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General introduction

General introduction
Neurotrophins
Neurotrophins, including nerve growth factor (NGF) (1), brain-derived
neurotrophic factor (BDNF) (2), neurotrophin-3 (NT-3) (3), and neurotrophin-4
(NT-4) (4), are a family of small secreted proteins. They are called neurotrophins (or
neurotrophic factors), since this family of growth factors are able to induce the growth
of new neurons and support the survival, differentiation, and functions of existing
neurons. Neurotrophins, therefore, play essential roles in the nervous system through
regulating the number and diverse physiological functions of various types of neurons
throughout the entire life. Neurotrophins are highly conserved in sequence, with
around 50% similarity in pairwise alignment, and also in their structure.
Neurotrophins form and act as homodimers in solutions and tissues, but several
heterodimers among neurotrophins have also been identified, such as BDNF/NT-3,
BDNF/NT-4, and NGF/BDNF heterodimers (5-12).

Neurotrophins and their receptors
Neurotrophins function through two distinct classes of membrane receptors:
tropomyosin-related kinase (Trk), carrying an intrinsic tyrosine kinase activity in its
intracellular domain, and the receptor p75 for neurotrophins (p75NTR) that belongs to
the death receptor family. Trk receptors include TrkA, TrkB, and TrkC. Neurotrophins
bind to Trk receptors with high affinity, while they bind to p75 with low affinity. For
example, Kd of NGF for TrkA is ~10-11 M, while that for p75 is ~10-9 M (13).
Neurotrophins selectively bind to Trk receptors: NGF specifically binds to TrkA,
BDNF and NT-4 bind to TrkB, and NT-3 binds to TrkC. NT-3 also binds to TrkA and
TrkB with lower affinity. In contrast, all neurotrophins bind to p75 with nearly equal
affinity (Fig. 0-1, 3,6,7,14).
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Neurotrophins-Trk receptors-mediated signals
Neurotrophins are often released from the target organs and bind to Trk and/or
p75 receptors on the surface of axonal terminal of neurons. The axons of neurons are
quite long, as axons can extend to one meter. The signaling complex (such as
NGF-TrkA complex) is internalized through endocytosis after their binding, and
travels in a signaling endosome for a long distance from the axonal terminal to the
cell body, where they induce various signaling pathways and regulate the gene
expression and cellular responses. This is known as long-distance retrograde signaling
(14). Binding of neurotrophins to Trk receptors results in the phosphorylation of
tyrosine residues in the intracellular domain, such as tyrosine 490, 670, 674, 675, and
785 of TrkA (analogous phosphorylation sites are present in TrkB and TrkC), and
generate the binding site for the signaling molecules containing phosphotyrosine
binding domain, or Src homology domain 2 (SH2). Tyrosine 490 and 785 of TrkA are
known to be the major phosphorylated sites. Phosphorylation of TrkA at tyrosine 490
induces the recruitment of signaling molecule Shc through SH2, and another molecule
Grb2, which recruits additional adaptor proteins Sos and Gab-1. This results in the
activation of small G protein Ras, which induces the activation of mitogen-activated
protein kinase (MAPK; Erk1/2) signaling cascade. Recruitment of signaling complex
to the same site of Trk receptors also activates phosphatidylinositol 3-kinase
(PI3K)-Akt signaling pathway. Phosphorylation of TrkA at tyrosine 785 induces the
activation of phospholipase C- (PLC-) pathway. Eventually, activation of these
signaling cascades promotes survival, differentiation, or proliferation of neurons (Fig.
1-1, 7).

Neurotrophins-p75-mediated signals
Binding of neurotrophins to the receptor p75 triggers both survival and
apoptotic pathways in different conditions. By binding to p75, neurotrophins support
the cell survival mainly through nuclear factor-kappa B and Akt signaling pathways,
while

induce apoptotic death of cells through c-Jun N-terminal kinase

(JNK)-dependent

signaling

pathway,

generation
2
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sphingomyelinase, or the activation of caspases by the actions of adaptor proteins,
NRAGE and NADE. Activation of these apoptotic pathways inhibits the survival
signals, stimulates proapoptotic inducer gene expression, or directly leads to the cell
cycle arrest, thereby resulting in apoptosis (7,8).

Processing of proneurotrophins to mature neurotrophins
While all the above-mentioned discussion focused on the mature form of
neurotrophins, it should be noted that neurotrophins are initially synthesized as
proforms, proNGF, proBDNF, proNT-3, and proNT-4, and then processed into the
mature forms by protease cleavage. For example, proNGF is mainly converted into
mature NGF intracellularly by furin and other proconvertase cleavages, and secreted
as a mature form in the tissues in normal condition. Furin is a protease enriched in the
Golgi apparatus. It was reported that furin cleaves proNGF at its N-terminal cleavage
sites. Evidence suggests that NGF is also released in its proform (proNGF), and the
amount of secreted proNGF in the tissues is increased during the Alzheimer's disease.
Secreted proNGF is converted into its mature form in the extracellular space mainly
by plasmin cleavage at both N- and C-terminal cleavage sites. Plasmin is a serine
protease present in the blood plasma, and cleaves various unprocessed proteins into
their mature forms. Similar to NGF, proBDNF is converted to mature BDNF
intracellularly by proconvertases including furin or extracellularly by plasmin. All the
proforms of neurotrophins bind to p75 with equally high affinity and induce
JNK-dependent intrinsic apoptosis, while they do not bind to Trk receptors (Fig. 0-1,
8,15-17).

Neurotrophins and neurodegenerative diseases
In a number of studies, NGF and BDNF have been implicated in the
pathogenesis of several neurodegenerative diseases, such as Alzheimer's disease and
Parkinson's disease, although the exact mechanism has not been fully elucidated. In
the most of the patients with Alzheimer's disease, it has been found that there is an
increase in proNGF and a decrease of TrkA, while p75 is not changed. Therefore, it is
3
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hypothesized that the maturation of NGF from proNGF is prevented possibly because
of the reduced level of plasmin or the inhibition of retrograde transport of signaling
complex. Increased proNGF interacts with p75, and induces the apoptotic signals
instead of survival signals in Alzheimer's disease (15,16). The role of BDNF in
Alzheimer's disease seems to be different, since significantly reduced level of both
proBDNF and BDNF was found in the patients with Alzheimer's disease (15,17).
Since NGF and BDNF play essential roles in neurodegenerative diseases, therapeutic
use of NGF and BDNF has been widely studied (15,17). However, neurotrophins
themselves have poor pharmacokinetics, mainly because they are easy to be
hydrolyzed in tissues. In addition, they have limited ability to pass through the
blood-brain barrier, and their ability to distribute to the tissues is also restricted (18).
These properties have caused difficulties in clinical delivery of NGF or BDNF to the
correct locations where they are needed. Hence, small molecules with the ability to
interact with TrkA, TrkB, and/or other survival factors for neurons are also of great
interest for many therapeutic applications (18).

Secretory phospholipase A2
Phospholipase A2 (PLA2) is comprised of a diverse class of enzymes which
catalyze the hydrolysis of the sn-2 ester bond of phospholipids to liberate free fatty
acids and lysophospholipids. They are mainly classified into four groups: secretory
PLA2

(sPLA2),

cytosolic

PLA2 (cPLA2),

calcium-independent

PLA2,

and

platelet-activating factor acetylhydrolase family. It is widely recognized that through
releasing lysophospholipids and fatty acids, especially arachidonic acid (AA), PLA2s
play important roles in numerous cellular processes (19-21). In mammals, 12 isoforms
of sPLA2 have been found, and are named as sPLA2 group IB, IIA, IIC, IID, IIE, IIF,
V, X, XIIA (~20 kDa), XIIB (~20 kDa), III (~55 kDa), and otoconin (90-95 kDa). The
sPLA2s in group I, II, V, and X are small proteins with molecular weight ranging from
14 to 18 kDa, and are similar in structure containing Ca2+-binding loop and the same
catalytic site (21).
sPLA2-IB is secreted in pancreatic juice and cleaved by trypsin to produce
4
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active form in the intestine. It digests dietary and biliary phospholipids to release
lysophosphilipids and free fatty acids in the intestinal tract. Inhibition of sPLA2-IB
was found to reduce diet-induced obesity and diabetes, possibly through preventing
intestinal digestion of phospholipids, thereby improving insulin sensitivity. Low
level expression of sPLA2-IB was also found in other tissues, including lung and
liver, but it varies among species. For example, sPAL2-IB is highly expressed in the
stomach of guinea pig, but not in healthy human stomach. sPLA2-IB is unable to
release AA by hydrolyzing phosphatidylcholine (PC) because of its poor binding
affinity to PC (21,22).
sPLA2-IIA is continuously expressed in paneth cells in intestine, and its
expression is highly increased in various cells, including macrophages, vascular
smooth muscle, and gastric epithelial cells, upon proinflammatory stimuli in a wide
range of animal species. sPLA2-IIA is also abundant in exocrine fluids. The
antibacterial activity is the best-characterized physiological function of this enzyme.
sPLA2-IIA

preferably

bind

to

phosphatidylethanolamine

(PE)

and

phosphatidylglycerol which are rich in bacterial membrane, and degrade these
phospholipids, thereby protecting the host from infection. Like sPLA2-IB, sPLA2-IIA
has weak binding affinity to PC on the cell surface, but sPLA2-IIA is able to induce
the release of AA intracellularly via heparan sulfate proteoglycans (HSPG)-dependent
pathway, which was suggested to be involved in inflammation. In HSPG-dependent
pathway, sPLA2-IIA is sorted by glycosylphosphatidylinositol-anchored HSPG,
internalized, and releases AA inside the cells from the perturbed microdomains in
either caveolae or intracellular membranes (21,22).
Both sPLA2-V and sPLA2-X are expressed in bronchial epithelial cells, and
their expression is remarkably increased in the patients with asthma. sPLA2-V induces
the release of AA through both PC-dependent and HSPG-dependent pathways. The
expression of sPLA2-V was also found to be induced in human lungs with
inflammation, which might be attributed to the abnormal hydrolysis of lung surfactant
by sPLA2-V. In addition, sPLA2-V is expressed in heart at high level, but its
physiological functions have not been identified. Like sPLA2-IB, sPLA2-X is
5

General introduction

synthesized as inactive proenzyme, and converted to its active form by protease
cleavage. The expression of sPLA2-X was detected in intestine, stomach, colons,
spleen, thymus, and blood leukocytes, as well as in lung (21,22). Among mammalian
sPLA2s, sPLA2-X can most efficiently bind to PC on the outer leaflet of plasma
membrane, and release AA by its hydrolytic activity, while it has no affinity for
heparin (22,23). Both sPLA2-V and sPLA2-X regulate the allergic response by
mediating the release of AA, LPC, and derivatized lipid mediators. Also, high
expression level of sPLA2-X detected in digestive and immune organs may suggest
important roles of this enzyme in phospholipid digestion and lipid mediator
production. Moreover, sPLA2-IIA, III, V, and X are supposed to play critical roles in
atherosclerosis. Numerous studies have found that different isoforms of sPLA2s play
essential roles in various diseases, such as inflammatory diseases, infectious diseases,
diabetes, and cancer. Therefore, identifying the biological roles of these enzymes is
the most challenging theme in the filed of sPLA2 (21,22).

Lysophosphatidylcholine
Lysophosphatidylcholine (LPC) is known as a bioactive lipid released from the
PC of cell membrane or PC of lipoprotein by the hydrolytic activity of sPLA2 in the
blood (Fig. 0-2 A; 22-24). LPC can also be generated by endothelial lipase or by
lecithin-cholesterol acyltransferase secreted from the liver (22-26). The concentration
of LPC in human plasma separated from fresh blood is around 190 M, but it can be
up to 800 M in blood plasma of other mammalian species (26). It is mainly present
in a complex with albumin, oxidized low-density lipoproteins (Ox-LDL), or other
lipoproteins (23,27,28). LPC in the plasma has several molecular species carrying
saturated or unsaturated fatty acyl chains of different length, and exists as a mixture
composed of LPC 16:0 (40%), 18:0 and 18:1 (10-15%), 18:2 (20%), and 20:4 (10%)
in the plasma (26,28).
LPC is the main component of Ox-LDL. The level of LPC is increased at
maximum by 5-fold when low density lipoprotein (LDL) is oxidized by various
stimuli (22), such as UV radiation (29) and lipoxygenase treatments (30), compared to
6
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the normal LDL. Endothelial and smooth muscle cells (31), monocytes, macrophages,
and neurotrophils (30) were also reported to oxidize LDL in vitro to produce LPC. It
is likely that the formation of LPC in Ox-LDL plays a critical role in the atherogenic
effect of Ox-LDL (22,32). Besides, the increased level of LPC was reported in the site
of inflammation (33) where LPC regulates the inflammation possibly through
inducing the expression of proinflammatory mediator cyclooxygenase type 2
(COX-2) (34). Activation of p38, as well as the transcription factors cAMP response
element-binding protein (CREB) and ATF-1 might be involved in this process (35,36).
Furthermore, it was reported that LPC induces the expression of vascular cell
adhesion molecule-1 and intercellular adhesion molecule-1 (37), attracts phagocytes
to apoptotic cells (38), and induces chemotaxis in other types of cells (39,40). In
addition, LPC was found to increase intracellular Ca2+ in macrophages and
neurotrophils (41,42), and activate protein kinase C, activator protein-1, and c-Jun
N-terminal kinase in several types of cells (43-46). By evoking various cellular
responses as mentioned above, LPC plays critical roles in sepsis, rheumatoid arthritis,
and multiple sclerosis, but the mechanisms seem to be complicated. A specific
receptor and mechanism for the diverse biological functions of LPC has not been
identified.

Other lysophospholipids
Many other lysophospholipids have been found in vivo, although their
concentration is relatively low compared to LPC which is most abundant in the
plasma. Among them, physiological and pathological roles of lysophosphatidic acid
(LPA) and sphingosine 1-phosphate (S1P) are well characterized both in vitro and in
vivo. LPA and S1P play essential roles in the various cellular responses through their
G protein-coupled receptors (GPCR): LPA1-5 and P2Y5 for LPA, and S1P1-5 for S1P,
respectively. LPA is produced from phosphatidic acid (PA) by PA-selective
phospholipase A1 or from LPC by autotaxin, an enzyme that converts LPC to LPA.
S1P is generated by the phosphorylation of sphingosine catalyzed by sphingosine
kinases 1 and 2. LPA is detected in various biological fluids, such as serum, saliva,
7
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and cerebrospinal fluid. LPA promotes the proliferation and migration of
differentiated vascular smooth muscle cells, induces smooth muscle contraction and
neurite retraction, and prevents apoptosis in various types of cells (47,48). LPA has
also been shown to synergistically enhance NGF-induced MAPK phosphorylation in
PC12 cells (49-51), which will be described in Chapter 1 in details.
Compared to studies in LPA and S1P, there are much less studies about the
mechanisms

and

specific

receptors for other

lysophospholipids,

such

as

lysophosphatidylserine (LPS) and lysophosphatidylethanolamine (LPE), although
some biological actions of LPS and LPE have been found. LPS and LPE are produced
from phosphatidylserine (PS) and PE by PS- or PE-selective phospholipases,
respectively. LPS was reported to stimulate the degranulation of mast cells, enhances
apoptotic cell engulfment by macrophages, and promotes NGF-induced neurite
outgrowth in PC12 cells. GPCRs, G2A and GPR34, were found to be involved in
some cellular functions of LPS (49). Studies about LPE have shown that it can
increase the intracellular calcium and stimulate cellular invasion in human ovarian
cancer cells. It was also reported that LPE induces the neuronal differentiation of
PC12 cells. However, specific receptor(s) for LPE has not yet been reported (49).

Neurotrophin-like activity of sPLA2 and LPC
Previous

study

in

our

laboratory demonstrated

that

sPLA2

shows

neurotrophin-like effects in PC12 cells (52) and in cerebellar granule neurons (CGNs)
(53). PC12 cells are widely used as a model for studying the survival and
differentiation of neurons, since these cells endogenously express receptors TrkA and
p75, stop dividing, and differentiate into sympathetic-like neurons in response to NGF
(53). Treatment of PC12 cells with sPLA2 induced neuritogenesis and differentiation
into a neuron-like phenotype as observed in NGF-treated PC12 cells. In addition,
sPLA2 rescued CGNs from apoptosis; when CGNs grown in a medium containing the
depolarizing concentration of potassium are transferred to low potassium medium,
cells undergo apoptosis, but this apoptosis was prevented by the addition of sPLA2,
mimicking the action of BDNF. Interestingly, sPLA2-X, but not sPLA2-IB or
8
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sPLA2-IIA, induced neurites in PC12 cells (52) and protected CGNs from apoptosis
(53). Subsequent studies have shown that the neurotrophin-like activity of sPLA2 is
associated with the release of one of the lysophospholipids, LPC (Fig. 0-2 B). Indeed,
LPC added at 100 M and 10 M to PC12 cells and CGNs, respectively, recapitulated
the neurotrophin-like activity of sPLA2, i.e. induction of neurite outgrowth in PC12
cells and protection of CGNs from apoptosis (55,56). However, the underlying
mechanism remains largely unclear.

9
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Objective
LPC was previously found to display neurotrophin-like activity in PC12 cells
and in CGNs. The main objective of this study is to analyze the molecular mechanism
in which LPC displays neurotrophin-like activity. It would provide important
evidences for the development of a new method for combating the neurodegenerative
diseases.
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Chapter 1. Lysophosphatidylcholine enhances
NGF-induced MAPK and Akt signals by enhancing the
activation of TrkA in PC12 cells
1.1 Introduction
Nerve growth factor
Nerve growth factor (NGF) was initially found 60 years ago as a molecule that
regulates the development of sensory and sympathetic neurons in the peripheral nervous
system (PNS) (6). Critical biological functions of NGF in the central nervous system
(CNS)

have

also

been

extensively

characterized.

NGF,

the

most

extensively-characterized neurotrophin, is known to be generated from nonneuronal
cells of target tissues, such as skin, muscle, testis, and salivary glands (5,6). NGF has
two receptors, TrkA (with high affinity) and p75 (with low affinity). Binding of NGF to
TrkA induces kinase activity of TrkA and its autophosphorylation at tyrosine residues.
Phosphorylation of TrkA at tyrosine 490 recruits the signaling molecules such as Shc,
and induces the activation of Ras-MAPK signaling cascade which is essential for
neuronal differentiation (6,7,57,58). Activated TrkA also transmits signals to the
PI3K-Akt signaling cascade which is important for cell survival. Phosphorylation of
TrkA at tyrosine 785 leads to the activation of phospholipase C- pathway (6,7,58).
These pathways eventually lead to the expression of immediate early genes, such as
c-fos and NGF-IA, which are critical for cell proliferation, differentiation, and survival
(Fig. 1-1) (59). Besides, by binding to the receptor p75, NGF induces the proapoptotic
and prosurvival pathways. Studies found that activated TrkA can suppress p75-mediated

13
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apoptotic pathways. On the other hand, p75 increases the binding specificity of NGF to
TrkA, and promotes the retrograde transport of NGF-TrkA signaling complex. However,
activated p75 was also reported to inhibit NGF-induced TrkA autophosphorylation. The
interaction between TrkA and p75 appears to vary in different conditions and neurons
(6).

