
MODULATION BY CATIONIC AMPHIPHILIC DRUGS
OF SERINE BASE-EXCHANGE, PHOSHOLIPASE D
AND INTRACELLULAR CALCIUM HOMEOSTASIS
IN GLIOMA C6 CELLS

Marta Bobeszko1, Rafa³ Czajkowski1, Magdalena Wójcik1,
Pawe³ Saba³a1, Lingsheng Lei1,+, Irena Nalepa2, Jolanta Barañska1,#

����������� 	
 �	������ ��� �������� ����	��	�	��� ����� ��������� 	
 ������������ ��	�	���
�	���� ������ 	
  ������ �������� !� �" #$%#&! '���(�)�� �	����* ����������� 	
 ��	���������
��������� 	
 ������	�	��� �	���� ������ 	
  ������  �+��� ,$� �" !,%!-! .���/)� �	����

Modulation by cationic amphiphilic drugs of serine base-exchange,
phospholipase D and intracellular calcium homeostasis in glioma C6 cells.
M. BOBESZKO, R. CZAJKOWSKI, M. WÓJCIK, P. SABA£A, L. LEI,
I. NALEPA, J. BARAÑSKA. Pol. J. Parmacol., 2002, 54, 483–493.

We aimed to assess the effect of three drugs belonging to amphiphilic
cations, imipramine, amitriptyline and propranolol, on lipid synthesis and in-
tracellular calcium homeostasis in glioma C6 cells. Antidepressants, imi-
pramine and amitriptyline, had a stimulatory effect on [��C]serine incorpora-
tion into phosphatidylserine. Similar effect was induced by propranolol, an-
tidysrhythmic drug and an antagonist of �-adrenergic receptor, but not by
isoproterenol, a selective agonist of this receptor. Stimulation of serine
base-exchange activity by amphiphilic cations occured at concentration as
low as 5–25 �M that may be reached during clinical treatment. At much
higher concentration (250 �M), those drugs also stimulated phospholipase
D-mediated synthesis of [��C]phosphatidylethanol and blocked phorbol
ester-induced, protein kinase C-dependent phospholipase D activity. The lat-
ter effect already occurred at low (25 �M) concentration of drugs. We have
also shown that treatment of the cells with amphiphilic cations (1 mM) pro-
duced only a weak increase in the intracellular Ca�� concentration and did
not affect Ca�� release from the intracellular stores evoked by nucleotide
receptor agonists, ATP and ADP. In contrast, this treatment strongly di-
minished an unspecific leak of Ca�� from the endoplasmic reticulum caused
by thapsigargin and ionomycin. Mianserin, which is not cationic amphiphilic
drug, did not affect phosphatidylserine synthesis and phospholipase D activ-
ity and produced heterogenous and chaotic Ca�� responses. Our results sug-
gest that imipramine, amitriptyline and propranolol may modulate lipid syn-
thesis and intracellular calcium signaling independently of their action on
membrane receptors, most probably by modification of the physicochemical
properties of cell membranes.
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Abbreviations: BSA – bovine serum albumin,
CADs – cationic amphiphilic drugs, [Ca��]� –intra-
cellular Ca�� concentration, ER – the endoplasmic
reticulum, IP� – trisphosphate inositol, PBS – phos-
phate buffered saline, PET – phosphatidylethanol,
PKC – protein kinase C, PLD – phospholipase D,
PS – phosphatidylserine, TPA – 12-O-tetradecanoyl
phorbol 13-acetate

INTRODUCTION

The pharmacological properties of propranolol
and antidepressant drugs are associated with their
action on monoaminergic neurotransmission. Tri-
cyclic antidepressants, such as imipramine and
amitriptyline that are noradrenaline and serotonin
reuptake inhibitors, similarly to a tetracyclic drug,
mianserin, block several monoaminergic membrane
receptors (i.e. �,- and �$-adrenergic, and 5-HT$-
serotonergic) [22]. Propranolol, an antidysrhythmic
and antihypertensive drug, is known as a specific
antagonist of �-adrenergic receptor [21, 23]. How-
ever, these drugs act not only on the receptors pres-
ent in the plasma membrane, since all of them are
metabolized to a range of various and biologically
active compounds that affect themselves phos-
pholipid metabolism in the cell [17].

