
A

o
s
c
i
c
v
i
w
I
a
b
d
©

K

L
i
o
s
L
o
s
d
i

p
m

0
d

Neuroscience Letters 424 (2007) 22–26

Different mechanisms of lysophosphatidylcholine-induced
Ca2+ mobilization in N2a mouse and SH-SY5Y

human neuroblastoma cells

Xiao-Hua Li a,b, Ding-Xin Long a,b, Wei Li a, Yi-Jun Wu a,∗
a Laboratory of Molecular Toxicology, State Key Laboratory of Integrated Management of Pest Insects and Rodents,

Institute of Zoology, Chinese Academy of Sciences, Datunlu Road, Beijing 100101, PR China
b Graduate School of the Chinese Academy of Sciences, Beijing 100039, PR China

Received 27 April 2007; received in revised form 6 July 2007; accepted 7 July 2007

bstract

In mice, lysophosphatidylcholine (LPC) was found to be a physiological substrate of neuropathy target esterase, which is also bound by
rganophosphates that cause a delayed neuropathy in human and some animals. However, the mechanism responsible for causing the different
ymptoms in mice and humans that are exposed to neuropathic organophosphates still remains unknown. In the present study, we examined and
ompared the effect of exogenous LPC on intracellular Ca2+ overload in mouse N2a and human SH-SY5Y neuroblastoma cells. LPC caused an
ntracellular Ca2+ level ([Ca2+]i) increase in both N2a and SH-SY5Y cells; moreover, the amplitude was higher in N2a cells than that in SH-SY5Y
ells. Preincubation of the cells with verapamil, an L-type Ca2+ channel blocker, did not affect the LPC-induced Ca2+ increase in N2a cells,
erapamil inhibited the response by 23% in SH-SY5Y cells. In Ca2+-free medium, LPC produced a significant [Ca2+]i decrease in N2a cells, while
t caused 64% of total [Ca2+]i increase in SH-SY5Y cells. The results of a cell viability test suggest that N2a cells were more sensitive to LPC than
ere SH-SY5Y cells. These data suggested that the LPC-induced [Ca2+]i increase was produced in each cell line through different mechanisms.

n particular, the [Ca2+]i increase occurred via entry through a permeabilized membrane in N2a cells, but through L-type Ca2+ channels as well

s by Ca2+ release from intracellular Ca2+ stores in SH-SY5Y cells. Thus, the symptomatic differences of organophosphate-induced neurotoxicity
etween mice and humans are probably not related to the diverse amplitudes of intracellular Ca2+ overload produced by LPC. Moreover, the
emyelination effect induced by LPC in mice may be a consequence of its detergent effect on membranes.

2007 Elsevier Ireland Ltd. All rights reserved.
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ysophosphatidylcholine (LPC), also called lysolecithin, is an
mportant lipid molecule in mammalian tissues. Accumulation
f LPC is associated with a host of diseases such as atherosclero-
is, myocardial ischemia, and inflammatory diseases [22,12,18].
PC is also a major lipid constituent and exhibits several types
f neuroactivity in nervous system [23], and induces neuronal
heaths demyelination, together with a variable degree of axonal
egeneration [5,7], which is a common pathological character-
stic of neurodegenerative diseases [9,6].
Neuropathy target esterase (NTE) is a neuronal membrane
rotein in vertebrates, and was originally identified as the pri-
ary action site of those organophosphorus compounds (OPs)
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hat induce a delayed neuropathy characterized by demyelina-
ion and degeneration of long nerve axons [8,2]. Recently, it
as demonstrated that NTE may be a novel lysophospholipase

NTE-LysoPLA) that uses LPC as its physiological substrate
13]. At the same time, a significant elevation of LPC level in
pinal cord but not brain was detected following OPs treatment
14]. Owing to LPC having adverse effects of demyelination
nd axonal lesion, which is somewhat similar to the patholog-
cal changes of organophosphate-induced delayed neuropathy
OPIDN), it was supposed that a localized increase in LPC
evels as a result of NTE-LysoPLA inhibition may induce a
eries of cell signaling cascades, which ultimately may lead to

emyelination and neurodegradation of nerve axons.