Rat pheochromocytoma cells (PC12)
Rat pheochromocytoma PC12 is a cell line established from a solid tumor of
chromaffin cells in the adrenal medulla. PC12 cells stop dividing and start
differentiation in response to NGF, and show neuron-like properties. PC12 cells also
respond to other growth factors that use the same signaling cascade, which leads to
distinct outcomes. For example, epidermal growth factor (EGF) stimulation causes the
proliferation, instead of differentiation, of PC12 cells. These properties make PC12 cells
become a suitable model for studying the cellular responses of growth factors at the
molecular level (60-63).
In this Chapter, I have examined the effect of LPC on MAPK and Akt
phosphorylation in PC 12 cells, and found that LPC specifically enhanced NGF-induced
MAPK and Akt phosphorylation. In accordance, NGF-induced expression of immediate
early genes, c-fos and NGF-IA, was up-regulated by LPC. Phosphorylation of the
upstream components, MEK and the NGF receptor TrkA, was also enhanced by LPC. In
contrast, LPC did not affect EGF- or basic fibroblast growth factor (bFGF)-induced
MAPK phosphorylation, and insulin-like growth factor-1 (IGF-1)-induced Akt
phosphorylation. In addition, LPC did not enhance EGF-induced EGF receptor (EGFR)
phosphorylation, which is in line with the fact that LPC does not promote EGF-induced
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signal.
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1.2 Objective
The specific objective of the work in this Chapter is to examine whether or not a
cross-talk between NGF- and LPC-induced signals exists in PC12 cells, and to elucidate
how the signals from LPC affect the signals from NGF.
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1.3 Results
1.3.1 LPC enhances NGF-induced MAPK phosphorylation in PC12 cells
As mentioned in the Introduction, it was previously found that both sPLA2 and
LPC produced by the hydrolysis of phosphatidylcholine by sPLA2 induced neuronal
differentiation of PC12 cells (52,55), mimicking the action of NGF. It is well-known
that the activation of Ras-MAPK signaling pathway is necessary for NGF-initiated
differentiation of PC12 cells (7,64). NGF induces MAPK signaling cascade through its
receptor TrkA, while sPLA2 is known to activate L-type Ca2+ channel, thereby also
activating MAPK signaling pathway. Since NGF and LPC evoke the similar cellular
responses but employ distinct pathways, it is of interest to examine whether a signaling
cross-talk between NGF and LPC occurs in PC12 cells. To test this, PC12 cells were
serum-starved for 1.5 h, and treated with NGF or LPC alone, or NGF and LPC together
at specified concentrations for 10 min. Then, the amounts of phosphorylated MAPK
(p-MAPK) and total MAPK (t-MAPK) were analyzed by Western blotting. The general
experimental strategy is shown in Fig. 1-2. PC12 cells express two similar MAPKs,
Erk1 (44 kDa) and Erk2 (42 kDa), which are phosphorylated on specific threonine 202
and tyrosine 204 residues upon NGF treatment. As shown in Figs. 1-3 A and B,
treatment of cells with NGF (10 and 50 ng/ml) elicited modest level of MAPK
phosphorylation, whereas treatment of cells with LPC alone (C16:0; 0.1 and 1 M) did
not induce MAPK phosphorylation. Interestingly, significant increase in MAPK
phosphorylation was observed when the cells were treated with NGF and LPC together;
at the highest, LPC (1 M) enhanced NGF (50 ng/ml)-induced phosphorylation of
MAPK by three- to four-fold compared to that in cells treated with NGF (50 ng/ml)
alone. This increase was dose-dependent of LPC used, as the enhanced NGF-induced
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MAPK phosphorylation by LPC at 0.1 M was further increased at 1 M. This result
implicates that a cross-talk between NGF and LPC signaling pathways exists in PC12
cells.

1.3.2 LPC, but not other lysophospholipids tested, displays significant
enhancement of NGF-induced MAPK phosphorylation in PC12 cells
The result shown in Fig. 1-3 prompted me to examine whether other
lysophospholipids bearing different headgroups, such as LPA, LPE, and LPS, display
similar enhancement of NGF-induced MAPK phosphorylation. As shown in Figs. 1-4 A
and B, PC12 cells were treated with various lysophospholipids or NGF alone, or NGF
together with various lysophospholipids for 10 min as indicated. Then, the amounts of
p-MAPK and t-MAPK were analyzed by Western blotting, and p-MAPK/t-MAPK ratio
was quantified. The result in Figs. 1-4 A and B shows that no significant
phosphorylation of MAPK was seen in cells stimulated with these lysophospholipids
alone at 1M. The result also shows that none of these lysophospholipids enhanced
NGF-induced MAPK phosphorylation to comparable level of LPC. This result suggests
a specific role of LPC on NGF-induced signaling in PC12 cells.
In my experimental condition, LPA (1 M) alone dissolved in methanol did not
induce MAPK phosphorylation (Fig. 1-4). This observation caught my attention, since it
has been demonstrated that LPA alone is able to induce the phosphorylation of TrkA and
MAPK through LPA receptor 1 (LPA1) in PC12 cells. Also, LPA and NGF
synergistically stimulate phosphorylation of MAPK and nuclear translocation of their
receptors in PC12 cells (50). Constitutively active LPA1 form a complex with TrkA,
which enhances NGF-induced signals in PC12 cells expressing LPA1 (51). In these
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reports, LPA was dissolved in phosphate-buffered saline (PBS) containing different
percentages of fatty acid-free bovine serum albumin (BSA). Thus, I tested the effect of
LPA when it was dissolved in PBS containing 1% fatty acid-free BSA, instead of
routinely-used methanol. I found that LPA (1 M) alone induced MAPK
phosphorylation, and synergistically enhanced NGF-induced MAPK phosphorylation to
the similar level of LPC (Fig. 1-4). Dissolving LPA in methanol in my experiment might
have impaired the activity of LPA to some extent.

1.3.3 LPC 14:0, 16:0, 18:0 and 18:1, but not 12:0, show significant enhancement of
NGF-induced MAPK phosphorylation in PC12 cells
It has been reported that LPC species carrying different acyl chains in length and
the degree of saturation play different biological roles. For example, LPC 16:0 and 18:0
reduced the background generation of reactive oxygen species (ROS), whereas LPC
16:1, 18:1, and 18:2 induced the intracellular production of ROS in human
polymorphonuclear leukocytes (PMNs; 26). In neutrophils, saturated LPC 16:0 and 18:0
increased intracellular Ca2+ to much higher level than unsaturated LPC 18:1 (26). In
primary human aortic endothelial cells (HAEC), LPC 16:0, 18:1, and 20:4 promoted the
production of prostacyclin by 1.4-, 3-, and 8.3-fold, respectively. However, LPC 18:2
did not induce the production of prostacyclin in HAEC (65). Therefore, I examined if
LPC 12:0, 14:0, 16:0, 18:0, and 18:1 have different effect on NGF-induced MAPK
phosphorylation. Figs. 1-5 A and B show that LPC species carrying fatty acyl chains
14:0, 16:0, 18:0, and 18:1 effectively promoted NGF-induced MAPK phosphorylation
to a similar extent, whereas LPC 12:0 was ineffective. Since LPC 16:0 is the most
abundant component among these species in the human blood plasma as mentioned in
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the General introduction, LPC 16:0 was used in all the following experiments.

1.3.4 LPC up-regulates the expression of NGF-induced immediate early genes,
c-fos and NGF-IA, in PC12 cells
c-fos and NGF-IA are two of the major immediate early genes which are rapidly
transcribed in response to many extracellular stimuli, including NGF, and are early
components of a series of transcriptional events necessary for the initiation and
maintenance of differentiation (59,66-69). To examine whether LPC also affects the
NGF-induced expression of c-fos and NGF-IA at the downstream of MAPK in PC12
cells, cells stimulated with NGF in the presence or absence of LPC for 30 min were
lysed, total RNA was isolated, and cDNA was synthesized by reverse transcription.
Finally, the expression of both c-fos and NGF-IA genes was measured by
semi-quantitative and quantitative RT-PCR (Figs. 1-6 and 1-7). Consistent with the
result shown in Fig. 1-3, NGF (50 ng/ml) slightly induced the expression of c-fos and
NGF-IA, and the addition of LPC (1 M) significantly elevated the expression of both
genes, while LPC alone failed to induce the expression (Figs. 1-7 A-D). This result
shows that enhanced MAPK phosphorylation by LPC results in the up-regulation of
c-fos and NGF-IA expression, suggesting again a functional role of LPC on
NGF-induced signaling pathway.

1.3.5 LPC promotes NGF-induced MEK phosphorylation in PC12 cells
To pinpoint the cellular component at which the NGF signal is augmented by
LPC, I next examined MEK1/2 (MEK) phosphorylation, which is just upstream of
MAPK activation. Western blot analysis shows that phosphorylation of MEK triggered
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by NGF was significantly enhanced by LPC (Figs. 1-8 A and B), indicating that LPC
acts on or at the upstream of MEK.

1.3.6 LPC potentiates NGF-induced MAPK phosphorylation through enhancing
the phosphorylation of receptor TrkA in PC12 cells
Next, I tested whether the enhancement of NGF-induced MAPK and MEK
phosphorylation by LPC occurs via augmentation of TrkA activation. PC12 cells were
stimulated with NGF in the presence or absence of LPC, and the phosphorylation of
TrkA was analyzed by Western blotting using the antibody that recognizes TrkA
phosphorylated at tyrosine 490; phosphorylation of TrkA at this site is known to be
essential for NGF-induced MAPK and Akt activation in PC12 cells (7,70). Since the
amount of endogenous TrkA is low, 6-cm dishes, instead of 24-well plates, were used to
culture the cells to obtain clear image by Western blotting. As shown in Fig. 1-9, NGF
(50 ng/ml) led to a slight phosphorylation of TrkA, which was significantly increased by
the addition of LPC. Taken together, results obtained from Figs. 1-3 to 1-9 indicate that
LPC promotes NGF-induced signaling through TrkA/MEK/MAPK pathway by
enhancing the activation of TrkA in PC12 cells.

1.3.7 LPC also enhances Akt phosphorylation induced by NGF, but not by IGF-1,
in PC12 cells
By binding to TrkA, NGF also activates PI3K-Akt pathway (Figs. 1-1 and 1-10). I
next asked if LPC also enhances NGF-induced Akt phosphorylation in PC12 cells. To
test this, PC12 cells stimulated with NGF in the presence or absence of LPC were
analyzed for Akt phosphorylation using antibodies against phospho-Akt (Ser473) and
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total Akt. As shown in Figs. 1-11 A and B, NGF-induced Akt phosphorylation was
significantly increased by LPC, whereas the effect of LPC alone on Akt phosphorylation
was minimal.
IGF-1 is a polypeptide trophic factor playing important roles in the survival and
differentiation of both neuronal and non-neuronal cells. It has been shown that IGF-1
induces the phosphorylation of Akt and its survival pathway in PC12 cells (Fig. 1-10,
71). Since LPC enhanced NGF-induced Akt phosphorylation (Fig. 1-11), I tested if LPC
has the similar effect on IGF-1-induced Akt phosphorylation. However, no significant
enhancement of IGF-1-induced Akt phosphorylation was observed by LPC addition
(Figs. 1-12 A and B). Thus, LPC does not affect IGF-1-induced Akt signaling. This
result suggests that the effect of LPC is specific to NGF-TrkA pathway.

1.3.8 LPC elevates NGF-induced, but not EGF- or FGF-induced, MAPK
phosphorylation in PC12 cells
Ras-MAPK cascade can also be triggered by various growth factors besides NGF,
such as epidermal growth factor (EGF) and basic fibroblast growth factor (bFGF), and
is essential for the effect of these growth factors (Fig. 1-13, 7,72-75). To test if LPC
enhances MAPK phosphorylation induced by these growth factors, MAPK
phosphorylation in PC12 cells stimulated with EGF, bFGF, and NGF in the presence or
absence of LPC was analyzed in the time-course experiments in Figs.1-14, 1-15, and
1-16. As shown in Figs. 1-14 A and B, LPC significantly enhanced NGF-induced
MAPK phosphorylation, and this effect was observed for as long as 30 min. In contrast,
no increased phosphorylation of MAPK by LPC was detected in cells treated with EGF
(Figs. 1-15 A and B) or bFGF (Figs. 1-16 A and B). These data pose again an interesting
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possibility that LPC acts specifically on NGF-TrkA signaling pathway.

