not dependent on a preceding
[Ca2+]i increase.  Thus caution should be applied
when using nortriptyline in long-term incubation in
terms of Ca2+ regulation and cell viability.

Nortriptyline has been shown to cause cytotoxicity
in Chang liver cells and rat hepatocytes (18, 33).  In
patients, the plasma level of nortriptyline may reach
10 µM (7), and may go much higher in overdosed or
suicidal subjects.  Thus, the effects of nortriptyline on
Ca2+ level and cell viability may hold a clinical
significance in long-term use.
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