The putative mechanism of the pharmacologi-
cal action of a drug can be linked, at least in part,
with its specific physicochemical properties result-
ing from primary chemical structure of the com-
pound. Imipramine, amitriptyline and propranolol,
but not mianserin, may function as cationic amphi-
philic drugs (CADs) [19]. CADs share two distinct
domains: a hydrophobic, often aromatic domain
and hydrophilic domain with an ionizable nitrogen
atom, which can become positively charged at phy-
siological pH. Due to these physicochemical and
molecular features, CADs may associate with ne-
gatively charged polar head group of phospholipids
and interact with their apolar moieties. Therefore,
CADs easily intercalate into phospholipid bilayers.
They can be embedded into the lipid matrix, or
bound to membrane phospholipids and membrane
proteins, and can affect membrane properties, such
as fluidity, order and charge [17, 19, 20, 33, 34,
36]. They may also compete with other cations, and
due to that alter such membrane phenomena, as
movement, permeability and a transport function
[20, 33, 34, 36].

Several papers reported that compounds be-
longing to amphiphilic cations had a stimulatory ef-
fect on phosphatidylserine (PS) synthesis and phos-
pholipase D (PLD) activity [1, 5, 6, 13, 16, 32, 35].
Therefore, the aim of this study was to investigate
the mechanism and to compare the effects of three
CADs, imipramine, amitriptyline and propranolol,
on serine base-exchange and PLD activity. Since
the synthesis of PS is strongly Ca$0-dependent, we
assessed the effect of these drugs on the changes in
intracellular calcium concentration ([Ca$0]�), as
well. As a control, we chose mianserin, an antide-
pressant, which is not an amphiphilic cation [31].
To resolve the involvement of the �-adrenergic re-
ceptor in the PS synthesis, isoproterenol was used.

Despite wide utilization of CADs in clinical
medicine, the mechanism of their action beyond the
receptors has not been clearly established. Our data
indicate that acute effects of CADs may not be
receptor-mediated but are rather related to their
physicochemical properties affecting membrane
phenomena.

MATERIALS and METHODS

Materials

Glioma C6 cells were from the American Type
Culture Collection (USA). Minimum Essential Me-
dium, calf serum, trypsin solution and phosphate
buffered saline (PBS) were from Gibco BRL (UK).
Penicillin, streptomycin, imipramine hydrochlo-
ride, mianserin and amitriptyline were from Polfa
(Poland). Bovine serum albumin (BSA), phorbol
ester 12-O-tetradecanoyl phorbol 13-acetate (TPA),
DL-propranolol, cell dissociation solution and phos-
pholipase D (from peanut) were purchased from
Sigma (USA). [1-,-C]palmitic acid (specific activi-
ty, 56 mCi/mmol) was obtained from New England
Nuclear (USA). L-[U-,-C]serine (specific activity,
158 mCi/mmol) was purchased from Amersham
(UK). G-60 thin layer chromatography plates were
purchased from Merck (Germany). The phosphati-
dylethanol (PEt) standard was prepared in our labo-
ratory according to Eibl and Kovatchev [12].

Cell culture

Glioma C6 cells were cultured in Minimum
Essential Medium supplemented with 10% (v/v)
calf serum, penicillin (50 IU/ml) and streptomycin
(50 �g/ml) under humidified atmosphere contain-
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ing 5% CO$ at 37°C. The cells were passaged when
made confluent by using trypsin (0.25%) for phos-
phatidylserine synthesis and PLD activity assay or
by using nonenzymatic cell dissociation solution
for measurement of intracellular calcium.