An increase in cytosolic Ca2+ level ([Ca2+]i) has been
mplicated in the chain of events leading to delayed neuropathies
esulting from OPs [1,3]. Increased [Ca2+]i may cause the break-

mailto:wuyj@ioz.ac.cn
dx.doi.org/10.1016/j.neulet.2007.07.020


nce L

d
s
c
a
g
i
l
i
i
i
m

t
i
h
(
p
d

o
n
U
s
i
c
i

t
D
f
b
o
p
l
a
U
c

D
a
s
a

i
b
1
p
F
c
o
a
a
H

l
G
o

o
0
2
m
m
e
w
e
d
c
w

s
c

A
o
a
w

d
(
ference. All values are given as means ± S.D.

We first examined the effect of LPC on Ca2+ mobilization
in N2a mouse and SH-SY5Y human neuroblastoma cells. As
shown in Fig. 1, LPC dose-dependently caused an increase in

Fig. 1. Ca2+ influx is dose-dependent on LPC concentration in N2a and SH-
SY5Y cells. Fura-2 loaded N2a and SH-SY5Y cells were stimulated by the
addition of LPC in Ca2+-containing medium. Arrow indicates the time of LPC
addition. Traces are representative of at least 4 experiments. (A) Comparison
X.-H. Li et al. / Neuroscie

own of cytoskeletal elements in various neurodegenerative
tates [16,17]. Moreover, the calcium ionophore ionomycin or
alcium itself has been observed to induce central demyelination
nd axonal degeneration in vivo and the appearance and pro-
ression of lesions was strikingly similar to those seen after the
ntraneural injection of LPC [21,20]. Furthermore, as a bioactive
ipid, LPC has been shown to enhance intracellular Ca2+ level
n many cell types [11,26]. As such, it was postulated that LPC-
nduced demyelination and axonal degeneration, which might be
nvolved in the pathogenesis of OP-induced delayed neuropathy,

ight be attributed to its effect of Ca2+ overload.
The mouse is considered to be insensitive and the hen sensi-

ive to clinical expression of OPIDN, which is associated with
nhibition of NTE. Also, mice respond differently than hens and
umans to OP delayed neurotoxicants, with more rapid action
in 3–5 versus 10–14 days), higher incidence of fatality and less
ronounced neuropathy (only some pathological changes), i.e.,
elayed toxicity rather than OPIDN [1,25].

In the present study, we examined and compared the effect
f exogenous LPC on intracellular Ca2+ overload in mouse N2a
euroblastoma cells and human SH-SY5Y neuroblastoma cells.
sing these two cell lines as models of sensitive and insensitive

ources, we may postulate the possible significance of LPC-
nduced the Ca2+ changes in the process of OPIDN, as well as the
ause of diverse clinical symptoms to OP delayed neurotoxicants
n humans and mice.

SH-SY5Y and N2a cells were obtained from the Cell Cen-
er of Chinese Academy of Medical Sciences (Beijing, China).
ulbecco’s modified Eagle’s medium (DMEM) was obtained

rom Gibco (Grand Island, NY, USA). Heat-inactivated fetal
ovine serum (FBS) was purchased from Chinese Academy
f Medical Sciences (Beijing, China) and trypsin was the
roduct of Amresco (Solon, Ohio, USA). Fura-2/AM, l-a-
ysophosphatidylcholine (primary palmitate and stearate esters)
nd verapamil were purchased from Sigma (St. Louis, MO,
SA). All other chemicals were reagent grade and were pur-

hased from Beijing Chemical Co. (Beijing, China).
SH-SY5Y and N2a neuroblastoma cells were grown in

MEM supplemented with 10% FBS, 100 units/ml of penicillin
nd 100 �g/ml of streptomycin, at 37 ◦C in a humidified atmo-
phere containing 5% CO2. Cells were passaged once a week
nd used in confluent culture in all the subsequent experiments.