1.3.9 LPC does not affect EGF-induced EGF receptor phosphorylation in PC12
cells
To analyze why LPC did not enhance EGF-induced MAPK phosphorylation, I
next tested the effect of LPC on EGF-induced EGF receptor (EGFR) phosphorylation.
In line with the result showing that EGF-elicited MAPK phosphorylation was not
enhanced by LPC (Fig. 1-15), EGF-induced autophosphorylation of EGFR at Tyr1173,
which is involved in MAPK activation, was not affected by LPC (Figs. 1-17 A and B).
Considering the possibility that EGF at 25 ng/ml used in Fig. 1-15 and 1-17 might have
maximally induced the phosphorylation of MAPK and EGFR, so that no further
increase of MAPK phosphorylation by LPC was detected, the effect of LPC on
EGF-induced phosphorylation of MAPK and EGFR was also tested at lower
concentrations of EGF (Fig. 1-18 A). Also, the effect of LPC on EGF-induced EGFR
phosphorylation was examined in the time-course experiment (Fig. 1-18 B). In both
experiments, similar results were observed to those obtained in Figs. 1-15 and 1-17;
LPC did not enhance EGF-induced MAPK and EGFR phosphorylation in PC12 cells.
Phosphorylation of MAPK and EGFR triggered by EGF was very rapid and transient,
which is consistent with the well-known fact that EGF induces transient, but not
sustained, phosphorylation of EGFR and MAPK in PC12 cells (63,75). These results
confirmed that LPC does not affect EGF-induced signal in PC12 cells.
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1.3.10 Effect of LPC on NGF-induced neurite outgrowth and morphological
changes in PC12 cells.
To evaluate the effect of LPC on NGF-induced differentiation of PC12 cells,
neurite outgrowth was assayed in PC12 cells cultured in the serum-free medium
containing NGF and/or LPC for 48 h. Results in Figs. 1-19 A and B show that LPC
added alone at 1 M does not induce neurite outgrowth. In an agreement with the
well-established observation, NGF added at 50 ng/ml induced neurite outgrowth. No
significant increase was seen by the co-addition of LPC (1 M), although a slight
increase was seen. In this neurite outgrowth assay, only cells having neurites longer than
the diameter of cell body were counted as positive. In fact, increased number of cells
with enlarged cell body showing the tendency of differentiation (bearing short neurites)
was observed when the cells were stimulated with NGF plus LPC, compared to the
treatment with NGF alone. This suggests that LPC potentiates the NGF-induced initial
differentiation of PC12 cells. Since LPC added at 10 M displayed toxicity to the cells
in the serum-free medium, the effect of LPC at higher concentrations was not tested.
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1.4 Discussion
In this Chapter, I have demonstrated the effect of LPC on NGF-induced MAPK
and Akt signaling pathways in PC12 cells and further characterized its signaling mode
by which LPC enhances NGF-induced MAPK phosphorylation. Lysophospholipids
with different headgroups (LPA, LPE, and LPS dissolved in methanol) also enhanced
NGF-induced MAPK phosphorylation, but at a lower level than LPC (Fig. 1-4).
Interestingly, similar headgroup specificity of lysophospholipid was observed in our
previous studies wherein neurite outgrowth in PC12 cells and the cell survival of
CGNs were examined; only LPC, but not other lysophospholipids, induced neurites in
PC12 cells (52) and rescued CGNs from apoptosis (56). As mentioned earlier, LPA is
known to synergistically stimulate NGF-induced MAPK phosphorylation through its
receptor LPA1 in PC12 cells (51). However, the signaling mechanism of LPC on
NGF-induced MAPK phosphorylation still needs to be analyzed.
LPC species with the fatty acyl chains of 14:0, 16:0, 18:0, and 18:1, but not
12:0, enhanced NGF-induced MAPK phosphorylation. Again, similar results were
obtained in our previous studies; LPC species containing the acyl chains of 14:0, 16:0,
and 18:0, but not 12:0, were effective in neurite outgrowth of PC12 cells and survival
of CGNs (55,56). Acyl chain-dependent effect of LPC on human neutrophils (26) and
endothelial prostacyclin production (65) was previously described. Recently, distinct
effect of different species of LPC on COX-2 expression in endothelial cells was also
reported. In this report, LPC 16:0 and 20:0 increased both COX-2 mRNA and protein
production, while LPC 18:1 showed only a weak increase in COX-2 mRNA.
Interestingly, LPC 18:2 promoted COX-2 protein production without affecting mRNA
level (35). These findings, together with the result in this study (Fig. 1-5), suggest the
existence of LPC species-dependent effects in neuronal systems.
To identify the most upstream cellular component(s) affected by LPC, I
examined the phosphorylation of MEK and TrkA. Interestingly, in addition to MEK,
TrkA phosphorylation induced by NGF was significantly enhanced by LPC.
Consistent with increased TrkA phosphorylation, NGF-induced Akt phosphorylation,
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located at the downstream of TrkA, was also elevated by LPC. In contrast,
EGF-induced phosphorylation of EGFR and MAPK was not affected by LPC. I also
observed that bFGF-induced MAPK phosphorylation and IGF-1-induced Akt
phosphorylation were not elevated by LPC. Collectively, these results clearly
demonstrate that the effect of LPC is specific to NGF-TrkA system. Moreover, neurite
outgrowth assay suggested that LPC, at least partially, affected NGF-induced neurite
outgrowth, indicating that potentiation of NGF-TrkA signal by LPC functionally
resulted in the differentiation phenotype of PC12 cells.
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Figure 1-1 Major NGF-TrkA mediated signaling pathways
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Figure 1-2 General experimental strategy for the detection of the
effect of LPC on MAPK phosphorylation in PC12 cells. PC12 cells
cultured on collagen-coated plates or dishes were serum-starved for 1.5 h, and then the
cells were treated with vehicle control (DMEM plus methanol), NGF or LPC alone, or
NGF and LPC together for 10 min or indicated times as described in the figure legend.
Cells were lysed with 1×SDS sample buffer and boiled for 3 min. Equal amount of
each sample was subjected to Western blotting. Phosphorylated MAPK (p-MAPK) and
total MAPK ( t - MAPK) were analyzed by Western blotting using phospho-p44/42
(Thr202/Tyr204) MAP Kinase and p44/42 MAP Kinase primary antibodies, respectively.
In this figure, the experiment in which the cells are stimulated with NGF and LPC
together is shown.
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Figure 1-3 LPC enhances NGF-induced MAPK phosphorylation in
PC12 cells. PC12 cells cultured in 24-well plate were serum-starved for 1.5 h, and
treated with vehicle control (DMEM plus methanol), NGF (10, 50, and 100 ng/ml) or
LPC (0.1 and 1 M) alone, or NGF and LPC together as indicated for 10 min. Cells
were lysed by adding 50 l/well of 1×SDS sample buffer and boiled for 3 min. Equal
volume of each sample was subjected to Western blotting. A, phosphorylated MAPK (pMAPK) and total MAPK (t-MAPK) were analyzed by Western blotting using phosphop44/42 (Thr202/Tyr204) MAP Kinase and p44/42 MAP Kinase primary antibodies,
respectively. The image shown is the representative of three independent experiments
which gave similar results. B, the amounts of p-MAPK and t-MAPK were quantified and
the relative ratio of p-MAPK vs t-MAPK in each condition was calculated. Data are
means ± SD of three independent experiments. *, p<0.01 by one-way ANOVA.
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Figure 1 - 4 LPC , but not other lysophospholipids, d i s p l a y s
significant enhancement of NGF-induced MAPK phosphorylation in
PC12 cells. PC12 cells cultured in 24-well plate were serum-starved for 1.5 h, and
treated with vehicle control (DMEM plus methanol), NGF (50 and 100 ng/ml) or
lysophospholipids (L PC, L PA, LPE, and LPS at 1 M) alone, or NGF and
lysophospholipids together as indicated for 10 min. Cells were also treated with LPA
(1 M; dissolved in PBS containing 1% fatty acid-free BSA) alone or together with
NGF for 10 min. Cells were lysed by adding 50 l/well of 1×SDS sample buffer and
boiled for 3 min. Equal volume of each sample was subjected to Western blotting as
described in Materials and Methods. A, phosphorylated MAPK (p-MAPK) and total
MAPK ( t - MAPK) were analyzed by Western blotting using phospho-p44/42
(Thr202/Tyr204) MAP K i n a s e and p44/42 MAP K i n a s e primary antibodies,
respectively. The image shown is the representative of three independent
experiments which gave similar results. B, the amounts of p-MAPK and t-MAPK
were quantified and the relative ratio of p-MAPK vs t-MAPK in each condition was
calculated. Data are means ± SD of three independent experiments. *, p<0.01 by
one-way ANOVA. PBS, phosphate-buffered saline; BSA, bovine serum albumin.
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Figure 1-5 LPC 14:0, 16:0, 18:0, and 18:1, but not 12:0, show
significant enhancement of NGF-induced MAPK phosphorylation in
PC12 cells. PC12 cells cultured in 24-well plate were serum-starved for 1.5 h, and
treated with NGF (50 and 100 ng/ml) alone, or NGF and various species of LPC
(LPC 12:0, 14:0, 16:0, 18:0, and 18:1 at 1 M) together as indicated for 10 min. Cells
were lysed with 50 l/well of 1×SDS sample buffer and boiled for 3 min. Equal
volume of each sample was subjected to Western blotting as described in Materials
and Methods. A, phosphorylated MAPK (p-MAPK) and total MAPK (t-MAPK) were
analyzed by Western blotting using phospho-p44/42 (Thr202/Tyr204) MAP Kinase
and p44/42 MAP Kinase primary antibodies, respectively. The image shown is the
representative of three independent experiments which gave similar results. B, the
amounts of p-MAPK and t-MAPK were quantified and the relative ratio of p-MAPK vs
t-MAPK in each condition was calculated. Data are means ± SD of three
independent experiments. *, p<0.01 by one-way ANOVA.
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PC12 cultured in DMEM (5%HS/5%FCS) in 60 mm-dishes
Remove DMEM (5%HS/5%FCS), add
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Figure 1-6 Experimental process for the analysis of the effect of LPC
on the expression level of NGF-induced immediate early genes, c-fos
and NGF-IA, in PC12 cells. PC12 cells cultured in 60 mm-dishes were serumstarved for 1.5 h, and the cells were treated with vehicle control, NGF or LPC alone, or
NGF and LPC together for 30 min. The concentration of NGF and LPC shown in the
figure is the final concentration.
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Figure 1 - 7
LPC up - regulates the expression of NGF-induced
immediate early genes, c-fos and NGF-IA, in PC12 cells. PC12 cells were
treated with vehicle control (DMEM plus methanol), LPC (1 M) or NGF (50 and 100
ng/ml) alone or NGF (50 ng/ml) together with LPC for 30 min. Total RNA was isolated
and reverse-transcribed using the random primer. A and C, the expression levels of cfos, NGF-IA, and GAPDH were analyzed by semi-quantitative RT-PCR. B and D, the
expression levels of c-fos, NGF-IA, and GAPDH were measured by quantitative realtime PCR. The amounts of transcripts for c-fos or NGF-IA relative to GAPDH were
calculated by setting the value for NGF (100 ng/ml; not shown) at 1. Data are means
± SD of three independent experiments. *, p<0.05 by one-way ANOVA.
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Figure 1 - 8
LPC p r o m o t e s NGF-induced M E K ( M E K 1/2)
phosphorylation in PC12 cells. PC12 cells cultured in 60-mm dishes were
serum-starved for 1.5 h, and then treated with vehicle control (DMEM plus methanol),
or NGF (50 ng/ml) in the absence or presence of LPC (1 M) for 5 min. Cells were
lysed with 300 l/well of 1×SDS sample buffer and boiled for 3 min. Equal volume of
each sample was subjected to Western blotting. A, phosphorylated MEK (p-MEK)
and total MEK (t-MEK) were analyzed using anti-phospho-MEK1/2 (Ser 217/221) and
anti-MEK1/2 antibodies, respectively. The image shown is the representative of five
independent experiments which gave similar results. B, the amounts of p-MEK and tMEK were quantified and the relative ratio of p-MEK vs t-MEK was calculated. Data
are means ± SD of five independent experiments. *, p<0.05 by one-way ANOVA.
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Figure 1-9 LPC potentiates NGF-induced MAPK phosphorylation
through enhancing the phosphorylation of receptor TrkA in PC12
cells. PC12 cells cultured in 60-mm dishes were serum-starved for 1.5 h, and then
treated with vehicle control (DMEM plus methanol), NGF (50 ng/ml) alone, or NGF plus
LPC (1 M) for 5 min. Cells in each dish were lysed with 300 l/well of 1×SDS sample
buffer and boiled for 3 min. Equal volume of each sample was subjected to Western
blotting. Phosphorylated TrkA (p-TrkA) and total TrkA (t-TrkA) were analyzed using antiphospho-TrkA (Tyr490) and anti-TrkA antibodies, respectively. The image shown is a
representative of four independent experiments which essentially gave similar results.
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Figure 1-10 Scheme showing that Akt can be
phosphorylated by NGF, IGF-I, and BDNF
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Figure 1-11 LPC also enhances NGF-induced Akt phosphorylation in
PC12 cells. PC12 cells cultured in 24-well plate were serum-starved for 1.5 h, and
the cells were treated with vehicle control (DMEM plus methanol), NGF (50 and 100
ng/ml) or LPC (1 M) alone, or NGF (50 ng/ml) together with LPC for 10 min. A,
phosphorylated Akt (p-Akt) and total Akt (t-Akt) were analyzed by Western blotting
using anti-phospho-Akt (Ser473) and anti-Akt primary antibodies, respectively. The
image shown is the representative of five independent experiments which gave similar
results. B, the amounts of p-Akt and t-Akt were quantified and the relative ratio of p-Akt
vs t-Akt was calculated by setting the value for NGF (100 ng/ml) at 1. Data are means
± SD of five independent experiments. *, p<0.05 by one-way ANOVA.
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Figure 1-12 LPC does not affect IGF-1-induced Akt phosphorylation
in PC12 cells. PC12 cells cultured in 24-well plate were serum-starved for 1.5 h, and
the cells were treated with vehicle control (DMEM plus methanol), IGF-1 (10 and 50
ng/ml) or LPC (1 M) a l o n e , o r IGF-1 (10 ng/ml) plus LPC for 30 min. A,
phosphorylated Akt (p-Akt) and total Akt (t-Akt) were analyzed by Western blotting
using anti-phospho-Akt (Ser473) and anti-Akt primary antibodies, respectively. The
image shown is the representative of three independent experiments which gave similar
results. Each experiment was done in duplicate. B, the amounts of p-Akt and t-Akt were
quantified and the relative ratio of p-Akt vs t-Akt was calculated. Data are means ± SD
of three independent experiments.
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Figure 1-14 LPC enhances NGF-induced MAPK phosphorylation in
PC12 cells. PC12 cells cultured in 24-well plate were serum-starved for 1.5 h, and the
cells were stimulated with vehicle control (DMEM plus methanol), NGF (50 ng/ml) alone,
or NGF plus LPC (1 M) in the time-course experiment as indicated. A, phosphorylated
MAPK (p-MAPK) and total MAPK (t-MAPK) were analyzed by Western blotting using
phospho-p44/42 (Thr202/Tyr204) MAP K i n a se and p44/42 MAP Ki n a se primary
antibodies, respectively. B, the amounts of p-MAPK and t-MAPK were quantified and the
relative ratio of p-MAPK vs t-MAPK in each condition was calculated. The result shown
is the representative of three independent experiments which gave similar results.
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Figure 1-15
LPC does not enhance EGF-induced MAPK
phosphorylation in PC12 cells. PC12 cells cultured in 24-well plate were
serum-starved for 1.5 h, and the cells were stimulated with vehicle control (DMEM plus
methanol), EGF (25 ng/ml) alone, or EGF plus LPC (1 M) in the time-course
experiment as indicated. A, phosphorylated MAPK (p-MAPK) and total MAPK (tMAPK) were analyzed by Western blotting using phospho-p44/42 (Thr202/Tyr204)
MAP Kinase and p44/42 MAP Kinase primary antibodies, respectively. B, the amounts
of p-MAPK and t-MAPK were quantified and the relative ratio of p-MAPK vs t-MAPK in
each condition was calculated. T h e result shown is the representative of three
independent experiments which gave similar results.
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Figure 1 - 16
LPC does not enhance b F GF-induced MAPK
phosphorylation in PC12 cells. PC12 cells cultured in 24-well plate were
serum-starved for 1.5 h, and the cells were stimulated with vehicle control (DMEM
plus methanol), bFGF (50 ng/ml) alone, or bFGF plus LPC (1 M) in the time-course
experiment as indicated. A, phosphorylated MAPK (p-MAPK) and total MAPK (tMAPK) were analyzed by Western blotting using phospho-p44/42 (Thr202/Tyr204)
MAP Kinase and p44/42 MAP Kinase primary antibodies, respectively. B, the
amounts of p-MAPK and t-MAPK were quantified and the relative ratio of p-MAPK vs
t-MAPK in each condition was calculated. The result shown is the representative of
three independent experiments which gave similar results.
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Figure 1-17 LPC does not affect EGF-induced EGF receptor
phosphorylation in PC12 cells. PC12 cells cultured in 6-well plate were
serum-starved for 1.5 h, and the cells were treated with vehicle control (DMEM plus
methanol), EGF (25 ng/ml) alone, or EGF and LPC (1 M) together for 2 min. A,
phosphorylated EGF receptor (p-EGFR) and total EGFR (t-EGFR) were analyzed by
Western blotting using anti-phospho-EGFR (Tyr1173) and anti-EGFR primary
antibodies, respectively. B, The amounts of p-EGFR and t-EGFR were quantified
and the relative ratio of p-EGFR vs t-EGFR was calculated. Data are means ± SD
of two independent experiments.
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Figure 1-18 LPC does not enhance EGF-induced EGF receptor
phosphorylation in PC12 cells. PC12 cells cultured in 24-well plate were
serum-starved for 1.5 h, and the cells were stimulated with vehicle control (DMEM
plus methanol), EGF (5, 10, 25, and 50 ng/m) alone or together with LPC (1 M) for
3 min in A. In B, cells were stimulated with vehicle control, EGF (25 ng/ml) alone or
together with LPC (1 M) in the time-course as indicated. A, phosphorylated MAPK
(p-MAPK) and total MAPK ( t - MAPK) were analyzed by Western blotting using
phospho-p44/42 (Thr202/Tyr204) MAP Kinase and p44/42 MAP Kinase primary
antibodies, respectively. B, phosphorylated EGF receptor (p-EGFR) and total EGFR
(t-EGFR) were analyzed by Western blotting using anti-phospho-EGFR (Tyr1173)
and anti-EGFR primary antibodies, respectively. The images are the representative
of two independent experiments which gave similar results.
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Figure 1-19 Effect of LPC on NGF-induced neurite outgrowth and
morphological changes in PC12 cells. PC12 cells were incubated in the
serum-free DMEM supplemented with vehicle control (DMEM plus methanol), LPC (1
M), NGF (50 ng/ml), NGF together with LPC, or NGF (100 ng/ml) for 48 h. The cells
were fixed with 4% paraformaldehyde, and stained with CBB. Cells were observed by
phase-contrast microscopy. Arrows indicate neurites in A. Cells with neurites longer
than the diameter of cell body were counted as positive and the percentage of total
number of cells was calculated in each treatment. Error bars represent the means ±
SD of five independent experiments in B.
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2.1 Introduction
Brain-derived neurotrofic factor
As mentioned in the General introduction, brain-derived neurotrophic factor
(BDNF) is a member of the neurotrophin family growth factors. BDNF was initially
found as a survival factor for peripheral neurons, but also has emerged as a critical
factor that regulates the synaptic plasticity and development of neurons in the CNS, and
supports their survival and differentiation (17). BDNF has been widely studied as a key
drug target for neurodegenerative diseases, since the involvement of BDNF in
neurological disorders, especially in Huntington’s disease, has been found: the
transcriptional level of BDNF was reduced during the early stage and development of
Huntington’s disease brains (17). BDNF has also been implicated in Alzheimer’s and
Parkinson’s diseases. For example, significant decreases of BDNF mRNA and protein
levels were observed in the hippocampus and cerebral cortex in Alzheimer’s disease,
which might be associated with the memory dysfunction of patients with this disease.
The progressive loss of synapses and neurons in Alzheimer’s disease is closely
associated with the role of BDNF in the synaptic plasticity and survival of hippocampal
neurons. However, the exact contribution of BDNF to the pathogenesis of these
neurodegenerative diseases has still not been fully understood (17,76-78).
BDNF is abundantly expressed in the developing and adult mammalian brain,

46

Chapter 2. Lysophosphatidylcholine potentiates BDNF-induced MAPK and Akt
signals by enhancing the activation of TrkB in cerebellar granule neurons
2.1 Introduction

particularly in the hippocampus, in almost all the cortical area, and the spinal cord
regions, where it supports the survival of hippocampal, cerebellar granule, and other
types of neurons (15,78). BDNF was found to be released through both constitutive and
activity-dependent pathways from neurons (76). Similar to NGF, the cellular actions of
BDNF are mediated through two receptors: TrkB and p75. BDNF exerts its survival
effects by binding to TrkB and inducing two key signaling pathways (Fig. 2-1). One
way is that the phosphorylation of TrkB at tyrosine 515 (analogous to tyrosine 490 in
TrkA) activates the Ras-MAPK signaling cascade, which induces the phosphorylation
of CREB and various transcription factors that facilitate the cell survival. Another way
is that phosphorylated TrkB at tyrosine 515 also induces the activation of PI3K-Akt
pathway, which can inhibit proapoptotic signals thereby supporting the survival of cells.
Activated TrkB at tyrosine 816 (analogous to tyrosine 785 in TrkA) can also recruit and
phosphorylate phospholipase C-1 (PLC-1) and induce the activation of protein kinase
C, which modulate the synaptic plasticity. Activated PLC-1 increases the release of
Ca2+ from intracellular stores to the cytoplasm, and induces Ca2+/calmodulin-dependent
kinase (Ca2+/CaM) activation and eventually promotes cell survival (76-78).

Cerebellar granule neurons
Cerebellar granule neurons (CGNs) are the smallest but the most abundant
neurons in the brain. In humans, the total number of CGNs on average is around 50
billion, which constitute 3/4 of neurons in the brain. Cell bodies of CGNs are
intensively packed in the bottom layer of cerebellar cortex. CGNs in the packed layer
grow dendrite to the target upper layers of cortex to exert excitatory effect on the target.
Cultured CGNs have been widely used as a model for studying the cell survival and
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differentiation for several reasons. First, CGNs can be easily prepared from mouse
postnatal cerebellum because of their abundance and homogeneity. Second, membrane
depolarization by high concentration of potassium is necessary for their survival: when
cells are shifted from the culture medium containing high potassium (25 mM) to the
culture medium containing low potassium (5 mM), cells undergo programmed cell
death with typical characteristics of cell shrinkage, nuclear condensation and
fragmentation (78-82).
BDNF, but not NT-3, was shown to be the survival factor for CGNs, although
CGNs express receptors TrkB and TrkC for BDNF and NT-3, respectively (81,82).
Similar to BDNF, IGF-1 is also able to activate IGF-1 receptor to promote the survival
of CGNs (80). Further studies have shown that both BDNF and IGF-1 can protect
CGNs from low potassium-induced apoptosis through activating Ras-MAPK and
PI3K-Akt signaling cascades, respectively (83,84). Besides, IGF-1 also induces the
activation of L-type voltage-dependent Ca2+ channel, and Ca2+/CaM activation to
promote the cell survival (85-87).
As described in the General introduction, sPLA2 and LPC showed NGF-like
activity by inducing differentiation of PC12 cells, and BDNF-like activity by protecting
CGNs from low extracellular potassium-induced apoptosis. In Chapter 1, I have tested
and shown that LPC can promote NGF-induced MAPK and Akt pathways in PC12 cells
via TrkA. In this Chapter, whether or not LPC has similar effect on BDNF-induced
MAPK and Akt signaling pathways in TrkB-transfected CHO-K1 cells and primary
cultured CGNs will be studied.
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2.2 Objective
Ras-MAPK and PI3K-Akt signaling pathways are critical for the survival effect
of BDNF and IGF-1 in CGNs. In the previous studies, LPC has been found to show
survival factor-like effect in CGNs. In Chapter 1, it has been demonstrated that LPC
promotes NGF-induced Ras-MAPK and PI3K-Akt pathways in PC12 cells. The
objective in this Chapter is to investigate whether or not LPC has similar effect on
BDNF- or IGF-1-induced Ras-MAPK and PI3K-Akt signaling pathways in CGNs,
which will be important to understand the signaling mechanism of neurotrophin-like
activity triggered by LPC in CGNs.
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2.3.1 Construction of the plasmid for expression of TrkB
A cDNA fragment encoding the full-length mouse TrkB (GeneBank accession No.
NP_001020245.1), 821 amino acid-long, was amplified by PCR, and was cloned into
EcoR I site of pEGFP-N1 (EGFP-N1, GeneBank accession No. U55762) expression
vector; in this construct, the intracellular, C-terminal end of TrkB was fused with EGFP
(TrkB-EGFP-N1; Fig. 2-2).

2.3.2 BDNF and LPC do not induce MAPK phosphorylation in the wild type and
vector-transfected CHO-K1 cells
Before examining the effect of BDNF and LPC on MAPK phosphorylation in
TrkB-transfected CHO-K1 cells, I tested MAPK phosphorylation in response to BDNF
and/or LPC treatments in the wild type and EGFP-N1 vector-transfected CHO-K1 cells.
As shown in Fig. 2-3, in the wild type and vector-transfected CHO-K1 cells, MAPK
was not phosphorylated upon BDNF (5 ng/ml) and/or LPC (1 M) stimuli, indicating
that CHO-K1 cells are suitable for testing the effect of BDNF and/or LPC on transfected
TrkB.

2.3.3 LPC enhances BDNF-induced MAPK phosphorylation in TrkB-transfected
CHO-K1 cells
To examine whether LPC can also potentiate BDNF-TrkB signaling, TrkB was
expressed in CHO-K1 cells and the ability of LPC to increase MAPK phosphorylation
triggered by BDNF was assessed. Western blot analysis shown in Figs. 2-4 A and B
demonstrates that LPC (1 M) significantly potentiated BDNF-induced MAPK
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phosphorylation, suggesting that LPC displays similar effect on BDNF-TrkB signaling
in addition to its potentiation on NGF-TrkA signaling.