Incorporation of radiolabeled serine into phos-

phatidylserine

Confluent cultures of cells (3 × 101 cells per
dish, 60 mm diameter) were incubated at 37°C
for 30 min in 2 ml of the culture medium with
L-[U-,-C]serine (158 mCi/mmol; 0.2 �Ci/dish) in
the presence of different concentration of the inves-
tigated drugs prepared as stock solutions with equi-
molar concentration of BSA. After incubation, the
medium was removed and the cells were washed,
scrapped off and collected for lipid extraction as
described previously [9]. Phospholipids were sepa-
rated by two-dimensional thin layer chromatogra-
phy. The solvent system for the first dimension was
chloroform / methanol / ammonium hydroxide /
water (55:33:4:2, by vol) and for the second, it was
composed of chloroform / methanol / acetic acid /
water (30:15:6.1:1, by vol.). Phospholipids were
visualized with iodine vapor and ninhydrin and
scrapped off for radioactivity counting.

Assay for phospholipase D activity

PLD activity was assayed by measuring the for-
mation of phosphatidylethanol (PEt) in the pre-
sence of ethanol as described earlier [5]. Briefly,
glioma C6 cells were labeled by incubation with
[1-,-C]palmitic acid (56 mCi/mmol, 1 �Ci/dish)
for 3 h at 37°C. Calf serum was omitted from the
labeling culture medium. Unincorporated [1-,-C]-
palmitic acid was removed by washing with PBS.
,-C-labeled cells were preincubated for 5 min in
5 ml of the cell culture medium (without calf se-
rum) with the addition of 150 mM ethanol (0.9%),
followed by a further incubation with the same
concentration of ethanol with or without TPA, and
with different concentrations of imipramine, ami-
triptyline, mianserin and propranolol (prepared as
stock solutions with equimolar concentration of
BSA). All incubations were carried out at 37°C for
1 h. Lipids were extracted by the modification of
the method of Bligh and Dyer [4], modified to con-
tain 0.1 M HCl in methanol. After evaporation of
chloroform, lipids were separated on TLC plates
(Silica Gel 60), using solvent system consisting of

ethyl acetate / isooctane / acetic acid (9:5:2, v/v).
PEt was identified by comparing its R
 values with
those of the standard. The lipids were visualized by
exposure to iodine vapor and scrapped off for scin-
tillation counting.

Measurement of intracellular calcium

The cells seeded on glass coverslips were cul-
tured for 3 days, washed twice with PBS, and once
in the buffer mixture containing (in mM): 137
NaCl, 2.7 KCl, 1 Na$HPO-, 25 glucose, 20 HEPES
(pH 7.4), 2 CaCl$, 1 MgCl$, 1% (v/v) BSA. The
cells were incubated at 37°C for 30 min in the ex-
perimental buffer with 1 �M Fura-2 AM. Coverslips
were mounted in a chamber over a Nikon Diaphot
inverted-stage microscope equipped with an x40
oil-immersion fluorescence objective lens. Since
all experiments were performed in the absence of
exogenous Ca$0, the cells on coverslips were bathed
in the chamber in the experimental buffer without
CaCl$ but with 0.5 mM EGTA. Digital fluorescent
microscopy was used to determine the changes in
([Ca$0]�). Experiments were carried out using a vi-
deo imaging system (MagiCal, Applied Imaging
Ltd.) as described previously [2].

Data presentation

The results presented in Figures 1 and 2 are
mean values ± SD of at least three experiments.
Statistical significance of differences was estimated
by the Student’s t-test. Each trace shown in Figures
3–5 represents changes in [Ca$0]� level for one, sin-
gle cell. Additionally, each experiment was con-
ducted at least on three separate occasions.