[Ca2+]i was measured using Ca2+-sensitive fluorescent
ndicator Fura-2/AM. Cells were washed, suspended in Hepes-
uffered medium (140 mM NaCl, 5 mM KCl, 1 mM Na2HPO4,
mM MgCl2, 1 mM CaCl2, 1 mg/ml glucose and 20 mM Hepes,
H 7.4) at 1 × 107 cells/ml, and then were incubated with 2.5 �M
ura-2/AM for 30 min at 37 ◦C. After being washed twice, the
ells were resuspended in Hepes buffer at 1 × 106 cells/ml. Flu-
rescence intensity was monitored at 510 nm (5 nm slit) with
lternated excitation at 340 nm and 380 nm (5 nm slit) using

dual wavelength fluorescence spectrophotometer (F4500;
itachi, Tokyo, Japan).

[Ca2+]i was calculated by the FL Solutions 2.0 Intracellu-

ar Cation Scan software based on the formula described by
rynkiewicz et al. [4], assuming a dissociation constant kd
f 224 nM. Maximal and minimal fluorescence values were

o
A
a
a
i

etters 424 (2007) 22–26 23

btained at the end of experiment by the sequential addition of
.1% Triton X-100 and 5 mM EGTA. In some experiments, Fura-
loaded cells were washed and suspended in normally Ca2+-free
edium that contained similar components as Hepes-buffered
edium except that CaCl2 was omitted. In Ca2+ restoration

xperiments, Ca2+ was initially absent from the medium, and
as restored to 1 mM after 250 s of LPC stimulation. In other

xperiments, Fura-2 loaded cells were permeabilized with 5 �M
igitonin in Ca2+-free medium for 5 min at 25 ◦C, and then
ells were washed twice and resuspended in Ca2+-free medium
ithout digitonin.
Fura-2 loaded SH-SY5Y and N2a cell were adjusted to the

ame density as 1 × 106/ml, and then challenged with same
oncentrations of LPC.

Cell viability was determined using the dye exclusion assay.
fter the cells were challenged with different concentrations
f LPC for 1 min, 0.02% trypan blue (final concentration) was
dded to the cell suspensions, and the percentage of viable cells
as recorded within 3 min with an inverted microscope.
Comparison between different groups was performed by Stu-

ent’s two-tailed unpaired t-test or one-way analysis of variance
Dunnett’s test). P < 0.05 were considered to be significant dif-
f Ca2+ responses to LPC in N2a cells (black) and SH-SY5Y cells (grey). (B)
verage [Ca2+]i increase above basal level to different concentrations of LPC
s indicated in N2a (�) and SH-SY5Y (�) cells. Data are means ± S.D. from
t least four separate experiments. **P < 0.01, compared with values of [Ca2+]i

ncrease in N2a cells.
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Fig. 2. Adverse effect of LPC on cell membrane integrity in N2a and SH-SY5Y
neuroblastoma cells. N2a (grey) or SH-SY5Y (black) cells were challenged with
different concentrations of LPC as indicated for 1 min, then stained with trypan
blue dye (0.02% final concentration), and the percentage of viable cells was
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Ca2+]i, which remained elevated in Ca2+-containing medium in
oth N2a and SH-SY5Y cells. The [Ca2+]i increase in N2a cells
as more rapid than seen in SH-SY5Y cells, since the increase

ppeared almost as soon as LPC was added to the suspension.
n contrast, in SH-SY5Y cells the levels of Ca2+ rose slowly
nd plateaued (Fig. 1A). At the same time, the response in N2a
ells was stronger than that in SH-SY5Y cells (Fig. 1A and B).
lthough a 2.5 �M LPC did not cause a [Ca2+]i increase in
H-SY5Y cells, this dose of LPC produced a 466 ± 13 nM of
Ca2+]i increase over the baseline in N2a cells. Similarly, while a
�M dose of LPC caused only 274 ± 12 nM of [Ca2+]i increase

n SH-SY5Y cells, it yielded a [Ca2+]i increase to 892 ± 69 nM
ver the baseline in N2a cells. In SH-SY5Y cells, 10 �M of LPC
as needed to achieve this level of response (Fig. 1B).
To assess whether LPC induced lesions within cell mem-

ranes, we assessed cell viability using the trypan blue assay,
hich is indicated as cell viability percentage. As shown in
ig. 2, at 1 �M LPC, few N2a cells were stained with trypan
lue, although at 5 �M LPC there was an increase to 70%, and
t 10 �M, all N2a cells appeared dead. In contrast, with con-
entrations up to 10 �M LPC showed no detergent effect on
ell membrane under the same experimental conditions in SH-
Y5Y cells. As such, a 10 �M dose of LPC could induce a large
a2+ response, which is potent enough to stimulate downstream
a2+-sensitive processes in SH-SY5Y cells Therefore, since this