2.3.4 Dephosphorylation of MAPK in the low potassium medium and the effect of
BDNF and LPC on MAPK phosphorylation in CGNs
To test the effect of LPC on BDNF-TrkB signaling in the in vivo-like model
system, the primary culture of CGNs from mouse cerebella which express endogenous
TrkB as well as the receptor for IGF-1 was used. MAPK is highly phosphorylated in the
medium containing high concentration of potassium (25 mM; HK), which causes
membrane depolarization and cell survival. When the culture medium was changed to
the medium containing normal concentration of potassium (5 mM; LK), MAPK is
dephosphorylated and the majority of cells undergo apoptotic death. To test how long
serum-starvation in LK can sufficiently reduce MAPK phosphorylation in HK, I
checked MAPK phosphorylation in a time-course experiment after the cells were shifted
to LK. Cells were serum-starved in LK for 1, 3, and 5 h, and MAPK phosphorylation
was analyzed. The result in Fig. 2-5 A shows that after one hour of serum-starvation in
LK, the level of phosphorylated MAPK was still high (upper, lane 2), although there
was a small decrease compared to that in HK (upper, lane 1). The result in Figs. 2-5 B
and C (upper, lanes 1′, 2′, 1″, and 2″) shows that culturing the cells in LK for 3 to 5
hours can sufficiently reduce MAPK phosphorylation. In Figs. 2-5 A-C (upper, lanes
3-8, 3′-8′, and 3″-8″), the effect of BDNF and LPC on MAPK phosphorylation in cells
serum-starved for 1, 3, and 5 h was tested. The effects of BDNF and LPC were not
clearly seen in cells cultured in LK for 1 h, because of high level of MAPK
phosphorylation remaining in LK (Fig. 2-5 A). As shown in Figs. 2-5 B and C, when the

51

Chapter 2. Lysophosphatidylcholine potentiates BDNF-induced MAPK and Akt
signals by enhancing the activation of TrkB in cerebellar granule neurons
2.3 Results

cells were cultured for 3 or 5 h in LK, BDNF induced MAPK phosphorylation (upper, 5′
and 5′′), which was enhanced by the addition of LPC (1 and 10 M; upper, lanes 6′, 7′,
6′′, and 7′′). In the following experiments, cells were cultured in LK for 3 or 5 h before
subjected to various stimuli.

2.3.5 LPC enhances BDNF-induced MAPK phosphorylation in CGNs
To confirm the result obtained in Figs. 2-5 B and C, the effect of LPC on
BDNF-induced MAPK phosphorylation was tested in cells cultured for 3 h in LK and
challenged with different concentrations of BDNF. MAPK phosphorylation induced by
BDNF added at 5 and 10 ng/ml was enhanced by the addition of LPC compared to that
by BDNF alone (Fig. 2-6 A, upper, lanes 6-11). Since BDNF added at 25 ng/ml induced
maximal phosphorylation of MAPK, there was no further increase by LPC (Fig. 2-6 A,
upper, lanes 12-14). This result was confirmed again in Fig. 2-6 B where CGNs cultured
in 6-well plates, instead of 24-well plates as in Figs. 2-6 A, were used. To test the
significance of this increase in BDNF-induced MAPK phosphorylation by LPC, this
experiment in which cells were cultured in LK for 3 and 5 h before BDNF/LPC
treatment was repeated five times. Then, the difference in MAPK phosphorylation upon
treatments with BDNF alone or BDNF plus LPC was statistically analyzed (Fig. 2-7).
Western blot analysis showed that BDNF added at 5 ng/ml slightly induced MAPK
phosphorylation (Figs. 2-7 A and C, upper, lanes 5 and 5′), which was enhanced by LPC
(Figs. 2-7 A and C, upper, lanes 6, 7, 6′, and 7′), while LPC alone added at 1 and 10 M
did not induce MAPK phosphorylation (Figs. 2-7 A and C, upper, lanes 3, 4, 3′, and 4′).
Quantification of the results of Western blot analysis shown in Fig. 2-7 D demonstrates
that the enhancement by LPC (1 and 10 M) of BDNF (5 ng/ml)-induced MAPK
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phosphorylation was significant when the data were analyzed by one-way ANOVA,
although this was significant only when analyzed by Student’s t-test, not by one-way
ANOVA in Fig. 2-7 B. Nevertheless, I concluded that the results obtained in Figs. 2-6
and 2-7 collectively demonstrate that LPC enhances BDNF-induced MAPK
phosphorylation.

2.3.6 LPC does not affect IGF-1-induced MAPK phosphorylation in CGNs
CGNs express IGF-1 receptor, and binding of IGF-1 to its receptor induces
MAPK phosphorylation as described in Fig. 1-13. Whether or not LPC has any effect on
MAPK phosphorylation induced by IGF-1, similar to that induced by BDNF, was
examined in CGNs after being cultured for 3 h in LK. IGF-1 (10 ng/ml) triggered the
phosphorylation of MAPK, but it was not further elevated by LPC (Figs. 2-8 A, lanes 3
and 4, and B). To obtain more conclusive data, the effect of LPC (1 M) on MAPK
phosphorylation triggered by IGF-1 at lower concentration (5 ng/ml) was also tested.
IGF-1 (5 ng/ml)-induced MAPK phosphorylation was not affected by LPC (Fig. 2-8 C,
lanes 3 and 4). Again, IGF-1 (10 ng/ml)-induced MAPK phosphorylation was not
enhanced by LPC (Fig. 2-8 C, lanes 5 -7). These results indicate that LPC is ineffective
on IGF-1-induced MAPK phosphorylation in CGNs.

2.3.7 LPC promotes BDNF-induced, but not IGF-1-induced, Akt phosphorylation
in CGNs
Next, the effect of LPC on another BDNF- or IGF-1-induced pathway, Akt
phosphorylation, was examined. In the same way, after being cultured for 3 h in LK,
CGNs were treated with BDNF, IGF-1, and/or LPC, and the effect of LPC on Akt
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phosphorylation was examined. Addition of either BDNF (Fig. 2-9 A, lane 5) or IGF-1
(Fig. 2-9 B, lane 3) triggered Akt phosphorylation, and BDNF-induced Akt
phosphorylation was further enhanced by LPC (Fig. 2-9 A, lanes 6 and 7). However,
IGF-1-induced Akt phosphorylation was not affected by LPC (Fig. 2-9 B, lane 4). Taken
together, results in Figs. from 2-6 to 2-9 demonstrate that LPC enhances BDNF-induced,
but not IGF-1-induced, MAPK and Akt signals in CGNs.

2.3.8 LPC potentiates BDNF-induced MAPK and Akt phosphorylation through
enhancing the phosphorylation of TrkB in CGNs
To address if the increase in BDNF-induced MAPK and Akt phosphorylation by
LPC is the consequence of enhanced TrkB activation, TrkB phosphorylation in CGNs
treated with BDNF and/or LPC was analyzed. Phosphorylation of TrkB by BDNF at 5
ng/ml was minimal (Fig. 2-10, lane 5). When LPC (1 and 10 M) was added together
with BDNF, an increase in BDNF-induced TrkB phosphorylation was observed (Fig.
2-10, lanes 6 and 7). This, together with the results in Figs. from 2-6 to 2-10, suggests
that LPC potentiates BDNF-induced both MAPK and Akt signaling pathways through
promoting the activation of receptor TrkB.

2.3.9 LPC at high concentration induces MAPK phosphorylation in the absence of
BDNF in CGNs
LPC added alone at 1 or 10 M did not induce MAPK phosphorylation in CGNs
in LK (Figs. 2-5 and 2-7). Here, I tested if LPC added alone at 100 M in LK induces
MAPK phosphorylation. Consistent with the result in Figs. 2-5 and 2-7, LPC added at 1
and 10 M did not induce MAPK phosphorylation (Fig. 2-11). However, LPC added at
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100 M induced phosphorylation of MAPK at a similar level to that in BDNF (25
ng/ml)-treated cells, suggesting that LPC added at high concentration induces a different
signal.

2.3.10 LPC added alone at 10 M sufficiently protect CGNs from LK-induced
apoptosis
Finally, to further understand the relationship between BDNF and/or
LPC-induced MAPK activation and the survival of CGNs in LK, the ability of LPC to
inhibit LK-induced apoptosis of CGNs was tested. Cells were kept in HK or LK
supplemented with various stimuli as shown in Figs. 2-12 A-I for 24 h. Then the cells
were fixed and the nuclei were stained with Hoechst 33258 dye. In HK, most of the
cells (>80%) were alive as judged by the morphology of nuclei (Figs. 2-12 A and I),
while 70% of cells displayed apoptotic phenotype characterized by condensed and
shrunken nuclei in LK (Figs. 2-12 B and I). In LK supplied with LPC at 1 M,
apoptosis was slightly inhibited (Figs. 2-12 C and I). In LK supplied with LPC at 10 M,
apoptosis was significantly inhibited; survival rate in this condition was around 70%
(Figs. 2-12 D and I), which was even higher than the percentage of surviving cells by
BDNF added at 10 ng/ml (~60%, Figs. 2-12 H and I). BDNF added at 5 ng/ml modestly
promoted the survival of cells (Figs. 2-12 E and I), but it was not significantly enhanced
by LPC (1 and 10 M) (Figs. 2-12 F, G, and I). Since LPC added at 10 M did not
induce MAPK phosphorylation (Figs. 2-5, 2-7, and 2-11), but rescued CGNs from
apoptosis, this result implies a mechanism independent of BDNF-TrkB-induced MAPK
phosphorylation involved in the neurotrophin-like effect of LPC. LPC added alone at
100 M showed toxicity to CGNs in the serum-free medium. Thus, the effect of LPC at
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this concentration was not further examined.

56

Chapter 2. Lysophosphatidylcholine potentiates BDNF-induced MAPK and Akt
signals by enhancing the activation of TrkB in cerebellar granule neurons
2.4 Discussion

2.4 Discussion
Results obtained in this Chapter confirmed that LPC potentiates BDNF-TrkB
signaling in CGNs. LPC (1 and 10 M) significantly enhanced the phosphorylation of
MAPK and Akt induced by BDNF in CGNs, while LPC added alone did not induce
the phosphorylation of both. In contrast, LPC did not show any effect on
IGF-1-induced signals in CGNs. These results, together with the findings in Chapter 1,
suggest that LPC has a special role on Trk receptors (TrkA and TrkB) and on their
ligand-induced downstream signals.
Although LPC exhibited similar effect on BDNF-TrkB system, as on
NGF-TrkA system, some differences were observed. First, the fold-increase in
BDNF-induced MAPK phosphorylation by LPC (Fig. 2-7 D) obtained by analyzing
all the data from five independent experiments was less than 2-fold on average. This
fold-increase by LPC was not as high as that by LPC in NGF-induced MAPK
phosphorylation in PC12 cells, which was on average around 3-4 fold. This indicates
that NGF-TrkA pathway is more sensitive to LPC than BDNF-TrkB pathway. Another
difference is that LPC (10 M) added alone slightly induced MAPK phosphorylation
in PC12 cells, whereas it did not induce MAPK phosphorylation in CGNs.
In the previous study, LPC added alone at 10 M protected CGNs from
LK-induced apoptosis (56). Here, I tested the effect of LPC added alone at 1 or 10 M
on the protection of CGN from LK-induced apoptosis. Consistent with the previous
finding, LPC added at 10 M effectively rescued the cells from LK-induced apoptosis,
and LPC 1 M also showed a slight protecting effect. However, LPC added alone at 1
or 10 M did not induce the activation of TrkB, and the downstream signals, Akt and
MAPK (Figs. 2-7, 2-9, and 2-10). These results suggest that LPC (10 M) protects
CGNs from LK-induced apoptosis through a pathway that does not involve MAPK
and Akt cascades. In a recent study, LPC was found to cause the activation of a G
protein-coupled receptor, G2A, and the release of G protein subunits Gi-1 and Gq-11,
which can increase intracellular Ca2+ in primary PMNs (42). As described in the
Introduction, IGF-1-induced release of Ca2+ from the intracellular stores induces the
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activation of Ca2+/CaM, thereby supporting the survival CGNs. These facts suggest
that LPC might exert neurotrophin-like activity by increasing intracellular Ca2+ and
Ca2+/CaM in CGNs. Further study is still required to elucidate the precise mechanism
of LPC-mediated survival of CGNs.
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Figure 2-2 The map of the plasmid TrkB-EGFP-N1 for expression of
TrkB. A, a PCR product encoding full-legth TrkB was inserted into the EcoR I site of
expression vector pEGFP-N1. C-terminus of TrkB was fused with EGFP. B, restriction
sites in the multiple cloning site of the vector are shown.
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Figure 2-3 BDNF and LPC do not induce MAPK phosphorylation in
wild type and vector-transfected CHO-K1 cells. CHO-K1 cells cultured in
24-well plate were untransfected (－) or transiently transfected with EGFP-N1 vector
(vector, 0.8 g/well) by Lipofectamine 2000 (1.5 l/well) for 18-24 h. Cells were then
serum-starved for 1.5 h, and treated with vehicle control (DMEM plus methanol), LPC
(1 M), BDNF (5 ng/ml), or BDNF together with LPC for 10 min. Cells were lysed with
1XSDS sample buffer (50 l/well) and boiled for 3 min. Phosphorylated and total
MAPK (p-MAPK and t-MAPK) were analyzed by Western blotting using anti-phosphop44/42 MAPK and anti-44/42 MAPK antibodies, respectively. Expression of EGFP was
detected by anti-GFP antibody.
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Figure 2-4 LPC enhances BDNF-induced MAPK phosphorylation in
TrkB-transfected CHO-K1 cells. CHO-K1 cells cultured in 24-well plate were
untransfected (－) or transiently transfected with TrkB-EGFP-N1 (TrkB, 0.8 g/well)
by Lipofectamine 2000 for 18-24 h. Cells were then serum-starved for 1.5 h and
treated with vehicle control (DMEM plus methanol), BDNF (5 ng/ml), LPC (1 M), or
BDNF together with LPC as indicated for 10 min. A, Phosphorylated and total MAPK
(p-MAPK and t-MAPK) were analyzed by Western blotting using anti-phospho-p44/42
MAPK and anti-44/42 MAPK antibodies, respectively. The expression of TrkB-EGFP
was detected by anti-GFP-antibody. B, the amounts of p-MAPK and t-MAPK were
quantified and the relative ratio of p-MAPK vs t - MAPK in each condition was
calculated. Data are means ± SD of three independent experiments. *, p<0.05 by
one-way ANOVA.
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Figure 2-5 Dephosphorylation of MAPK in the low patassium medium
and the effect of BDNF and LPC on MAPK phosphorylation in CGNs.
CGNs cultured for 5 days in vitro were serum-starved in HK (DMEM containing 25 mM
potassium) or LK (DMEM containing 5 mM potassium) for 1 h in A, 3 h in B, and 5 h in
C. Cells were treated with vehicle control (DMEM plus methanol), BDNF (5 and 10
ng/ml) or LPC (1 and 10 M) alone, or BDNF (5 ng/ml) together with LPC for 10 min.
Phosphorylated and total MAPK (p-MAPK and t-MAPK) were analyzed by Western
blotting using anti-phospho-p44/42 MAPK and anti-44/42 MAPK antibodies,
respectively. The images shown are the representatives of at least three independent
experiments which gave similar results.
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Figure 2-6 LPC enhances BDNF-induced MAPK phosphorylation in
CGNs. CGNs cultured for 5 days in vitro (24-well plate in A, 6-well plate in B) were
serum-starved in HK (DMEM containing 25 mM potassium) or LK (DMEM containing 5
mM potassium) for 3 h. Cells were treated with vehicle control (DMEM plus methanol),
BDNF (1, 5, 10, and 25 ng/ml) or LPC (1 M) alone, or BDNF together with LPC (1 and
10 M) for 10 min. Phosphorylated and total MAPK (p-MAPK and t-MAPK) were
analyzed by Western blotting using anti-phospho-p44/42 MAPK and anti-44/42 MAPK
antibodies, respectively.
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F i g ure 2- 7
LPC significantly enhances BDNF-induced MAPK
phosphorylation in CGNs. CGNs cultured for 5 days in vitro 24-well plate were
serum-starved in HK (DMEM containing 25 mM potassium) or LK (DMEM containing 5
mM potassium) for 3 h in A and B, for 5 h in C and D. Cells were treated with vehicle
control (DMEM plus methanol), BDNF (5 and 10 ng/ml) or LPC (1 and 10 M) alone, or
BDNF (5 ng/ml) together with LPC for 10 min. A and C, phosphorylated and total MAPK
(p-MAPK and t-MAPK) were analyzed by Western blotting using anti-phospho-p44/42
MAPK and anti-44/42 MAPK antibodies, respectively. B and D, the amounts of p-MAPK
and t-MAPK were quantified and the relative ratio of p-MAPK vs t-MAPK in each condition
was calculated. Data are means ± SD of five independent experiments. *, p<0.05 by
Student’s t-test in B, by one-way ANOVA in D.
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Figure 2-8 LPC does not affect IGF-1-induced MAPK phosphorylation
in CGNs. CGNs cultured for 5 days in vitro were serum-starved in HK (DMEM
containing 25 mM potassium) or LK (DMEM containing 5 mM potassium) for 3 h. Cells
were treated with vehicle control (DMEM plus methanol), IGF-1 (5, 10, and 50 ng/ml) or
LPC (1 and 10 M) alone, or IGF-1 (5 and 10 ng/ml) together with LPC for 10 min as
indicated. A and C, phosphorylated and total MAPK (p-MAPK and t-MAPK) were
analyzed by Western blotting using anti-phospho-p44/42 MAPK and anti-44/42 MAPK
antibodies, respectively. B, the amounts of p-MAPK and t-MAPK were quantified and
the relative ratio of p-MAPK vs t-MAPK in each condition was calculated. Data are
means ± SD of three independent experiments. Result in C is the the representative of
two independent experiments which gave similar results.
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Figure 2-9 LPC promotes BDNF-induced, but not IGF-1-induced, Akt
phosphorylation in CGNs. CGNs cultured for 5 days in vitro were serumstarved in HK (DMEM containing 25 mM potassium) or LK (DMEM containing 5 mM
potassium) for 3 h. A, cells were treated with vehicle control (DMEM plus methanol),
BDNF (5 and 10 ng/ml) or LPC (1 and 10 M) alone, or BDNF (5 ng/ml) together with
LPC for 10 min. B, cells were treated with vehicle control (DMEM plus methanol), or
IGF-1 (10 and 50 ng/ml) alone, or IGF-1 (10 ng/ml) together with LPC (1 M) for 10
min. A and B, phosphorylated Akt (p-Akt) and total Akt (t-Akt) were analyzed by
Western blotting using anti-phospho-Akt (Ser473) and anti-Akt antibodies,
respectively. The images shown are the representatives of five independent
experiments which gave similar results.
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Figure 2-10 LPC potentiates BDNF-induced TrkB phosphorylation
in CGNs. CGNs cultured for 5 days in vitro were serum-starved in HK (DMEM
containing 25 mM potassium) or LK (DMEM containing 5 mM potassium) for 3 h.
Cells were treated with vehicle control (DMEM plus methanol), BDNF (5 and 10
ng/ml) or LPC (1 and 10 M) alone, or BDNF (5 ng/ml) together with LPC for 10
min. Phosphorylated TrkB (p-TrkB) was analyzed by Western blotting using antiphospho-TrkA (Tyr490) antibody. Total Trk was analyzed using anti-Trk primary
antibody. One representative result from two independent experiments which gave
similar results is shown.
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Figure 2-11 LPC added at high concentration induces MAPK
phosphorylation in the absence of BDNF in CGNs. CGNs cultured for 5
days in vitro (24-well plate) were serum-starved in HK (DMEM containing 25 mM
potassium or LK (DMEM containing 5 mM potassium) for 3 h. Cells were treated with
vehicle control (DMEM plus methanol), LPC (1, 10, and 100 M) alone, or BDNF (25
ng/ml) alone for 10 min. Phosphorylated and total MAPK (p-MAPK and t-MAPK) were
analyzed by Western blotting using anti-phospho-p44/42 MAPK and anti-44/42 MAPK
antibodies, respectively. One representative result from two independent experiments
which gave similar results is shown.