RESULTS

Phosphatidylserine synthesis and PLD

activity

Figure 1 shows the action of varying concentra-
tions of CADs: propranolol, imipramine and ami-
triptyline, and those which do not belong to CADs:
mianserin and isoproterenol on the incorporation of
radioactive serine into PS in glioma C6 cells. All
CADs stimulated the incorporation at as low con-
centration as 5–10 �M, and at a concentration of
25 �M they increased [,-C]serine incorporation ap-
proximately 2-fold. Dose-response curve obtained
by treating the cells with increasing concentrations
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of these drugs showed that the process was
saturable with a plateau for about 25 �M imi-
pramine, whereas the increase in the PS synthesis
was followed by a decline in the case of 100 and
250 �M amitriptyline. Propranolol used for com-
parison produced a dose-dependent stimulation of
the PS formation that reached a maximum at 500
�M exceeding 5 times basal level (Fig. 1) which
was followed by a decrease in serine incorporation
at 1 mM (not shown). The 1 mM imipramine pro-
duced also a small decline in PS formation (not
shown). In contrast to CADs, mianserin did not
produce any effect on PS synthesis within a range
up to 100 �M, and at higher concentrations, 250
and 500 �M, it distinctly decreased serine incorpo-
ration into PS below the baseline activity (Fig. 1).

To check whether the stimulatory effect of pro-
pranolol, a specific antagonist of �-adrenergic re-
ceptor, on PS synthesis might involve its action on
the receptor, we compared its effect to that pro-
duced by isoproterenol, a selective agonist of �-adre-
nergic receptor. Figure 1 shows that in a range up to
250 �M isoproterenol was without any effect on PS
formation. Thus, these data suggest that proprano-
lol and other CADs produce membrane-perturbing
physicochemical effects rather than act on plasma

membrane receptors to stimulate the PS synthesis
in glioma C6.

In the next set of experiments, the effect of
these compounds on PLD activity was investigated.
PLD catalyzes the hydrolysis of phosphatidylcho-
line and phosphatidylethanolamine to produce the
second messenger, phosphatidic acid. However, in
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Fig. 1. The effect of propranolol (�), imipramine (�), amitrip-
tyline (�), mianserin (�) and isoproterenol (�) on serine incor-
poration into glioma C6 cells. The cells were incubated at 37°C
for 30 min in the presence of [��C]serine and the following con-
centrations of the drugs were used: 5, 10, 25, 50, 100, 250,
500 �M. Results are the mean ± SD of 3–5 experiments and are
expressed as percentage of control; untreated cells were taken as
100% ([��C]serine incorporation into phospholipids of control
cells amounted to 1500 ± 200 dpm/dish). All open symbols
represent statistically significant changes versus control, i.e. un-
treated cells

C

0.0

0.5

1.0

1.5

2.0

2.5

amitriptyline imipramine propranolol mianserin

A

0.0

0.5

1.0

1.5

2.0

2.5

0 100 200 300 400 500

amitriptyline(� M)

B

0.0

0.5

1.0

1.5

2.0

2.5

3.0

0 100 200 300 400 500

mianserin (� M)[1
4
C

]P
E

t
(%

o
f

to
ta

lr
a
d
io

a
c
ti
v
e

lip
id

s
)

Fig. 2. The effect of the addition of increasing amounts of
amitriptyline (A) or mianserin (B) in the absence (�) or in the
presence (�) of fixed quantity (100 nM) of TPA upon the
[��C]phosphatidylethanol formation, and the effect of the addi-
tion of fixed quantity of the drugs (250 �M) added alone (black
columns), TPA (100 nM) added alone (white columns) or drugs
added with TPA (gray columns) upon the [��C]phosphatidyl-
ethanol formation (C). Cells were incubated 1 h with substances
described above, and ��C-phosphatidylethanol was quantitated
as detailed in Materials and Methods. The time of TPA and
drugs addition is assumed as a “zero time”. Basal levels (the
control) determined at this moment were subtracted from all
values shown. The results are expressed as the means ±SD of
duplicate tests from 4 experiments. Statistical significance of
differences: * p < 0.05, ** p < 0.01 and *** p < 0.005 versus
TPA addition alone (Student’s t-test)