oncentration showed no detergent effect on cell membrane in
H-SY5Y cells, a 10 �M dose of LPC was used in SH-SY5Y
ells. In N2a cells, because of the strong detergent action of LPC
n cell membranes, we used an LPC concentration of 2.5 �M

y
C
a
t

ig. 3. Effect of external Ca2+ on LPC-induced Ca2+ response in SH-SY5Y cells and
ells to 2.5 �M LPC and 10 �M LPC, respectively in the presence (black) or absence
–4 experiments. (C) Average [Ca2+]i increase above basal level in the presence (�
xperiments. **P < 0.01, compared respectively with the values of corresponding grou
esponses to 2.5 �M LPC (black) or 0.02% Triton X-100 (grey) in N2a cells. Arrow i
t least 3 experiments.
ecorded in 3 min. Data are means ± S.D. from at least four separate experiments.
tudent’s t-test was performed: **P < 0.01 and *P < 0.05, compared with the data
f N2a cells challenged by LPC at the identical concentration of LPC.

o produce a comparatively low detergent effect but yield a high
a2+ increase response.

To assess whether the [Ca2+]i increase induced by LPC was
ependent on Ca2+ influx from either the external medium or
rom Ca2+ that is released from internal stores, we measured
he effect of 10 �M LPC on Ca2+ response in the presence or
bsence of extracellular Ca2+ (Cae

2+). Our results demonstrate
hat in N2a cells, LPC did not induce any [Ca2+]i increase but

ielded a significant decrease in Ca2+-free medium (Fig. 3A and
). These results are similar to the effect of 0.02% Triton X-100,
well-known detergent (Fig. 3D). However in SH-SY5Y cells,

he amplitude was decreased by 36% in the absence of Cae
2+,

N2a cells. (A and B) Typical [Ca2+]i responses of N2a (A) and SH-SY5Y (B)
(grey) of 1 mM Cae

2+ containing-medium. Traces are representative of at least
) or absence (�) of Cae

2+. Data are means ± S.D. from at least four separate
p in the presence of 1 mM Cae

2+ containing-medium. (D) Comparison of Ca2+

ndicates the time of LPC or Triton X-100 addition. Traces are representative of
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Fig. 4. Effect of verapamil on LPC-induced Ca2+ response. (A and B) Fura-
2 loaded N2a cells (A) or SH-SY5Y cells (B) were pretreated with vehicle
(black) or with 20 �M verapamil (grey) for 15 min, then stimulated with 2.5 �M
or 10 �M LPC in Ca2+-containing medium. Traces are representative of at least
four experiments. (C) Average [Ca2+]i increase above basal level in the presence
(�) or absence (�) of Ca 2+. Data are means ± S.D. from at least four separate
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xperiments. **P < 0.01, compared respectively with the values of corresponding
roup treated with 0 �M verapamil in the medium.

ompared with the response in the presence of Cae
2+ (Fig. 3B

nd C).
Pretreatment of the cells with 20 �M verapamil (15 min),

n L-type Ca2+ channel blocker, did not affect LPC-induced
a2+ increase in N2a cells (Fig. 4A and C), but inhibited the

esponse by 23% in SH-SY5Y cells compared with the response
n the absence of verapamil in Ca2+-containing medium (Fig. 4B
nd C). No further inhibitory effect was observed with higher
oncentrations of verapamil on N2a or SH-SYS5Y cells.

The present study examined and compared the effect of LPC
n intracellular Ca2+ overload in mouse N2a neuroblastoma
ells and human SH-SY5Y neuroblastoma cells. LPC caused
[Ca2+]i increase in both N2a and SH-SY5Y cells in a dose-

ependent manner. The [Ca2+]i increase in N2a cells was more

apid than that in SH-SY5Y cells indicating that LPC produced
he Ca2+ increase using different mechanisms in these two kinds
f cells. Moreover, the amplitude in N2a cells was more potent
han that in SH-SY5Y cells, which suggested that N2a cells

s
f
s

etters 424 (2007) 22–26 25

ere more sensitive to LPC than SH-SY5Y cells. Conversely,
ell viability tested by trypan blue exclusion showed that even
�M LPC caused some of cells to stain blue under the experi-
ental conditions, indicating that under this concentration, LPC
ay act as a detergent on the membranes of N2a cells. However,
H-SY5Y incubated with a dose of LPC up to 10 �M showed
o detergent effect, although almost all of the N2a cells stained
lue under these same conditions.