69

A

HK

B

LK

C

E

LK+B5

F

LK+B5+L1

G

LK+L1

LK+B5+L10

D

LK+L10

H

LK+B10

L1, LPC 1 M; L10, LPC 10 M; B5, BDNF 5 ng/ml; B10, BDNF 10 ng/ml.

I

*

BDNF (ng/ml):
LPC (M):

0
0
HK

0
0

0
1

0
10

5
0
LK

5
1

*

*

5
10

10
0

Figure 2-12 LPC at 10 M alone is sufficient to protect CGNs from LKinduced apoptosis. CGNs cultured for 5 days in vitro (on coverslips coated with
0.2 % PEI in 24-well plate) were incubated in HK (DMEM containing 25 mM potassium),
or LK (DMEM containing 5 mM potassium) supplemented with vehicle control (DMEM
plus methanol), LPC (1 and 10 M), BDNF (5 and 10 ng/ml), BDNF (5 ng/ml) together
with LPC for 24 h. Cells were then fixed with 4% paraformaldehyde and stained with
Hoechst 33258 (1 g/ml). Morphology of nuclei was observed by fluorescent
microscopy. A-H, Representative images from nine independent experiments which
gave similar results are shown. Arrows in A indicate nuclei of apoptotic cells. I,
apoptotic cells were counted and the percentage of viable cells was calculated. Data
are means ± SD of nine independent experiments. *, p<0.05 by one-way ANOVA,
compared with LK.
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3.1 Introduction
Results in Chapters 1 and 2 have shown that LPC promotes both NGF- and
BDNF-induced signals through enhancing the activation of their receptors TrkA and
TrkB, respectively. The finding in Chapter 1 that TrkA (Fig. 1-9), but not EGF receptor
(EGFR) (Fig. 1-17), was responsive to the effect of LPC on MAPK phosphorylation
suggests that LPC plays a specific role on the neurotrophin-induced activation of TrkA,
and possibly TrkB. To further understand the underlying mechanism of action of LPC, I
next aimed to determine the domain(s) of TrkA involved in the effect of LPC on
NGF-induced

MAPK

phosphorylation.

This

was

done

by

examining

the

phosphorylation of MAPK in TrkA-, EGFR-, or TrkA/EGFR chimera-transfected cells.
TrkA/EGFR chimeras were constructed by swapping the extracellular, transmembrane,
and intracellular domains between TrkA and EGFR.
As described, sPLA2 was previously found to show neurotrophin-like effect in
PC12 cells and in CGNs through the release of LPC (52,53,55,56). Since LPC enhances
NGF- and BDNF-induced MAPK phosphorylation, whether or not sPLA2 has similar
effect on NGF-induced MAPK phosphorylation was also tested in PC12 cells.
Accumulating evidence suggests the involvement of GPCRs such as G2A and
GPR4 in the biological actions of LPC. For example, G2A was shown to mediate the
chemoattractive effect of LPC in murine T hybridoma DO11.10 cells (40), migration of
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phagocytes to apoptotic “find me” signals triggered by LPC in human monocytes (88),
and the increase in transforming growth factor-1 expression by LPC in regulatory T
cells (89). On the other hand, G2A was also found to be a proton-sensing GPCR which
was antagonized by LPC (90). Also, GPR4 was reported to mediate LPC-induced
barrier dysfunction in endothelial cells (91). Our previous observation that G2A
mediates the neuritogenic action of LPC in PC12 cells (55) suggests that G2A might
regulate the enhancement of NGF-TrkA- and BDNF-TrkB-induced MAPK and Akt
phosphorylation by LPC. In this Chapter, whether or not G2A and GPR4 modulate the
effect of LPC on NGF-induced MAPK phosphorylation was tested by overexpressing
G2A or GPR4 in PC12 cells, and co-transfecting G2A or GPR4 with TrkA to CHO-K1
cells.
In an alternative mode of action, LPC might act directly on TrkA without
requiring the involvement of GPCRs. It is widely accepted that NGF induces
dimerization and autophosphorylation of TrkA, thereby stimulating the downstream
signaling events. However, recent studies have shown that the majority of TrkA
preforms dimers in the endoplasmic reticulum before reaching to the cell surface, and
dimerization is not regulated by NGF. NGF activates the preformed, yet inactive, TrkA
dimer on the cell surface (57). To examine if LPC plays any role in the dimerization
state of TrkA, I performed crosslinking experiment using the divalent crosslinker
bis[sulfosuccinimidyl] suberate in TrkA-transfected PC12 cells.
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3.2 Objective
One objective of the study in this Chapter is to identify the domain(s) of TrkA
essential for the effect of LPC on NGF-induced MAPK phosphorylation. Another is to
further understand the molecular mechanism of how LPC potentiates NGF-induced
signals.
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3.3 Results
3.3.1 Analyses of TrkA and EGFR exogenously expressed in CHO-K1, PC12, and
HEK293 cells

3.3.1.1 Construction of the plasmids for expression of TrkA and EGFR fused with
EGFP
Results in Chapters 1 and 2 showed that LPC promotes NGF- and BDNF-induced
signals through enhancing the activation of their receptors, TrkA and TrkB, respectively.
To test whether or not this phenomenon can be reproduced in the cells exogenously
expressing TrkA, I transfected TrkA to CHO-K1 cells that do not express functional
TrkA. To this end, a plasmid to exogenously express TrkA was constructed. Briefly, a
cDNA fragment encoding the full-length mouse TrkA (GeneBank accession No.
NM_001033124.1), 799 amino acids-long (Fig. 3-1 A), was amplified by PCR. The
resultant PCR product was cloned into the EcoR I site of EGFP-N1 expression vector;
in this construct, the intracellular, C-terminal end of TrkA was fused with EGFP
(TrkA-EGFP-N1; Fig. 3-1 B).
In a similar way, the plasmid for expression of EGFR was also constructed. A
cDNA fragment encoding the full-length rat EGFR (GeneBank accession No.
M37394.2), 1209 amino acids-long (Fig. 3-1 C), was amplified by PCR, and was
introduced into the Xho I site of EGFP-N1 expression vector; in this construct, the
intracellular, C-terminal end of EGFR was fused with EGFP (EGFR-EGFP-N1; Fig. 3-1
D).
TrkA-EGFP-N1 and EGFR-EGFP-N1 were transiently transfected to CHO-K1
cells, respectively, and their expression was detected by Western blotting using anti-GFP
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antibody (Fig. 3-1 E). The sizes of endogenous TrkA and EGFR are 140 and 175 kDa,
respectively, and the expected sizes of TrkA and EGFR fused with EGFP (30 kDa) are
170 and 205 kDa, respectively. The result shown in Fig. 3-1 E demonstrates that both
fusion proteins were successfully expressed with their expected sizes.

3.3.1.2 Phosphorylation of TrkA and EGFR in transfected CHO-K1 cells
Next, to test if the exogenously-expressed TrkA and EGFR in CHO-K1 cells
behave as the endogenous receptors in PC12 cells, CHO-K1 cells untransfected or
transiently transfected with TrkA-EGFP-N1 or EGFR-EGFP-N1 were analyzed for
receptor phosphorylation. When the wild type, untransfected CHO-K1 cells were
analyzed for phosphorylated TrkA using anti-phospho-TrkA antibody, no band was
detected as expected (Fig. 3-2 A, top, lanes 1-5). However, when the same samples were
probed with the anti-TrkA antibody that recognizes total TrkA (t-TrkA), a band with the
size of ~170 kDa was detected (Fig. 3-2 A, middle, lanes 1-5). I speculated that this
band is not endogenous TrkA, but due to non-specific reaction of the anti-TrkA antibody,
since (1) the size was nearly equal to that of the band detected by anti-TrkA and
anti-GFP antibodies in the TrkA-EGFP-transfected cells (Fig. 3-2 A, middle and bottom,
lanes 6-9); (2) no phosphorylation product was detected upon stimulation as described
above. In the case of EGFR, neither phosphorylated nor total EGFR was detected in the
untransfected cells (Fig. 3-2 B, top and middle, lanes 1-4).
In TrkA-transfected cells, TrkA was highly autophosphorylated (Fig. 3-2 A, top,
lane 6), which was not significantly increased by NGF and/or LPC (Fig. 3-2 A, top,
lanes 7-9). In EGFR-transfected cells, autophosphorylation of EGFR was also observed
(Fig. 3-2 B, top, lane 5), but unlike TrkA, phosphorylation of EGFR was greatly
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increased by its ligand EGF (Fig. 3-2 B, top, lane 7). LPC alone did not enhance the
phosphorylation of EGFR (Fig. 3-2 B, top, lane 6). Also, the addition of LPC together
with EGF did not further elevate EGF-induced EGFR phosphorylation (Fig. 3-2 B, top,
lane 8). Thus, although the response of EGFR was consistent with that seen in PC12
cells (Fig. 1-17), autophosphorylation of TrkA was very high upon its overexpression,
and it was not significantly promoted by NGF and/or LPC, requiring further analysis.
Expression of TrkA and EGFR was also confirmed using anti-GFP antibody (Fig. 3-2 A
bottom, lanes 6-9, and B bottom, lanes 5-8).

3.3.1.3 Phosphorylation of TrkA in TrkA-transfected PC12 and HEK293 cells
Since the exogenously-expressed TrkA in CHO-K1 cells did not behave as
endogenous TrkA in PC12 cells upon NGF and/or LPC treatments, I transfected
TrkA-EGFP-N1 to PC12 cells and tried to test the effect of NGF and/or LPC on TrkA
phosphorylation. When the phosphorylation status of TrkA was tested, similar result
was observed as was seen in CHO-K1 cells: transfected TrkA-EGFP was spontaneously
phosphorylated without NGF and LPC stimuli (Fig. 3-3 A, lane 3). Since the amount of
endogenous TrkA is low even in PC12 cells, phosphorylated endogenous TrkA upon
NGF and LPC treatments was not detected in the cells cultured in 24-well plates in this
experiment. Although a slight increase in TrkA phosphorylation was seen upon NGF
treatment (Fig. 3-3 A, lane 4) compared to that without treatment (Fig. 3-3 A, lane 3), it
was not reproduced in the repeated experiments (data not shown). In addition, no
enhancement of TrkA phosphorylation was detected by further addition of LPC (Fig.
3-3 A, lane 5).
In a recent study, only a slight autophosphorylaton of TrkA occurred when TrkA
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was transiently transfected to HEK293 cells, and it was robustly increased by NGF
treatment (92). Thus, HEK293 cells were used to express TrkA-EGFP, and the
phosphorylation status of TrkA upon various stimuli was tested. In transfected cells,
TrkA autophosphorylation still occurred (Fig. 3-3 B, upper, lane 2), and it was not
further increased by LPC, NGF, or NGF plus LPC treatments in my experimental
condition (Fig. 3-3 B, upper, lanes 3-5). Expression of TrkA was detected by anti-TrkA
antibody (Fig. 3-3 B, bottom, lanes 2-5). A very weak band at the same size with
endogenous TrkA, 140 kDa, was detected by anti-TrkA antibody in the wild type
HEK293 cells (Fig. 3-3 B, bottom, lanes 1 and 6-9), but they were not phosphorylated
upon NGF and/or LPC stimuli (Fig. 3-3 B, upper, lanes 7-9).

3.3.1.4 Construction of the plasmid for expression of TrkA without the tag and its
expression in CHO-K1 and HEK293 cells
The effect of NGF and/or LPC on the phosphorylation of transfected TrkA was
not seen in CHO-K1, PC12, and HEK293 cells (Figs. 3-2 and 3-3). To examine the
possibility that this might be due to EGFP fused at C-terminus of TrkA, a new plasmid
was constructed for expression of TrkA without the tag (TrkA-pME18S; Fig. 3-4 A).
However, autophosphorylated TrkA was observed again in transfected CHO-K1 cells
(Fig. 3-4 B, upper, lane 2). Although an increase in TrkA phosphorylation upon LPC or
NGF treatment was detected (Fig. 3-4 B, upper, lanes 3 and 4), this was not reproduced
(data not shown). Also, no significant enhancement of TrkA phosphorylation by
co-addition of NGF and LPC was observed (Fig. 3-4 B, upper, lane 5).
TrkA-pME18S was also transfected to HEK293 cells. Similarly, TrkA was
spontaneously phosphorylated (Fig. 3-4 C, upper, lane 2), which was not affected by the
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addition of LPC, NGF, or NGF plus LPC treatments (Fig. 3-4 C, upper, lanes 3-5).

3.3.1.5 Establishment of a CHO-K1 cell line that stably expresses TrkA-EGFP and
the phosphorylation analysis
Spontaneous phosphorylation of transfected TrkA was not further enhanced by
NGF and LPC in the above attempts. This may be because the expression of TrkA was
transient in those experiments. Therefore, a CHO-K1 cell line stably expressing
TrkA-EGFP was established (CHO-K1-TrkA). The procedures for the selection of
CHO-K1-TrkA stable cell line are shown in Fig. 3-5. Briefly, TrkA-EGFP-N1 was
transfected to CHO-K1 cells, and the expression of TrkA-EGFP was confirmed in Fig.
3-6 A. Transfected cells were diluted and seeded in 10-cm dishes, and screened for
stable cell lines by Geneticin (G418; 1000 g/ml) selection until visible clones
developed (about for 2 weeks). Then, developed clones were taken and seeded into the
wells of 24-well plates, and cells from a single clone in each well were tested for the
expression of TrkA-EGFP. Cells in a single well were found to express TrkA-EGFP (Fig.
3-6 B). The cells from this well were expanded, diluted, and subjected to the second
selection. All the thirteen clones selected in the second selection stably expressed
TrkA-EGFP (Fig. 3-6 C). From these thirteen clones, clone 7 in Fig. 3-6 C was selected,
maintained in G418-free regular culture medium for about 3 weeks, and used as the
CHO-K1-TrkA stable cell line for the experiment in Fig. 3-7 where phosphorylation of
TrkA upon NGF and/or LPC treatments was examined. Nevertheless, phosphorylated
TrkA was detected in untreated cells (Fig. 3-7 A, lane 1) and it was not affected by the
stimulations of NGF and/or LPC (Fig. 3-7 A, lanes 2-4).

78

Chapter 3. Analyses on the mechanism whereby lysophosphatidylcholine
potentiates NGF-induced TrkA signal
3.3 Results

3.3.1.6 Phosphorylation of TrkA in CHO-K1 cells co-expressing TrkA and p75
Even in the CHO-K1 cells stably expressing TrkA, phosphorylation of TrkA was
not elevated by its ligand NGF or NGF plus LPC treatment. It was reported that p75
interacts with TrkA and enhances the binding specificity to NGF (5). To test if the
co-expression of p75 affects the response of TrkA, CHO-K1 cells were co-transfected
with TrkA and p75 at different ratios as shown in Fig. 3-8, and treated with vehicle
control or NGF. The plasmid for expression of p75 was previously constructed by
inserting mouse cDNA for p75 at the EcoR I site of pME18S vector (p75-pME18S). A
slight increase in TrkA phosphorylation was seen upon NGF treatment in the cells
co-transfected with TrkA and p75 at a ratio of 5:1 (Fig. 3-8, lane 5) compared to
untreated cells (Fig. 3-8, lane 2). Co-expressing p75 with TrkA might help TrkA to
respond to NGF in a more physiologically-relevant way, but I did not go further to use
this system.

3.3.2 LPC potentiates NGF-induced MAPK phosphorylation through the
extracellular domain of TrkA

3.3.2.1

LPC

enhances

NGF-induced,

but

not

EGF-induced,

MAPK

phosphorylation in TrkA-transfected CHO-K1 cells.
Since NGF and/or LPC failed to further increase the spontaneous phosphorylation
of TrkA in both transiently and stably TrkA-transfected cells, I wondered if NGF and/or
LPC are able to trigger the downstream signal, MAPK phosphorylation. Thus, I tested
the effect of NGF, EGF, and/or LPC on MAPK phosphorylation in transiently
transfected cells.
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First, I tested the effect of NGF, EGF, and/or LPC on MAPK phosphorylation in
the wild type or EGFP-N1 vector-transfected CHO-K1 cells (Fig. 3-9). MAPK was
phosphorylated by none of these treatments in the wild type and vector-transfected
CHO-K1 cells.
Next, TrkA-EGFP and EGFR-EGFP were transfected to CHO-K1 cells,
respectively, and MAPK phosphorylation upon various stimuli was examined. In
TrkA-transfected cells, the addition of NGF (50 ng/ml) weakly induced MAPK
phosphorylation (Figs. 3-10 A and B, lane 3), and when LPC (1 M) was added together,
MAPK phosphorylation was significantly increased (Fig. 3-10 A and B, lane 4). In
EGFR-transfected cells, EGF (25 ng/ml) induced MAPK phosphorylation (Fig. 3-10 C
and D, lane 3), but this was not affected by LPC (Fig. 3-10 C and D, lane 4). These
results are in a good agreement with those observed in PC12 cells, indicating that both
transfected TrkA-EGFP and EGFR-EGFP behaved as endogenously-expressed receptors
on the downstream signals. Therefore, I decided to use this system in the following
experiments.

3.3.2.2 Construction and expression of TrkA/EGFR chimeric receptors
Next, using TrkA and EGFR as templates, TrkA/EGFR chimeric receptors C1, C2,
C3, and C4 were constructed by swapping the extracellular (ED), transmembrane
(TMD), and intracellular (ID) domains between TrkA and EGFR. For example, C1
contains extracellular and transmembrane domains of TrkA and the intracellular domain
of EGFR (TrkA ED+TMD/EGFR ID). TrkA/EGFR chimeric cDNA products were
generated using overlapping two-step PCR as shown in Fig. 3-11 (C1 is shown as an
example). Resultant chimeric cDNA products were inserted into EGFP-N1 vector at
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Xho I site. Schematic structures of each receptor and the plasmid map are shown in Figs.
3-12 A and B. Expression of TrkA/EGFR chimeric receptors in CHO-K1 cells was
confirmed by Western blotting using anti-GFP antibody (Fig. 3-12 C). Chimeric
receptors fused with EGFP appeared at around 175 kDa; the expression level of C1 and
C3 was relatively lower compared to C2 and C4.