the presence of ethanol that acts as phosphatidyl
group acceptor, the enzyme produces PEt, a charac-
teristic product of the PLD-catalyzed reaction [8,
18]. The present study showed that the addition of
250 �M amitriptyline to [1-,-C]labeled cells in the
presence of ethanol enhanced [,-C]PEt formation
about 3-fold (Fig. 2A), similarly as we have previ-
ously found for imipramine and propranolol [5]. In
contrast to these compounds, mianserin either at
250 �M or at 500 �M (Fig. 2B), and even at 1 mM
(not shown), had no detectable stimulatory effect
on the PLD activity. Moreover, when the cells were
incubated with a fixed amount of TPA (100 nM)
and with increasing concentrations of amitriptyline
(from 25 to 500 �M), amitriptyline distinctly
blocked TPA-stimulated PLD activity (Fig. 2A),
whereas the influence of mianserin on this process
was statistically insignificant (Figs. 2B and 2C). As
shown, 250 �M of amitriptyline, imipramine and
propranolol inhibited the TPA-stimulated effect on
PLD activity by 54% (Fig. 2C). It is worth to note
that this effect occurs even at concentration (25 �M),
which was without influence on the PEt formation
produced by these compounds.

Changes in the intracellular Ca2+ concen-

tration

It is now generally accepted that in nonexcit-
able cells (the term used to indicate the absence of
voltage-dependent Ca$0 channels), such as glioma
C6, biphasic capacitative Ca$0 signaling is me-
diated by inositol system [3, 26]. In this process,
the initial transient rise in the intracellular cytosolic
Ca$0 concentration ([Ca$0]�) results from the direct
effect of inositol 1,4,5-trisphosphate (IP!) on the
endoplasmic reticulum (ER) stores and can be ob-
served even in the absence of extracellular Ca$0.
On the other hand, thapsigargin, a specific inhibitor
of the ER Ca$0-ATPase, that pumps Ca$0 into this
structure, also increases [Ca$0]� but this increase is
caused by an unspecific leak of Ca$0 from the ER
lumen. In the presence of exogenous Ca$0, the de-
pletion of the ER store causes opening of specific
voltage-independent Ca$0 channels in the plasma
membranes and Ca$0 influx from the extracellular
space (the second phase). In this study, for simplifi-
cation of the experimental model, all experiments
were performed in the absence of exogenous Ca$0.
Under such conditions only the first phase, i.e. the
release of Ca$0 from the ER stores into the cytosol,

can be observed. As it is shown, nucleotide recep-
tors agonists, ATP and ADP (Fig. 3A and 3E), and
thapsigargin (Fig. 4A), produced a typical transient
rise in [Ca$0]� that declined to the basal level. A cal-
cium ionophore, ionomycin that completely perme-
abilizes cellular membranes for Ca$0, in the absen-
ce of exogenous Ca$0 also releases Ca$0 from intra-
cellular stores into the cytosol (Fig. 4E).

Figures 3 and 4 demonstrate that 1 mM of imi-
pramine, propranolol and amitriptyline added prior
to the addition of ATP, ADP, thapsigargin and iono-
mycin generated a very small, transient increase in
[Ca$0] in glioma C6 cells (Figs. 3B-H and 4B-H).
The magnitude of Ca$0 level changes, which ap-
peared in almost all examined cells (85%, n = 61),
ranged between 20 and 80 nM above the basal
level. However, all mentioned above Ca$0 signals
were only observed with the addition of 1 mM con-
centration of these compounds, while concentration
of 100 �M was without any effect on the increase
in [Ca$0]� (not shown).

Figure 3 shows that pretreatment of the cells
with 1 mM of imipramine, amitriptyline or propra-
nolol, 3 or 4 min prior to the addition of ATP or
ADP, had very little effect and only slightly dimin-
ished these agonists-induced cytosolic Ca$0 mobili-
zation. The initial peak of Ca$0 elevation observed
in control cells following exposure to ATP alone
was in all cases similar and amounted to 617 ± 109
nmol (n = 25) (Fig. 3A), while in the case of ADP it
was 601 ± 83 nmol (n = 38) (Fig. 3E). In the cells
pretreated with imipramine and propranolol, this
value ranged between 400 and 750 nM for ATP
(Figs. 3B,C) and between 420 and 680 nM for ADP
(Figs. 3F,G). The profile of the Ca$0 response was
changed when the cells were pretreated with ami-
triptyline prior to the addition of ATP (586 ± 143
nmol, n= 20) (Fig. 3D) and ADP (560 ± 80 nmol,
n = 24) (Fig. 3H), but the difference between Ca$0

responses in the pretreated cells and those treated
with ATP and ADP alone was statistically insignifi-
cant.