Preincubation of the cells with verapamil, an L-type Ca2+

hannel blocker, did not affect the LPC-induced Ca2+ increase
n N2a cells but inhibited the response by 23% in SH-SY5Y
ells in Ca2+-containing medium. In Ca2+-free medium, LPC
ould not cause any [Ca2+]i increase but produced a signif-
cant decrease in N2a cells, which was similar to the results
een with 0.02% of Triton X-100. However, in SH-SY5Y cells,
here was still a 64% of total [Ca2+]i increase. Considering that
0 �M of LPC in SH-SY5Y cells showed no detergent effect
hile 2.5 �M of LPC caused some N2a cells to stain positive
ith trypan blue, the increase in [Ca2+]i in SH-SY5Y cells may
e through a signaling transduction process involving a Ca2+

ignaling protein, but N2a cells may utilize simple diffusion
hrough a damaged membrane. Taken together, LPC-induced
Ca2+]i mobilization was induced by different mechanisms in
hese two kinds of cells: in SH-SY5Y cells, it was probably by
n external Ca2+ influx mainly through L-type Ca2+ channels,
nd Ca2+ release from intracellular Ca2+ stores; in N2a cells by
a2+ entry from an external space through membranes perme-
bilized by the detergent effect of LPC. We hypothesize that
PC was unable to activated L-type Ca2+ channels in N2a cells
ince the LPC may have caused lysis of the cell membrane at that
oncentration, which was not sufficient to active the channels.
ore importantly, the amplitude of [Ca2+]i increase in N2a cells
as more potent than that in SH-SY5Y cells, and the membrane
f N2a cells was more sensitive to LPC than that of SH-SY5Y
ells.

The LPC molecule is wedge shaped consisting of one
ong hydrophobic fatty acyl chain and one large hydrophilic
olar choline headgroup, attached to a glycerol backbone. The
mphipathic nature of LPC gives it surfactant and detergent-
ike properties. At low concentrations, LPC exists as single

olecules in solution. However, when the concentration of
PC exceeds the critical micelle concentration, LPC can form
mall micelles composed of approximately 180 molecules [15].
lthough single LPC molecules can insert readily into the outer

ayer of the cell membrane, they do not seem to flip quickly into
he inner layer of the cell membrane [10]. However, micelles
ormed from LPC may fuse with cell membranes to disturb mem-
rane conformation, and perhaps lyse cells [24,19]. As such, the
etergent effect of LPC mostly results LPC produced micelles.
egarding the different sensitivity of these two cell lines to LPC,
e can speculate that this may be due to differences in lipid com-
osition of their cell membranes, which ultimately influences
nteractions between LPC and the cell membrane.
The mouse is considered to be insensitive to clinical expres-
ion of OPIDN, with more rapid action, higher incidence of
atality and less pronounced neuropathy [1,25]. In the present
tudy, we examined and compared the effect of LPC on
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ntracellular Ca2+ overload in mouse N2a cells and human SH-
Y5Y cells, which represent sensitive and insensitive sources,
espectively. Our results highlight a possible significance of
PC-induced Ca2+ overload in the process of OPIDN. First,

he amplitude of [Ca2+]i overload in mouse N2a cells was much
tronger than that in human SH-SY5Y cells and indicates that
he differences of OPIDN syndrome between mouse and human
robably are not related to the diverse amplitudes of intracellu-
ar Ca2+ overload produced by LPC. Second, the demyelination
ffect of LPC to mouse may be related to its detergent effect on
embranes, and that the Ca2+ overload that follows may accel-

rate the process of demyelination. Finally, whether the more
apid action and higher incidence of fatality in mice due to OP
elayed neurotoxicants are attributable to increased sensitivity
f murine membranes to LPC needs to be further investigated.
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