3.3.2.3 LPC enhances NGF-induced MAPK phosphorylation in C1- and
C3-transfected CHO-K1 cells
TrkA/EGFR chimeric receptors C1 and C3 were transiently transfected to
CHO-K1 cells, respectively, and the effect of NGF, EGF, and LPC on MAPK
phosphorylation was analyzed. In C1 (TrkA ED/EGFR TMD+ID chimera)-transfected
cells, NGF (50 ng/ml) slightly increased MAPK phosphorylation, and this was
augmented by LPC (1 M; Figs. 3-13 A and B, lanes 3 and 4), as was seen in the
TrkA-transfected cells (Fig. 3-10 A and B). Similar result was obtained in C3 (TrkA
ED+TMD/EGFR ID chimera)-transfected cells (Fig. 3-13 C and D, lanes 3 and 4). In
both cases, LPC alone did not induce MAPK phosphorylation (Fig. 3-13 A-D, lane 2).
EGF (25 ng/m) and EGF plus LPC treatments did not trigger MAPK phosphorylation,
because C1 and C3 do not have the extracellular domain of EGFR (Fig. 3-13 A-D, lanes
5 and 6). These results indicate that the extracellular domain (ED) of TrkA is sufficient
and critical to mediate the effect of LPC in enhancing NGF-induced MAPK
phosphorylation.
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3.3.2.4 LPC does not affect EGF-induced MAPK phosphorylation in C2- and
C4-transfected CHO-K1 cells
In Fig. 3-14 A–D, C2 (EGFR ED/TrkA TMD+ID chimera)- or C4 (EGFR
ED+TMD/TrkA ID chimera)-transfected cells were tested if they respond to NGF or
EGF. Result shows that both responded to EGF (Figs. 3-14 A-D, lane 5), but not to NGF
(Figs. 3-14 A-D, lane 3), since these cells express ED of EGFR, not TrkA. MAPK was
strongly phosphorylated upon EGF treatment in both C2- and C4-transfected cells (Fig.
3-14 A-D, lane 5), but no significant enhancement was observed by the addition of LPC
together with EGF (Fig. 3-14 A-D, lane 6). Since these cells express either
transmembrane (TMD) or transmembrane plus intracellular domains (TMD+ID) of
TrkA, the result presented here indicates that TMD and ID of TrkA are not responsible
for the enhancement of ligand-induced MAPK phosphorylation by LPC.

3.3.3 Effect of LPC at different concentrations on NGF-induced TrkA and MAPK
phosphorylation in PC12 cells.
In the previous study, neurotrophin-like activity of LPC in PC12 cells was
observed at 100 M in the serum-containing medium (55). In this study, however, the
potentiation by LPC on NGF-induced MAPK and TrkA phosphorylation was observed
at 1 M (Figs. 1-3 and 1-9). To test if the neurotrophin-like activity of LPC at higher
concentration was caused by the activation of TrkA even in the absence of NGF, I next
examined TrkA phosphorylation in PC12 cells treated with LPC alone at different
concentrations (1, 10, and 100 M). The result in Fig. 3-15 demonstrates that LPC
added alone at 1, 10, and 100 M does not induce phosphorylation of TrkA (Fig. 3-15,
lanes 2, 6, and 7). It should be noted that LPC at 100 M showed some damage to cells
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in the serum-free medium. Consistent with the data in Fig. 1-3 and 1-9, LPC added at 1
M significantly enhanced NGF-induced TrkA and MAPK phosphorylation (Fig. 3-15,
lane 4). Interestingly, LPC added alone at 10 and 100 M induced phosphorylation of
MAPK without inducing phosphorylation of TrkA (Fig. 3-15 lanes 6 and 7), indicating
that LPC at higher concentrations might induce the activation of MAPK through an
additional pathway independent of NGF-TrkA pathway in PC12 cells.

3.3.4 sPLA2 enhances NGF-induced MAPK phosphorylation at a comparable level
to LPC
It was previously demonstrated that sPLA2 displays neurotrophin-like activities,
and those effects of sPLA2 were essentially attributable to the generation of LPC (55).
Here, I tested if sPLA2 potentiates NGF-induced MAPK phosphorylation like LPC.
Exogenously-added p15, a fungal group XIV sPLA2, enhanced NGF-induced MAPK
phosphorylation at a similar level to LPC (Fig. 3-16). This suggests that LPC generated
locally by sPLA2-mediated hydrolysis of plasma membrane phosphatidylcholine acts in
potentiating NGF-TrkA signaling pathway in situ.

3.3.5 Analyses on the possible mechanisms of action of LPC on NGF-TrkA signals

3.3.5.1 Effect of LPC on NGF-induced MAPK phosphorylation when it was added
at different time points
The previous study in our laboratory demonstrated that the effect of LPC on
neurite outgrowth was mediated by a GPCR, G2A, in PC12 cells (55). It was also
reported that the chemotaxis of immune cells to LPC requires G2A (40). To examine if

83

Chapter 3. Analyses on the mechanism whereby lysophosphatidylcholine
potentiates NGF-induced TrkA signal
3.3 Results

any second messenger, possibly generated at the downstream of G2A, regulates the
effect of LPC on NGF-induced MAPK phosphorylation, LPC was applied to cells at
different time points relative to NGF addition as indicated in Figs. 3-17 and 3-18. The
concept for this experiment is that if there is any second messenger generated by LPC
treatment

and

this

hypothetical

messenger

augments

NGF-induced

MAPK

phosphorylation, then it is expected that longer pretreatment with LPC would result in
the accumulation of the second messenger and further enhancement of NGF-induced
signal. The result shows that when NGF and LPC were added separately at the same
time, the enhancement of MAPK phosphorylation by LPC was the highest (Fig. 3-18 A
and B, lane 2). The addition of premixed LPC and NGF, the experimental method with
which other experiments were done, also significantly induced MAPK phosphorylation,
albeit to a relatively lower level (Fig. 3-18 B, lane 3). When LPC was added 10, 30, and
60 min before NGF addition, the degree of enhancement of NGF-induced MAPK
phosphorylation gradually decreased (Fig. 3-18 B, lanes 5-7). Meanwhile, when LPC
was added 5 min after NGF, it failed to induce significant increase in NGF-induced
MAPK phosphorylation (Fig. 3-18 B, lane 4). Although not conclusive, this result
implies that it is unlikely that second messenger generation is involved in the effect of
LPC on NGF-induced MAPK phosphorylation. This result also indicates that the action
of LPC on NGF-induced MAPK phosphorylation might occur during the early stage of
NGF-TrkA mediated signaling, since when LPC was added 5 min after NGF addition,
the enhancement of MAPK phosphorylation was decreased.
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3.3.5.2 G2A and GPR4 do not regulate the effect of LPC on NGF-induced MAPK
phosphorylation
To test if G2A and GPR4 mediate the effect of LPC on NGF-induced MAPK
phosphorylation, plasmids for the expression of G2A or GPR4 were constructed. A
cDNA fragment encoding the full-length mouse G2A was amplified by PCR using the
cDNA library prepared from PC12 cells as a template. The resultant PCR product was
cloned into EGFP-N1 vector between Hind III and EcoR I sites. In this construct,
C-terminus of G2A was fused with EGFP (G2A-EGFP-N1). The plasmid for the
expression of GPR4 was prepared previously; the amplified PCR product of full-length
mouse GPR4 was cloned into EGFP-N1 vector between Hind III and EcoR I sites (Fig.
3-19 A).
G2A and GPR4 were transfected to PC12 cells, and MAPK phosphorylation was
analyzed by Western blotting. The result shows that the overexpression of G2A or GPR4
did not affect the potentiation by LPC on NGF-induced MAPK phosphorylation (Fig.
3-19 B). Similar result was observed in CHO-K1 cells co-transfected with TrkA and
G2A or GPR4 (Fig. 3-19 C). Expression of G2A and GPR4 was confirmed by isolating
total RNA after transfection and PCR analysis (Fig. 3-19 D). These results suggest that
the effect of LPC on NGF-induced MAPK phosphorylation is not mediated by G2A and
GPR4.

3.3.5.3 Effect of LPC on the formation of TrkA dimer in TrkA-transfected PC12
cells
As described in the Introduction, it has been reported that TrkA dimers form
inside the cells before NGF binding; NGF does not modulate the formation of TrkA
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dimer, but activates these preformed TrkA dimer on the cell surface. Whether or not
LPC regulates the formation of TrkA dimer was examined using divalent crosslinker
bis[sulfosuccinimidyl] suberate (BS3) in PC12 cells transfected with TrkA-EGFP-N1.
First, no TrkA dimer was detected before crosslinking by BS3: Partially glycosylated
endogenous TrkA monomer was detected at around 110 kDa in the wild type and
TrkA-transfected PC12 cells (Fig. 3-20, lanes 1 and 2). In TrkA-transfected cells, both
partially and fully glycosylated TrkA-EGFP monomer were also detected at 140 and
170 kDa, respectively. (Fig. 3-20, lanes 2-5). After crosslinking, preformed dimer of
partially glycosylated endogenous TrkA was detected at around 220 kDa (Fig. 3-20,
lane 3), although the band was very faint. The intensity of this band was not affected by
NGF and/or LPC treatments (Fig. 3-20, lanes 4 and 5). Preformed dimers of partially or
fully glycosylated TrkA-EGFP were detected in untreated TrkA-transfected PC12 cells
(Fig. 3-20, lane 3) at 280 and 340 kDa, respectively, and again these were not affected
by the addition of NGF (Fig. 3-20, lane 4). This is consistent with the report that TrkA
preforms dimers, which is not regulated by NGF. In the cells treated with NGF together
with LPC, the same level of TrkA dimers were observed after crosslinking (Fig. 3-20,
lane 5), suggesting that LPC has no effect on the formation of TrkA dimer.
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3.4 Discussion
Spontaneous phosphorylation of TrkA occurred in all cases tested in the present
study when TrkA was overexpressed, and it was not further enhanced by its ligand NGF,
as well as NGF plus LPC treatment. Hence, the effect of LPC on NGF-induced TrkA
phosphorylation was not examined in transfected cells. The precise reason for
autophosphorylation is not clear, but it is likely due to the unique property of Trk
receptors. It was reported that Trk receptors are much easier to undergo
autophosphorylation following overexpression in the absence of neurotrophins, which
made it difficult to study the mechanism associated with NGF-TrkA signal in
transfected cells (93). Even so, the downstream signal of TrkA activation, MAPK
phosphorylation, was responsive to NGF and LPC stimuli in TrkA-transfected cells.
Autophosphorylation of EGFR was also observed following transfection, but unlike
TrkA, its phosphorylation was further increased by the ligand EGF.
Studies using TrkA/EGFR chimeric receptors expressed in CHO-K1 cells showed
that the extracellular domain, not the transmembrane and intracellular domains, of TrkA
is responsible for the effect of LPC on NGF signals. The extracellular
immunoglobulin-like subdomains (Ig-like subdomains shown in Fig. 1-1) of TrkA, D4
and D5, were reported to be important for NGF binding. When D4 and D5 were
removed from TrkA, NGF binding was abolished (94). Subsequent studies showed that
D5, located near the transmembrane region, is critical and sufficient for NGF binding
(95,96). Also, the mutation of proline 203 to alanine in the Ig-like subdomain of TrkA
caused the spontaneous activation of the receptor. These findings suggested that Ig-like
subdomain contributes to the ligand binding and ligand-induced activation of receptor.
Modulating the structure of Ig-like subdomain may induce spontaneous activation of
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TrkA (97,98). LPC is an amphiphlic molecule that should distribute into both membrane
and soluble compartments. Since the potentiation by LPC of the phosphorylation of
TrkA was observed only in the presence of NGF, not by LPC alone, it might be
speculated that LPC evokes allosteric changes in the membrane-proximal D5
subdomain, thereby modulating the affinity and/or stability of TrkA-NGF complex.
In contrast to other lysophospholipids including LPA, LPE, and LPS, the
biological actions of which are mostly mediated by specific GPCRs and are observed at
submicromolar or micromolar concentrations, most studies wherein the effects of LPC
were examined used LPC at or higher than 10 M (99). For example, the chemotactic
effect of LPC to phagocytes and the potentiation by LPC in the suppressive function of
human naturally occurring regulatory T cells were observed when LPC was used at 10
M (88,89). The results in this study showing that the effect of LPC was observed at 1
M (or less) of LPC, along with the previous observation that G2A mediates the
neuritogenic action of LPC in PC12 cells (55), suggest that G2A might regulate the
enhancement of NGF-TrkA- and BDNF-TrkB-induced MAPK and Akt phosphorylation.
However, neither overexpression of G2A (or GPR4) in PC12 cells nor co-transfection of
G2A (or GPR4) with TrkA in CHO-K1 cells affected the ability of LPC to promote
NGF-induced MAPK phosphorylation. This result still leaves a possibility, if any, that
the effect of LPC on NGF-induced MAPK phosphorylation is mediated by different
GPCR(s). In addition to G2A and GPR4, orphan GPCR, GPR11, was also found to be
involved in the induction of insulin secretion from pancreatic -cells by LPC (100).
Close association of receptor tyrosine kinases, including Trk receptors, and GPCRs has
been reported in some cellular systems. For example, a Gi-coupled receptor,
2-adrenergic receptor (2AR), transactivates EGFR through a multi-receptor complex
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containing both 2AR and EGFR (101). Also, Gs-coupled receptor, adenosine 2A
receptor, induces the activation of TrkA and Akt, but not MAPK, survival signaling
pathway in PC12 cells (102). Trk activation is also associated with GPCRs including
PAC1 receptors (103) and endocannabinoid receptors (93). Therefore, the involvement
of GPCRs other than G2A or GPR4 in the effect of LPC on NGF-TrkA and BDNF-TrkB
signals still needs to be investigated.
As an alternative mechanism, LPC might stimulate the formation of TrkA dimer
as mentioned in the Introduction. However, the result shows that LPC does not seem to
play a role on TrkA dimer formation, implying that a different pathway is involved in
the effect of LPC on NGF-induced MAPK phosphorylation. Examining the effect of
LPC on the binding affinity of NGF and TrkA dimer might be of interest in the future
study.
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Fi gure 3-1 A and B, schemes showing the extracellular (ED),
transmembrane (TMD), and intracellular domains (ID) of TrkA and
EGFR. C and D, the plasmids map for expression of TrkA and EGFR.
E, expression of TrkA and EGFR was confirmed by Western blotting
using anti-GFP antibody.
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Figure 3-2 Phosphorylation of TrkA and EGFR upon NGF and EGF
stimuli in the presence or absence of LPC in wild type CHO-K1 and
TrkA or EGFR transfected-CHO-K1 cells. CHO-K1 cells cultured in 24-well
plate were untransfected (－) or transiently transfected with TrkA-EGFP-N1 (TrkA, 0.8
g/well) or EGFR-EGFP-N1 (EGFR, 0.8 g/well) by Lipofectamine 2000 (1.5 l/well) for
18-24 h. Then, cells were serum-starved for 1.5 h, and stimulated with vehicle control
(DMEM plus methanol), LPC (L, 1 M), NGF (N, 50 ng/ml), NGF and LPC together
(N+L), EGF(E, 25 ng/ml), or EGF and LPC together (E+L) for 5 min. A and B, top and
middle panels, phosphorylated and total TrkA (p-TrkA or t-TrkA) and EGFR (p-EGFR or
t-EGFR ) were analyzed by Western blotting. A and B, bottom panel, expression of
TrkA and EGFR was detected using anti-GFP antibody.
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Figure 3-3 Phosphorylation of TrkA in TrkA-transfected PC12 and
HEK293 cells. PC12 (A) or HEK293 cells (B) cultured in 24-well plate were
untransfected (－), transiently transfected with TrkA-EGFP-N1(TrkA, 0.5 g/well), or
EGFP-N1 vector (V) by Lipofectamine 2000 (1.5 l/well) for 18-24 h. Cells were then
serum-starved for 1.5 h, and treated with vehicle control (－, DMEM plus methanol),
LPC (L, 1 M), NGF (N, 50 ng/ml), or NGF and LPC together (N+L) for 3 min.
Phosphorylated and total TrkA (p-TrkA and t-TrkA) were analyzed using anti-phosphoTrkA (Tyr490) and anti-TrkA antibodies. A, the result shown is the reprensentative of two
independent experiments. B, the result shown is the representative of two independent
experiments which gave similar results. Arrow indicates the band (140 kDa) detected by
anti-TrkA antibody in wild type HEK293 cells.
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Figure 3-4 Construction of the plasmid for expression of TrkA
without tag and its phosphorylation in CHO-K1 and HEK293 cells. A,
the map of plasmid map for expression of TrkA without tag in pME18S vector (TrkApME18S. CHO-K1 (B) or HEK293 (C) cells cultured in 24-well plate were
untransfected (－) or transfected with TrkA-pME18S (0.8 g/well) by Lipofectamine
2000 (1.5 l/well) for 18-24 h. Cells were then treated with vehicle control (－, DMEM
plus methanol), LPC (L, 1 M) or NGF (N, 50 ng/ml) alone, or NGF and LPC together
(N+L) for 5 min. Phosphorylated TrkA (p-TrkA) and total TrkA (t-TrkA) were analyzed
by Western blotting using anti-phospho-TrkA (Tyr490) and anti-TrkA antibodies,
respectively. B and C, the result shown is the representative of two independent
experiments.
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Figure 3-6 Selection of stable CHO-K1-TrkA cell line using G418
A, TrkA-EGFP-N1 was transfected in CHO-K1 cells, and expression of TrkAEGFP was confirmed by Western blotting. B, screening of CHO-K1 cells stably
expressing TrkA-EGFP from the first selection by Western blotting. C, screening
for CHO-K1 cells stably expressing TrkA-EGFP from the second selection by
Western blotting. Expression of TrkA-EGFP was detecd by anti-GFP antibody. M,
marker; V, EGFP-N1 vector transfection; T, transient transfection of TrkA-EGFPN1; NS, no sample.
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Figure 3-7 Phosphorylation of TrkA in CHO-K1-TrkA cells.
CHO-K1-TrkA cells (stably expressing TrkA) were serum-starved for 26 h,
and then treated with vehicle control (－, DMEM plus methanol), LPC (L, 1
M) or NGF (N, 50 ng/ml) alone, or NGF and LPC together (N+L) for 5 min.
A, phosphorylated TrkA (p-TrkA) was analyzed by Western blotting using
anti-phospho-TrkA (Tyr490) antibody. B, expression of TrkA-EGFP was
detected by anti-GFP antibody.
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Figure 3-8 Phosphorylation of TrkA in CHO-K1 cells co-expressing
TrkA and p75. CHO-K1 cells cultured in 24-well plate were transiently transfected
with TrkA-EGFP-N1 (TrkA, 0.5 g/well) or TrkA-EGFP-N1 (0.5 g/well) and p75pME18S (0.05, 0.1, and 0.5 g/well) together by Lipofectamine 2000 (1.5 l/well) for 24
h. Cells were then serum-starved for 1.5 h, and treated with vehicle control (－, DMEM
plus methanol) or NGF (N, 50 ng/ml) for 5 min. Phosphorylated TrkA (p-TrkA) was
analyzed by Western blotting using anti-phospho-TrkA (Tyr490) antibody.