In contrast, CADs, added to the cells 3 min
prior to thapsigargin caused a distinct decrease in
the thapsigargin-induced [Ca$0]� rise (Figs. 4B,C,D).
As it is shown, the increase in [Ca$0]� after expo-
sure of the cells to thapsigargin alone ranged from
89 ± 4 nmol (the basal line) to 394 ± 54 nmol (n = 24)
(Fig. 4A), whereas after pretreatment of the cells
with the drugs (and still in their presence), these
values were diminished and amounted to from 105
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Fig. 3. The effect of 1 mM of imipramine (B,F), propranolol (C,G) and amitriptyline (D,H) on the changes in intracellular Ca�� con-
centration in glioma C6 cells elicited by 100 �M ATP (A-D) or 10 �M ADP (E-H). A, control cells, 100 �M ATP added; E, control
cells 10 �M ADP added; B-D, cells treated with the drugs 4 min prior to ATP addition; F-H, cells treated with the drugs 3 min prior to
ADP addition. Each trace in A-H represents the response of an individual cell tested during one typical experiment. Arrows indicate
additions of the drugs, ATP and ADP. Experiments were conducted on four separate occasions. Number of cells tested for particular
experiments (n) amounted to from 20 to 38
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drugs and thapsigargin and ionomycin are indicated by arrows. Experiments were conducted on three separate occasions (number of
cells tested: n = 24)



± 6 nmol (the basal line) to only approximately 143
± 15 nmol (Figs. 4B,C,D). Similarly, pretreatment
of the cells with CADs prior to calcium ionophore,
ionomycin that permeabilizes membranes for Ca$0,
caused a smaller release of Ca$0 from the intracel-
lular stores than that produced by ionophore alone.
Figure 4E shows that in control, untreated cells,

ionomycin (4 �M) released and increased [Ca$0]� to
about 534 ± 87 nmol (n = 24), whereas in pre-
treated cells to 256 ± 46 nmol (Figs. 4F,G,H). It is
worth noting that amitriptyline, imipramine and pro-
pranolol added to the cells at lower concentrations,
100 �M and 500 �M, did not diminish thapsigargin-
and ionomycin-generated Ca$0 increases (not shown).

Contrary to CADs, 1 mM of mianserin pro-
duced a high, heterogeneous Ca$0 peak responses
amounting to from 600 to 1000 nM (n = 21) (Fig.
5A), which appeared in 60% of the cells. Pretreat-
ment of the cells with mianserin prior to the addi-
tion of ATP (Fig. 5B), and ionomycin (Fig. 5C),
changed the kinetics of the ATP- and ionomycin-
induced Ca$0 responses and increased [Ca$0]� ele-
vation. These unusual, chaotic effects were ob-
served in particular cells at different periods of time
after addition of this drug, in some cells immedi-
ately (Fig. 5B), and in others within 3–4 min (Fig.
5B and 5C). It should be added that these Ca$0 sig-
nals were induced only by a high, 1 mM concentra-
tion of mianserin while 100 �M and 500 �M did
not elevate [Ca$0]� (not shown). The cells exposed
to 1 mM of mianserin during 5–10 min experi-
ments (Fig. 5) did not manifest any visible morpho-
logical changes (not shown).

DISCUSSION

Several laboratories reported that in a number
of cultured cell lines, drugs belonging to amphi-
philic cations have a stimulatory, and anions an in-
hibitory, effects on the PS synthesis and PLD activ-
ity [1, 5, 6, 13, 16, 19, 32, 35, 37]. The regulation
of serine base-exchange activity by amphiphilic
cations has been explained by Kanfer and McCart-
ney [16] as a result of rearrangement of membrane
phospholipids by exposing their polar head groups
to a more hydrophilic environment, accessible to
the catalytic site of the serine base-exchange en-
zyme. The effect of amphiphilic cations on PLD
activity could be explained in a similar manner. In
addition, we have proposed that CADs interact
electrostatically with such exposed head groups re-
ducing the negative charge on their phosphate
group and facilitating the serine base-exchange en-
zyme action [35]. In this study, we suggest that also
the effect of CADs on the cellular Ca$0 mobiliza-
tion may be strictly linked with their capability to
interfere with membrane physicochemical proper-
ties affecting membrane phenomena.
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Fig. 5. The effect of 1 mM of mianserin on the changes in intra-
cellular Ca�� concentration in glioma C6 cells. A, control cells,
1 mM mianserin added; B, cells treated with mianserin 3 min
prior to ATP (100 �M) addition; C, cells treated with mianserin
3 min prior to ionomycin (4 �M) addition. Each trace in A-C
represents the response of an individual cell tested during one
typical experiment. All additions are indicated by arrows. Ex-
periments in A-C were conducted on three separate occasions
(number of cells tested: n = 21)



We have previously reported that amphiphilic
cations, sphingosine and sphingosylphosphoryl-
choline, increase PS synthesis in glioma C6 cells
[35, 37]. The present study shows that antidepres-
sants, amitriptyline and imipramine, and antidys-
rhythmic and antihypertensive drug, propranolol,
all belonging to CADs, stimulate PS formation.
This stimulation occurs at a concentration as low as
5–10 �M that may be reached during clinical treat-
ment. Mianserin, which is not CAD [31], did not
affect PS synthesis. Similarly, all these three CADs
increase PLD activity in glioma C6 cells, whereas
mianserin has not such ability. However, the in-
crease in PLD activity was induced by CADs at
much higher concentrations (250 �M) than that ef-
fective for the stimulation of PS synthesis and such
high concentrations of drugs seems unlikely to be
related to their pharmacological action. On the other
hand, the present study shows that TPA-induced
protein kinase C (PKC)-dependent PLD activity is
potently reduced by imipramine, amitriptyline and
propranolol. Interestingly, this inhibition occurred
at lower concentrations than those sufficient for the
PLD activation by drugs themselves. Thus, these
results suggest that therapeutic effects of these
drugs, and probably some other CADs, may be cor-
related with their ability to inhibit PKC. In fact, an-
tidepressants were shown to inhibit other PKC-
related intracellular processes as well [21, 24].

The results of our study also show that [Ca$0]�
change in glioma C6 cells induced by high concen-
tration (1 mM) of imipramine, amitriptyline and
propranolol are very week. These data are in con-
trast to those reported for primary cultured neurons
of the rat frontal cortex, where antidepressant drugs
themselves used at the same, 1 mM concentration,
stimulate IP! production and cause mobilization of
intracellular Ca$0 [31]. To define the mechanism of
antidepressants- and propranolol-induced changes
in [Ca$0]�, the influence of these drugs on Ca$0 mo-
bilization generated by thapsigargin and ionomy-
cin, and nucleotide receptor agonists (ATP and
ADP) was investigated. We found that imipramine,
amitriptyline and propranolol diminished thapsi-
gargin- and ionomycin-evoked Ca$0 release from
intracellular stores. This cannot be explained by the
ability of CADs to deplete the ER stores what, in
consequence, may cause the decrease in thapsigargin
and ionomycin-induced Ca$0 mobilization, since
the pretreatment of cells with these drugs does not
change the Ca$0 response to ATP and ADP. In glioma