97

Transfection:
Treatment:

—
—

L

N

vector
N+L E

E+L

—

L

N

N+L

E

E+L

p-MAPK
t-MAPK

EGFP

Figure 3-9 NGF, EGF and/or LPC do not induce MAPK phosphorylation
in the wild type and vector-transfected CHO-K1 cells. CHO-K1 cells
cultured in 24-well plate were untransfected (－) or transiently transfected with EGFP-N1
vector (vector, 0.8 g/well) by Lipofectamine 2000 (1.5 l/well) for 18-24 h. Then, cells
were serum-starved for 1.5 h, and stimulated with vehicle control (－, DMEM plus
methanol), LPC (L, 1 M), NGF (N, 50 ng/ml), NGF and LPC together (N+L), EGF (E, 25
ng/ml), or EGF and LPC together (E+L) for 5 min. Phosphorylated MAPK (p-MAPK) and
total MAPK ( t - MAPK) were analyzed using phospho-p44/42 (Thr202/Tyr204) MAP
Kinase and p44/42 MAP Kinase antibodies, respectively (upper and middle panels).
Expression of EGFP was detected by Western blotting using anti-GFP antibody (bottom
panel). The result shown is the representative of three independent experiments which
gave similar results.
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Figure 3-10 LPC enhances NGF-induced, but not EGF-induced, MAPK
phosphorylation in TrkA- or EGFR-transfected CHO-K1 cells. CHO-K1
cells cultured in 24-well plate were transiently transfected with TrkA-EGFP-N1 (TrkA,
0.8 g/well) in A and B, or EGFR-EGFP-N1 (EGFR, 0.8 g/well) in C and D by
Lipofectamine 2000 (1.5 l/well) for 18-24 h. Cells were then serum-starved for 1.5 h,
and treated with vehicle control (－, DMEM plus methanol), LPC (L, 1 M), NGF (N, 50
ng/ml), NGF and LPC together (N+L), EGF (E, 25 ng/ml), or EGF and LPC together
(E+L) for 5 min. In A and C, phosphorylated MAPK (p-MAPK) and total MAPK (t-MAPK)
were analyzed by Western blotting using phospho-p44/42 (Thr202/Tyr204) MAP Kinase
and p44/42 MAP Kinase primary antibodies, respectively. In B and D, the amounts of pMAPK and t-MAPK were quantified and the relative ratio of p-MAPK vs t-MAPK in each
condition was calculated. Data are means ± SD of three independent experiments.
*, p<0.05 by one-way ANOVA.
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Figure 3-11 Scheme showing the strategy of overlapping PCR to
create chimeric cDNA product C1 as an example. A, extracellular (ED),
transmembrane domain (TMD), and intracellular domains (ID) of TrkA and EGFR. B, In
the 1st PCR, primers F1 and R1 were used to amplify ED of TrkA. R1, at its 3’-end, has
additional sequence (in red) corresponding to the TMD sequence of EGFR. Like wise,
F2 and R2 were used for amplifying TMD+ID of EGFR. F2, at its 5’-end, has additional
sequence corresponding to TrkA ED (in red). In the 2nd PCR, TrkA ED and EGFR
TMD+ID was joined by amplification using primers F1 and R2. C, nucleotide sequence
of primers are shown. Nucleotides in blue are the Xho I sites.
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Figure 3-12 Construction of TrkA/EGFR chimeric receptors and their
expression in CHO-K1 cells. A, schematic representation of TrkA, EGFR, and
TrkA/EGFR chimeric cDNA products C1, C2, C3, and C4. B, the plasmid map for the
expression of TrkA/EGFR chimeric receptors, C1, C2, C3, and C4. Each of chimeric
cDNA product was introduced into expression vector EGFP-N1, at Xho I site. Cterminus of these receptors was fused with EGFP. C, CHO-K1 cells were
untransfected (WT) or transiently transfected with C1, C2, C3, or C4 (0.8 g/well) by
Lipofectamine 2000 (1.5 l/well) for 24 h. Expression of cheimeric receptors C1, C2,
C3, and C4 was detected by Western blotting using anti-GFP antibody. M, protein
marker.
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Figure 3-13 LPC enhances NGF-induced MAPK phosphorylation in
C1- and C3-transfected CHO-K1 cells. CHO-K1 cells cultured in 24-well plate
were transiently transfected with C1-EGFP-N1 (C1, 0.8 g/well) in A and B, or C3EGFP-N1 (C3, 0.8 g/well) in C and D, by Lipofectamine 2000 (1.5 l/well) for 18-24 h.
Cells were then serum-starved for 1.5 h, and treated with vehicle control (－, DMEM
plus methanol), LPC (L, 1 M), NGF (N, 50 ng/ml), NGF and LPC together (N+L), EGF
(E, 25 ng/ml), or EGF and LPC together ( E+L) for 5 min. In A and C, phosphorylated
MAPK (p-MAPK) and total MAPK (t-MAPK) were analyzed by Western blotting using
phospho-p44/42 (Thr202/Tyr204) MAP Kina se and p44/42 MAP Kinase primary
antibodies, respectively. In B and D, the amounts of p-MAPK and t-MAPK were
quantified and the relative ratio of p-MAPK vs t-MAPK in each condition was calculated.
Data are means ± SD of three independent experiments. *, p<0.05 by one-way
ANOVA.
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Figure 3-14 LPC does not affect EGF-induced MAPK phosphorylation in
C2- and C4-transfected CHO-K1 cells. CHO-K1 cells were transiently transfected
with C2-EGFP-N1 (C2, 0.8 g/ml) in A and B, C4-EGFP-N1 (C4, 0.8 g/ml) in C and D,
respectively. Cells were serum-starved for 1.5 h, and treated with vehicle control (－, DMEM
plus methanol), LPC (L, 1 M), NGF (N, 50 ng/ml), NGF and LPC together (N+L), EGF (E, 25
ng/ml), or EGF and LPC together (E+L) for 5 min. In A and C, phosphorylated MAPK (pMAPK) and total MAPK (t-MAPK) were analyzed by Western blotting using phospho-p44/42
(Thr202/Tyr204) MAP Kinase and p44/42 MAP Kinase primary antibodies, respectively. In B
and D, the amounts of p-MAPK and t-MAPK were quantified and the relative ratio of p-MAPK
vs t-MAPK in each condition was calculated. Data are means ± SD of three independent
experiments.
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Figure 3-15 Effect of LPC at different concentrations on NGF-induced
TrkA and MAPK phosphorylation in PC12 cells. PC12 cells cultured in 6well plate were serum-starved for 1.5 h, and treated with vehicle control (DMEM plus
methanol), NGF (50 and 100 ng/ml) or LPC (1, 10, and 100 M) alone, or NGF (50
ng/ml) and LPC (1 M) together, for 5 min. In upper panels, phosphorylated TrkA (pTrkA) and total TrkA (t-TrkA) were analyzed using anti-phospho-TrkA (Tyr490) and antiTrkA antibodies, respectively. In the bottom panels, phosphorylated MAPK (p-MAPK)
and total MAPK (t-MAPK) were analyzed by Western blotting using phospho-p44/42
(Thr202/Tyr204) MAP Kinase and p44/42 MAP Kinase antibodies, respectively. The
image shown is the representative of three independent experiments which essentially
gave similar results.
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Figure 3-16 sPLA2 enhances NGF-induced MAPK phosphorylation
at similar level to LPC. PC12 cells cultured in 24-well plate were serumstarved for 1.5 h, and treated with vehicle control (－, DMEM plus methanol), LPC (1
M), sPLA2 (100 nM), NGF (50 ng/ml), or NGF together with LPC or sPLA2 for 2 min.
A, phosphorylated MAPK (p-MAPK) and total MAPK (t-MAPK) were analyzed by
Western blotting using phospho-p44/42 (Thr202/Tyr204) MAP Kinase and p44/42
MAP Kinase antibodies, respectively. B, the amounts of p-MAPK and total MAPK
were quantified and the relative ratio of p-MAPK vs total MAPK was calculated by
setting the value for NGF (100 ng/ml) at 1. Data are means ± SD of four
independent experiments.
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Figure 3-17 Scheme describing the experimental strategy for testing
the effect of LPC on NGF-induced MAPK phosphorylation by applying
LPC at different time points. Schemes in A-D and E show the experimental
designs of Figure 3-18, lanes 1-4, and 5-7, respectively.
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Figure 3 - 1 8 The potentiation of LPC on NGF-induced MAPK
phosphorylation when it was added at different time points. PC12 cells
cultured in 24-well plate were serum-starved for 1.5 h, and treated with NGF (50 ng/ml,
in lane 1) or NGF together with LPC (1 M). NGF and LPC were added at the same
time, independently (lane 2), or premixed and then added (lane 3). In lane 4, LPC was
added 5 min after NGF addition. In lanes 5, 6, and 7, LPC was added 10, 30, or 60 min
before NGF addition. Cells were treated with NGF for 10 min in all cases. A,
phosphorylated MAPK (p-MAPK) and total MAPK (t-MAPK) were analyzed by Western
blotting using phospho-p44/42 (Thr202/Tyr204) MAP Kinase and p44/42 MAP Kinase
primary antibodies, respectively. B, the amounts of p-MAPK and t - MAPK were
quantified and the relative ratio of p-MAPK vs t-MAPK in each condition was calculated.
Data are means ± SD of three independent experiments. *, p<0.05 by one-way
ANOVA, compared with lane 1, respectively.
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Figure 3-19 Effect of GPR4 and G2A overexpression on the potentiation
of LPC on NGF-induced MAPK phosphorylation in PC12 cells and CHOk1 cells co-transfected with TrkA. A, the map of plasmid used for the expression
of G2A or GPR4. B, PC12 cells cultured in 24-well plate were untransfected (－) or
transfected with EGFP-N1 (v), G2A-EGFP-N1 (G2A) or GPR4-EGFP (GPR4, 0.8 g/well),
by Lipofectamine 2000 (1.5 l/well) overnight. C, CHO-K1 cells cultured in 24-well plate
were co-transfected EGFP-N1, G2A-EGFP-N1, or GPR4-EGFP-N1 (0.8 g/well), with
TrkA-EGFP-N1 (T, 0.8 g/well), by Lipofectamine 2000 (1.5 l/well) overnight. Cells were
then serum-starved for 1.5 h, and treated with vehicle control (－, DMEM plus methanol),
LPC (L, 1M), NGF (N, 50 ng/ml) alone, or together (N+L) for 10 min. A-C, phosphorylated
MAPK (p-MAPK) and total MAPK (t-MAPK) were analyzed by Western blotting using
phospho-p44/42 (Thr202/Tyr204) MAP Kinase and p44/42 MAP Kinase primary antibodies,
respectively. Result shown is the representative of three independent experiments. D,
Expression of G2A and GPR4 in PC12 and CHO-K1 cells was analyzed by isolating total
RNA and PCR analysis.
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Figure 3-20 LPC does not affect the formation of TrkA dimer in PC12
cells. PC12 cells cultured in 6-cm dishes were untransfected (PC12) or transfected
with TrkA-EGFP-N1(2 g/well; PC12-TrkA) using Lipo f e ct a mi n e 2000 (8 l/well)
overnight. Cells were serum-starved for 3 h, and incubated in DMEM containing 0.45 M
sucrose for 20 min. Cells were treated with vehicle control (－, DMEM plus methanol),
NGF (50 ng/ml; N50), or NGF plus LPC (1 M; N+L) for 5 min. Cells were then
untreated (－) or treated with BS3 (+) at the final concentration of 1 mM. Monomer and
dimer of TrkA were detected by Western blotting using anti-TrkA antibody.
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LPC has been found to display various biological activities as described in the
General introduction, including the neurotrophin-like effects found in the previous
studies in our laboratory. However, the molecular mechanisms involved in these
biological actions and neurotrophin-like activity of LPC have not been fully
elucidated. This study departed from the observation of neurite outgrowth-promoting
and survival-supporting effects of LPC and sPLA2 in PC12 cells and in CGNs in our
laboratory. I have demonstrated the potentiating effect of LPC on NGF-induced
(Chapter 1) and BDNF-induced (Chapter 2) differentiating and cell survival signals,
further characterized the mode of action of LPC, and analyzed the possibilities
associated with the mechanism (Chapter 3).
Results in Chapter 1 have shown that LPC promotes NGF-induced MAPK and
Akt signaling cascades which are known to be essential for the differentiation and
survival, as the consequence of enhanced activation of the receptor TrkA in PC12
cells. Although other growth factors, such as EGF, bFGF, and IGF-1 were also
capable of inducing MAPK phosphorylation, it was not regulated by LPC in PC12
cells. In Chapter 2, LPC exhibited similar effect on BDNF-TrkB signal in CGNs. LPC
potentiated BDNF-induced activation of the receptor TrkB, and the phosphorylation
of downstream signals, MAPK and Akt, which are critical for the survival of CGNs.
In contrast, LPC did not affect IGF-1-induced MAPK and Akt signals in CGNs.
Findings in Chapters 1 and 2 implicated the existence of a specific role of LPC on Trk
receptors, TrkA and TrkB, and their downstream signals, which might contribute to
the neurotrophin-like effect of LPC in PC12 cells and in CGNs. In addition, sPLA2
showed an effect similar to LPC on NGF-induced MAPK phosphorylation in PC12
cells. Furthermore, studies using TrkA/EGFR chimeras demonstrated that the
extracellular domain, but not the transmembrane and intracellular domains, of TrkA is
responsible for the effect of LPC. Based on these findings, I propose a model (Fig.
4-1) describing the functional role of sPLA2 and LPC on NGF-induced signals: sPLA2
hydrolyzes phosphatidylcholine in the plasma membrane to release LPC; LPC then
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enhances NGF-induced MAPK and Akt signaling cascades via promoting the
activation of TrkA through its extracellular domain.
In Fig. 1-4, LPA, LPE, and LPS showed some enhancement of NGF-induced
MAPK phosphorylation, but the level was lower than that by LPC in PC12. This is in
agreement with the previous findings that only LPC, but not LPA, LPE, nor LPS,
displayed neurotrophin-like activity (52,56). These facts and observations have
implied the existence of transmembrane signal transduction pathway(s) specific to
LPC.
To see if the enhancement of NGF- and BDNF-induced MAPK and Akt signals
by LPC demonstrated in this study contributes to the neurotrophin-like effect of LPC
in PC12 cells and in CGNs found in the previous study, I performed the neurite
outgrowth assay in PC12 cells and apoptosis assay in CGNs. In PC12 cells, increased
NGF-induced MAPK phosphorylation by LPC (1 M) did not lead to a significant
increase in NGF-triggered neurite outgrowth. This is likely because the enhancement
of NGF-induced MAPK phosphorylation by LPC is transient; nevertheless, the
enhancement of NGF-induced MAPK phosphorylation lasted for as long as 30 min,
and it is known that a sustained activation of MAPK phosphorylation is required for
the complete differentiation of PC12 cells. Increased number of cells representing the
initial stage of morphological differentiation was observed by co-treatment of LPC
with NGF, suggesting that enhanced NGF-TrkA signals contributed at least in part to
the differentiation of PC12 cells. Since neurite outgrowth assay was performed in the
serum-free medium in this study, the effect of LPC on NGF-induced differentiation of
PC12 cells in the medium containing reduced amount of serum still needs to be tested.
In the previous study, the neurotrophin-like effect of LPC was observed at
higher concentration (100 M) of LPC alone, which was mediated by G2A in PC12
cells (55). In this study, LPC added alone at 10 or 100 M was able to induce
phosphorylation of MAPK without activating TrkA. On the other hand, the
potentiation of LPC (1 M) on NGF-induced MAPK and Akt signals was not affected
by the overexpression of G2A or GPR4 in PC12 cells. These findings indicate that
neurotrophin-like effect of LPC observed at different concentrations in PC12 cells
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might involve distinct signaling pathways: LPC at low concentration potentiates the
differentiation of PC12 cells through enhancing NGF-TrkA-induced MAPK
phosphorylation, which is not mediated by G2A and GPR4, whereas LPC at high
concentrations might involve NGF-TrkA-independent MAPK phosphorylation, which
is regulated by G2A.
In CGNs, although LPC (1 M) also potentiated BDNF-induced MAPK and
Akt signals, it did not enhance the survival effect of BDNF. On the other hand, unlike
in PC12 cells, LPC added alone at 10 M sufficiently rescued CGNs from
LK-induced apoptotic death without triggering the phosphorylation of TrkB and
downstream components. It implies that an additional pathway rather than
TrkB-mediated signal is involved in the neurotrophin-like effect of LPC in CGNs.
Whether or not a specific receptor for LPC mediates the neurotrophin-like effect of
LPC in CGNs might be of interest in the future study.
Although LPC does not act through enhancing/stabilizing the formation of TrkA
dimer that occurs intracellularly, which is, in fact, compatible with our finding that
LPC acts on the extracellular domain of TrkA. Taken together, these results suggest a
mechanism whereby LPC acts directly on NGF, TrkA, or on the membrane
component, thereby enhancing/stabilizing binding of NGF to TrkA. Examining if LPC
modulates the binding affinity of NGF to TrkA, and/or analyzing the localization of
TrkA might provide more important insight into the mechanism by which LPC
displays neurotrophin-like activity.
It was previously found that when PC12 cells were treated with sPLA2, LPC
was released into the culture medium due to its hydrolytic activity. Release of LPC
was also detected in the medium of PC12 cells treated with the culture supernatant of
COS1 cells expressing sPLA2-X, but not sPLA2-IB and sPLA2-IIA (55). Another
study has shown that the amount of LPC in extracted phospholipids from PC12 cells
that had been infected with the adenovirus containing sPLA2-X, but not sPLA2-IIA
and V for three days, was greatly increased compared to that from the control cells;
around 15~20% of total PC was found to be converted to LPC (104). Furthermore, the
expression of sPLA2s including sPLA2-X in the skin is known to be increased during
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inflammation caused by UV irradiation. Recombinant sPLA2-X promoted the
tyrosinase activity and dendricity in human melanocytes that play important roles in
the protection of skin from UV damage, which was mainly dependent on the release
LPC (105). Thus it is conceivable that LPC is locally generated in vivo and associated
with some of the biological actions of sPLA2.
Furthermore, intravenously injected LPC (200 nM/kg) was found to protect
neurons in the brain in an in vivo model of global ischemia in mice. In this model,
0.1% of intravenously injected LPC passed through the blood-brain barrier and
entered the brain, 55% of which was in unmetabolized form. In addition, in an in vitro
model of high glutamate-induced excitotoxicity of primarily cultured CGNs, LPC also
significantly prevented the neuronal death (106). These findings indicate that LPC is
neuroprotective in the physiological conditions and might be a therapeutic candidate
for preventing neuronal death, although the exact working concentration of LPC is
unclear at present. In-depth understanding of the action of LPC might provide
important evidences for the development of a new therapeutic method for
neurodegenerative diseases.
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Figure 4-1 Hypothetical model describing the possible role of LPC
in NGF-induced signals. LPC generated by the hydrolysis of
phosphatidylcholine (PC) by sPLA2 enhances NGF-induced MAPK and Akt signals
through the extracellular domain of TrkA in PC12 cells.
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Materials and Methods
1. Materials
1.1 Lysophospholipids
LPC used in this study is 1-palmitoyl-sn-glycero-3-phosphocholine (C16:0; Cat.
No.

855675P).

Other

lysophospholipids

1-lauroyl-2-hydroxy-sn-glycero-3-phosphocholine
1-myristoyl-2-hydroxy-sn-glycero-3-phosphocholine
1-stearoyl-2-hydroxy-sn-glycero-3-phosphocholine

(C12:0;
(C14:0;
(C18:0;

used

are:
855475P),
855575P),
855775P),

1-oleoyl-2-hydroxy-sn-glycero-3-phosphocholine (C:18:1; 845875P), lysophosphatidic
acid (LPA; C16:0; 857123P), lysophosphatidylethanolamine (LPE; C16:0; 856705P),
and lysophosphatidylserine (LPS; C18:1; 858143P). All these lysophospholipids were
purchased from Avanti Polar Lipids. LPC, LPA, and LPS were dissolved in methanol.
LPE was dissolved in DMSO.

1.2 Growth factors
Nerve growth factor (NGF; NGF-301), epidermal growth factor (EGF; EGF-201),
and brain-derived growth factor (BDNF; PT45002) were from Toyobo. Recombinant
human insulin-like growth factor-1 (IGF-1; GPT-10011L) was obtained from Pepro
Tech. These growth factors were dissolved in DMEM.