C6 cells, ATP and ADP act on two nucleotide re-
ceptors, P2Y, and P2Y$, respectively. Both of them
are linked to phospholipase C [27, 28]. Thus, our
results indicate that in the presence of CADs, ago-
nists acting on the plasma membrane receptors and
producing IP! are still able to release Ca$0 from the
ER lumen, via IP! receptor, and that this process
is not disturbed by the high concentrations of the
tested drugs. Contrary to agonists that operate
through membrane receptors, thapsigargin and
ionomycin penetrate the plasma membrane and
evoke a leak of Ca$0 from the intracellular stores,
independently of IP!. It is known that CADs inter-
calate into phospholipids bilayers and due to their
properties alter membrane organization [17, 20].
Therefore, one can speculate that the high concen-
tration of CADs may make the plasma membrane
less permeable to thapsigargin and ionomycin. In
consequence, Ca$0 mobilization induced by these
two compounds would be diminished. This specu-
lation is confirmed by the action of CADs on iono-
mycin-permeabilized cells and by observation that
only high concentration of CADs produces such ef-
fect. Furthermore, cationic amphiphilic compounds
bound to membrane phospholipids or membrane
proteins may compete with other cations for the
binding to transport-related cation-binding sites
[33]. In addition, all cell membranes, including the
ER, after binding of CADs become less negative
and the change in the charge may also prevent the
leak of Ca$0 from the lumen of this structure into
the cytosol.

It is worth adding that similarly as it was ob-
served in the case of PS synthesis and PLD activity,
mianserin, which is not cationic amphiphilic agent,
produces different Ca$0 responses than those afore-
mentioned for imipramine, amitriptyline and pro-
pranolol. Ca$0 mobilization induced by mianserin
is heterogeneous, chaotic and even higher than
those produced by ATP or ionomycin themselves.
Moreover, since mianserin does not diminish ATP-
induced Ca$0 mobilization, the increase in [Ca$0]�
cannot arise from the intracellular Ca$0 stores but
probably it is a consequence of drastic disorders in
the cellular Ca$0 homeostasis. One can suppose
that this might result from the inability of endoge-
nous buffering or binding proteins (e.g. calmodu-
lin) to bind Ca$0.

Thus, the comparison of the effects of these
drugs revealed that their therapeutic properties may
be related partly to the modulation of PS synthesis
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and correlated with their ability to inhibit PKC.
These changes may further influence enzyme activ-
ity and phospholipid metabolism producing phos-
pholipidosis, known to be induced by many CADs
when administrated to patients, experimental ani-
mals, or cells in culture [17, 30]. Furthermore, the
data presented here, are to our knowledge, the first
to show the influence of antidepressants and pro-
pranolol on the Ca$0 release from intracellular
stores induced by agonists, thapsigargin and iono-
mycin. This data suggest that the pharmacological
action caused by high, millimolar, concentrations
of these drugs may be attributed to their physico-
chemical properties affecting membrane pheno-
mena and changing the cellular Ca$0 homeostasis.
Moreover, it seems that during clinical treatment,
a special attention should be given to mianserin,
which at high concentration produces strong disor-
ders in cellular Ca$0 homeostasis.

On the other hand, one can suppose that since
the mean level of antidepressants in the rat brain af-
ter acute and chronic administration can reach only
the level between 1–10 �M [10, 14, 15], such high,
millimolar, concentration would never be attained
clinically. Nevertheless, long-term administration
might cause accumulation of these drugs. It is
known that CADs can accumulate in particular
subcellular domains, causing local concentrations
to differ greatly from that in the medium [7, 11,
29]. Imipramine, propranolol and other CADs can
accumulate in lysosomes of the cells and tissues,
and have ability to the nonspecific and noncovalent
binding to animal microsomes [25].

In summary, we have found that imipramine,
amitriptyline and propanol stimulate PS synthesis
and modulate PLD activity and, at high concentra-
tions, affect intracellular calcium level. It is gener-
ally accepted that PS is synthesized in calcium-
dependent manner and both PS and calcium are
co-factors for PKC, which in turn may affect PLD
activity. Since both PKC and PLD are involved in
various important signaling pathways in the cell,
our results indicate that clinically effective drugs,
in addition to their primary action on membrane re-
ceptors, may modulate cellular functions in a way
independent of the receptors.
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