1.3 Antibodies
Primary antibodies used are: phospho-p44/42 (Thr202/Tyr204) MAP kinase
antibody, #9101; p44/42 MAP kinase antibody, #9102; phospho-Akt (Ser473) antibody,
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#9271; Akt antibody, #9272; phospho-TrkA (Tyr490) antibody, #9141; TrkA antibody,
#2505; phospho-EGF receptor (Tyr1173) antibody, #4407; EGF receptor antibody,
#2232; phospho-MEK1/2 (Ser217/221) antibody, #9121; and MEK1/2 antibody, #9122.
All these primary antibodies were purchased from Cell Signaling Technology and used
at 1:1000 dilution in TBS. The secondary antibody, horseradish peroxidase-linked
anti-rabbit-IgG (#7074; Cell Signaling Technology), was used at 1:2000 dilution in
TTBS.
For the detection of EGFP fusion proteins, living colors® A.v. monoclonal
antibody (JL-8), #632380 from Clontech was used at 1:5000 dilution in TBS as primary
antibody (it is described in the figures as anti-GFP-antibody), and peroxidase-labeled
anti-mouse IgG (H+L), #PI-2000 from Vector was used at 1:500 dilution in TBS as
secondary antibody.
For the detection of phosphorylated and total TrkB, phospho-TrkA (Tyr490;
#9141) antibody and Trk antibody were used (1:1000 dilution in TBS, Cell Signaling
Technology) as primary antibodies, and horseradish peroxidase-linked anti-rabbit-IgG
(#7074; Cell Signaling Technology), was used at 1:2000 dilution in TTBS as secondary
antibody. Since TrkB has the phosphorylation site analogous to TrkA tyrosine 490,
phosphorylated TrkB at this site was detected using phospho-TrkA (Tyr490) antibody.

2. Methods
2.1 Cell culture
2.1.1 Rat pheochromocytoma PC12
Rat pheochromocytoma PC12 cells were maintained in 10 ml of Dulbecco’s
modified Eagle’s medium (DMEM, Invitrogen) supplemented with 5% fetal calf serum
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and 5% horse serum (DMEM (5% FCS/5%HS)) in 10-cm tissue culture dish, at 37°C in
a humidified and CO2-controlled (10%) incubator. Cells were kept with regular transfer
of once in two or three days. PBS containing 1 mM EDTA (PBS /EDTA) was used to
detach cells during transfer.
PC12 cells were inoculated on collagen type 1 (rat tail)-coated 24-well culture
plates at a density of 1×105 cells/well in 0.5 ml/well DMEM (5%HS/5%FCS), in 6-well
plates at a density of 4×105 cells/well in 2 ml/well DMEM (5%HS/5%FCS), or in 6-cm
dishes at a density of 1×106 cells/dish in 4 ml/dish DMEM (5%HS/5%FCS), and
incubated for 24 h or longer until >80% confluent. Before cells were subjected to
various treatments as specified in the text, culture medium was removed by aspiration.
Then, cells were washed twice with DMEM carefully (do not detach cells), added
DMEM 0.5 ml/well for 24-well plates, 2 ml/well for 6-well plates and 6-cm dishes, and
incubated for 1.5 h (serum-starvation). After 1.5 h serum-starvation, cells were
subjected to various treatments by applying vehicle control or various treatments as
specified in the text. Vehicle control for various stimuli was prepared by mixing the
same amount of DMEM and methanol.

2.1.2 CHO-K1 cells
Chinese hamster ovary K1 (CHO-K1) cells were maintained in 7 ml DMEM
supplemented with 10% fetal calf serum (DMEM/10% FCS) in falcon tissue culture
flask (50-ml). Cells were kept with regular transfer of three times a week at 37°C in a
humidified and CO2-controlled (10%) incubator. During transfer, 0.25% trypsin (around
0.5 ml every time) was used to detach cells. For the experiment using CHO-K1 cells
cultured in 24-well or 6-well plates, collagen-coating of plates is not needed.
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2.1.3 HEK293 cells
HEK293 cells were maintained in 10 ml DMEM supplemented with 10% fetal
calf serum (DMEM/10% FCS) in 10-cm tissue culture dish. Cells were kept with
regular transfer of twice a week at 37°C in a humidified and CO2-controlled (10%)
incubator. During transfer, 0.25% trypsin (around 0.5 ml every time) was used to detach
cells. For the experiment using HEK293 cells, collagen-coating of plates is not needed.

2.1.4 Cerebellar granule neurons
Cerebellar granule neurons (CGNs) were obtained by dissociating the cerebella of
mice on postnatal day 7 (P7), and were cultured in DMEM (10% FCS) containing 25
mM KCl, in 0.2 % polyethylenimine-coated 24-well plates. Cells were maintained at
37°C in 10% CO2 in humidified incubator. After 24 h, culture medium was changed to
DMEM (10% FCS) containing 25 mM KCl and 10 M cytosine arabinoside, and
cultured for 48 h to remove proliferating cells. After 48 h, the medium was changed to
DMEM (10% FCS) containing 25 mM KCl, and incubated for another 48 h. Five days
after the culture was prepared; cells were subjected to various treatments.

2.2. Western blotting analysis
After serum-starvation and treatments by various stimuli, medium was removed
by aspiration, and PC12, CHO-K1 or HEK293 cells were lysed in 1×SDS sample buffer
at 50 l/well for 24-well plates, 100 l/well for 6-well plates, and 300 l/well for 6-cm
dishes, and boiled for 3 min. In each experiment, equal volume (usually 18 l) of cell
lysate was subjected to electrophoresis on 10% acrylamide gel. Proteins were
transferred onto polyvinylidene fluoride (PVDF) microporous membrane (Millipore) for
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45 min at 125 mA using a semi-dry blotter. The membrane was blocked with 5% skim
milk for 1 h with gentle shaking, and washed with distilled water. Then, the membrane
was incubated overnight at 4°C with the primary antibodies as described. The
membrane was washed with TTBS for five times (use 5 ml of TTBS and shake for 5
min every time), and incubated with the secondary antibody for 2 h at room temperature
with gentle shaking. After washing with TTBS for three times, immunoreactive bands
were visualized using the SuperSignal®WestPico Lumino/Enhancer (Pierce #1856136)
and SuperSignal®WestPico Stable Peroxide (#1856135) solution. When the bands are
weak, Western Lightning® Ultra solutions from PerkinElmer, Inc. was used to get clear
bands. Imaging was then carried out using FUJI Image Reader. The amount of proteins
was quantified by FUJI FILM Multi Gauge software.

2.3 Total RNA isolation and cDNA synthesis
Total RNA (10 g) was extracted using TRI reagent from PC12 cells cultured in
6-cm dishes after the treatments, 5 g of which was subjected to DNase treatment using
RQ1 RNase-Free DNase (Promega). Then, 0.6g of RNA was reverse transcribed to
cDNA in a volume of 20l reaction using random primer and PrimeScript reverse
transcriptase. Details for the isolation of total RNA and cDNA synthesis can be seen in
the protocol.
In the experiment for checking the expression of G2A and GPR4 after
transfection in PC12 cells, 6 g of total RNA isolated from each dish was subjected to
DNase treatment using RQ1 RNase-Free DNase (Promega). Then, 0.9g of RNA was
reverse transcribed to cDNA in a volume of 20 l reaction using random primer and
PrimeScript reverse transcriptase. In the experiment for checking the expression of G2A
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and GPR4 after co-transfection with TrkA-EGFP-N1 in CHO-K1 cells, 10 g of total
RNA isolated from each dish was subjected to DNase treatment using RQ1 RNase-Free
DNase (Promega). Then, 2.3g of RNA was reverse transcribed to cDNA in a volume
of 20 l reaction using random primer and PrimeScript reverse transcriptase.

2.4 Semi-quantitative and quantitative real time PCR
After the reverse transcription reaction, 1 l of reaction mixture was proceeded to
PCR reaction using rTAQ (95°C for 5 min; 35 cycles of 94°C for 30 s, 52.5°C for 30 s
(for GAPDH; 54.3°C for 30 s for c-fos; 50°C for 30 s for NGF-IA), and 72°C for 30 s
(for GAPDH; 72°C for 40 s for c-fos; 72°C for 1 min for NGF1A); 72°C for 5 min)
using specific primer pairs:
GAPDH: 5’-GACCACAGTCCATGCCATCACT-3’
and 5’-TCCACCACCCTGTTGCTGTAG-3’;
c-fos :5’-AGAATCCGAAGGGAAAGGAA-3’
and 5’-ATGATGCCGGAAACAAGAAG-3’; and
NGF-IA : 5’-CCACAACAACAGGGAGACCT-3’
and 5’-GGGATGGG TAGGAAGAGAGG-3’.
PCR products were subjected to electrophoresis on 2% agarose gel to confirm
that each primer pair amplified a single product of predicted size, and to determine the
relative expression level of c-fos, NGF-IA, and GAPDH in response to different
treatments.
Also, transcript levels of c-fos, NGF-IA, and GAPDH were measured by
quantitative real-time PCR using LightCycler® FastStart DNA Master SYBR Green I
kit (Roche). The reaction was performed in a volume of 20 l according to the
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manufacturer’s instructions. In each reaction, 2 l of cDNA from each sample was
added. For each primer pair, PCR efficiency was determined by standard curve and the
transcript levels of c-fos and NGF-IA were normalized against GAPDH. Quantitative
real-time PCR experiments were independently performed three times and each
experiment was done in triplicate.
Expression of G2A and GPR4 was tested by semi-quantitative PCR after the
reverse transcription reaction. 1 l of cDNA was proceeded to PCR reaction, and
subjected to electrophoresis on 2% agarose gel.
Primers used are:
G2A S1:5'-GGTGACTGCTTACATCTTCTTCTGC-3',
G2A as1:5'-CTGTGTGGATTCTGGACACTTCTTG-3',
GPR4 s1:5'-ATATCAGCATCGCCTTCCTGTGCTG-3', and
GPR4 as1:5'-CAGCCACACAATTGAGGCTGGTGAA-3'.
PCR reaction for testing the expression of G2A or GPR4:
Buffer 10X

2 l

dNTPs

2 l

Primer F

2 l

Primer R

2 l

rTAQ

0.1 l

D.W.

11.9l

Total

20 l

PCR reaction: 94°C for 5 min; 30 cycles of 94°C for 30 s, 55°C for 30 s,72°C for 50 s;
72°C for 5 min.
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2.5 Neurite outgrowth assay in PC12 cells
PC12 cells were incubated at the density of 5×103 cells/well in 0.5 ml/well
DMEM (5%HS/5%FCS) in collagen-coated 24-well plates for 24 h. Cells were then
washed with serum-free DMEM (0.5 ml/well) twice and incubated in DMEM (0.5
ml/well) medium containing vehicle control or NGF and/or LPC for 48 h. After 48 h,
Cells were fixed with 4% paraformaldehyde by adding 0.5 ml/well and keep for 30 min
at room temperature. Paraformaldehyde was collected after using. Cells were washed
once with PBS (0.5 ml/well) and stained with CBB (250 l/well) for 15 sec. Then, cells
were washed with PBS (0.5 ml/well) twice, and added PBS (0.5 ml/well). Finally, cells
were observed under phase-contrast microscopy and photos were taken from different
area, and cells having neurites longer than the cell diameter was considered as positive
and counted. In each well, at least 5 of pictures were taken randomly, and total of 100
cells were counted. The percentage of differentiating cells (positive) to total cells was
calculated.

2.6 Plasmids
To construct the plasmid TrkA-EGFP-N1 for the expression of mouse TrkA fused
with EGFP, a cDNA fragment encoding the full-length TrkA, 799 amino acid-long, was
amplified by PCR using oligonucleotides
5’-GGAATTCATGCTGCGAGGCCAGCGGCA-3’ and
5’-GGA ATTCTGCCCAGAACGTCCAGGTAAC-3’. The resulting PCR product was
digested with EcoR I, and was cloned into EcoR I site of EGFP-N1 expression vector.
To construct the plasmid EGFR-EGFP-N1 for the expression of rat EGFR fused
with EGFP, a cDNA fragment encoding the full-length EGFR, 1209 amino acid-long,
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was amplified by PCR using oligonucleotides
5’-CTCGAGATGCGACCCTCAGGGACTGCGAGAACCAAGC-3’
and 5’-CTCGAGTGCTCCACTAAACTCACTGCTTGGCGGTGCCA-3’. This cDNA
fragment was digested with Xho I, and cloned into the expression vector EGFP-N1 at
Xho I site (EGFR-EGFP-N1).
TrkA/EGFR chimeric receptors were constructed by swapping each domain
between TrkA and EGFR. cDNA fragments encoding the extracellular domain (ED),
extracellular and transmembrane domains (ED+TMD), transmembrane and intracellular
domains (TMD+ID), and intracellular domain (ID) of both TrkA and EGFR were
amplified by PCR, using TrkA-EGFP-N1 and EGFR-EGFP-N1 as templates,
respectively. Resultant fragments were fused by overlapping PCR strategy to create
chimeric cDNAs. Chimeric receptor 1 (C1) is composed of ED of TrkA and TMD+ID
of EGFR. C2 contains ED of EGFR and TMD+ID of TrkA. C3 contains ED+TMD of
TrkA and ID of EGFR. C4 contains ED+TMD of EGFR and ID of TrkA. Chimeric
cDNAs for C1, C2, C3, and C4 was digested with Xho I and introduced into EGFP-N1
vector at Xho I site. Primers used are:
TrkA ED, F1: 5’-ctcgagATGCTGCGAGGCCAGCGGCTCGG-3’, and
R1: 5’-cccacaatcccagtggcgatAGGGGTTTCATCTTTCTTCT-3’;
EGFR TMD+ID, F2: 5’-AGAAGAAAGATGAAACCCCTatcgccactgggattgtggg-3’, and
R2: 5’-ctcgagtgctccactaaactcactgcttggcggtgcca-3’;
For producing C1 (TrkA ED/EGFR TMD+ID), gene clean products of TrkA ED and
EGFR TMD+ID were used as templates, and primers F1 and R2 were used.
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EGFR ED, F3: 5’-ctcgagatgcgaccctcagggactgcgagaaccaagc-3’, and
R3: 5’-ACAGCCACAGAGACCCCAAAggatgggatctttggccctt-3’;
TrkA TMD+ID, F4: 5’-aagggccaaagatcccatccTTTGGGGTCTCTGTGGCTGT-3’, and
R4: 5’-ctcgagGCCCAGAACGTCCAGGTAACTGGGTGGC-3’.
For producing C2 (EGFR ED/TrkA TMD+ID), gene clean products of EGFR ED and
TrkA TMD+ID were used as templates, and primers F3 and R4 were used.
TrkA ED+TMD, F1: 5’-ctcgagATGCTGCGAGGCCAGCGGCTCGG-3’, and
R5: 5’-aagctgacgtcgacgGAGCACAAGAAGGAGGG-3’;
EGFR ID, F5: 5’-CCCTCCTTCTTGTGCTCcgaaggcgtcacattgtccg-3’, and
R2: 5’-ctcgagtgctccactaaactcactgcttggcggtgcca-3’;
For producing C3 (TrkA ED+TMD/EGFR ID), gene clean products of TrkA ED+TMD
and EGFR ID were used as templates, and primers F1 and R2 were used.

EGFR ED+TMD, F3: 5’-ctcgagatgcgaccctcagggactgcgagaaccaagc-3’, and
R6: 5’-CTCCTCTGTCCACATTTGTTCATGAAGaggccgatcccaa-3’;
TrkA ID, F6: 5’-ttgggatcggcctCTTCATGAACAAATGTGGACAGAGGAG-3’, and
R4: 5’-ctcgagGCCCAGAACGTCCAGGTAACTGGGTGGC-3’.
For producing C4 (EGFR ED+TMD/TrkA ID), gene clean products of EGFR ED and
TMD/TrkA ID were used as templates, and primers F3 and R4 were used. C-terminus of
all these receptors was fused with N-terminal region of EGFP. The sequence of these
plasmids has been checked. These plasmids were amplified in E.coli, and isolated using
QIAGEN DNA extraction midi kit.
Note: some primers shown above are the same.
PCR reaction of the amplification of TrkA, EGFR and chimeric cDNA:
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Buffer 10X

5 l

dNTPs

4 l

Primer F

2.5 l

Primer R

2.5 l

Pyrobest

0.25 l

D.W.

34.75 l

Total

50 l

PCR reaction: 98°C for 10 sec; 30 cycles of 98°C for 10 s, TM (depends on primers)°C
for 30 s,72°C for 1 min/kb (depends on the length);16°C after finished.

2.7 DNA transfection
PC12, CHO-K1, or HEK293 cells seeded in 24-well plate (>80% confluent) were
transiently transfected with various plasmids (0.8 g/well), for 18-24 h by
LipofectamineTM2000 (1.5 l/well, Invitrogen), according to manufacturer’s instruction.
In the experiment for testing expression of G2A and GPR4, PC12 cells cultured in 6-cm
dishes were transfected with G2A-EGFP-N1 or GPR4-EGFP-N1 (5 g/dish) using
Lipofectamine 12 l/dish. CHO-K1 cells were co-transfected with TrkA-EGFP-N1 (5
g/dish) and G2A-EGFP-N1 (or GPR4-EGFP-N1, 5 g/dish) using Lipofectamine
20l/dish.

2.8 Establishment of CHO-K1-TrkA stable cell line
First, the best concentration of G418 for CHO-K1 cells was determined. To do
this, CHO-K1 cells were cultured at the density of 1×104 cells/well in 0.5 ml/well in
24-well plate in DMEM (10%FCS) containing different concentrations of G418, 200,

125

Materials and Methods

400, 600,800, 1000, 1200, and 1400 g/ml in each well. Cells were kept in a good
condition by changing medium once in 3 days or more when it was needed. After 9 days,
cells in wells containing G418, 1000, 1200, and 1400 g/ml all died. Therefore, 1000
g/ml was confirmed to be a best selecting concentration for CHO-K1 cells.
Next, CHO-K1 cells were cultured at the density of 1×104 cells/well in 0.5 ml/well
in duplicate 24-well plates in DMEM (10%FCS, 0.5 ml/well) for 24 h. Plasmid
TrkA-EGFP-N1 (0.8 g/well) was transfected into CHO-K1 cells using Lipofectamine
2000 (1.5 l/well) overnight. The expression of transfected TrkA was confirmed by
Western blotting using anti-GFP antibody using the cells in one 24-well plate. 24 h after
transfection, cells in another 24-well plate, were collected and plated in 10-cm dishes at
1:10 or 1:20 dilution in selection medium 10 ml/dish (DMEM 10% FCS containing
G418 1000 g/ml). Cells were kept in selection medium untill visible clones developed
changing medium once in 3 days or more. After 2 weeks, 15 clones were picked up
using oxford-cup method and inoculated in duplicate 24-well plates in the same
selection medium (0.5 ml/well). When cells in each well were almost fully confluent,
medium was removed, and the cells in one 24-well plate were lysed with 1×SDS sample
buffer (50 l/well), and screened for positive clones that stably express TrkA, by
Western blotting using anti-GFP antibody. The culture of positive clone was expanded
by tranfering cells to 6-well plate, 6-cm dish, and 10-cm dish, gradually, and kept in
selection medium. Every time when cells were transfered, expression of TrkA was
detected and confirmed by Western blotting using anti-GFP antibody. Most of cells from
this clone were froze at -80°C first, and stored in liquid nitrogen.
Some amount of cells from the positive clone from first selection was also
inoculated at the density of 1×104 cells/well in 0.5 ml/well selection medium, and
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subjected to second selection to get a single clone by repeating the steps described
above. A positive clone (clone 7) was selected from the second selection and cultured in
normal DMEM (10% FCS) for around 3 weeks. After 3 weeks, these cells still stably
express TrkA, which was confirmed by Western blotting. Thus, these cells were used as
stable CHO-K1-TrkA cells.

2.9 Apoptosis assay in CGNs
CGNs were cultured on coverslips coated with 0.2% polyethylenimine in 24-well
plates for 5 days. Culture medium was removed by aspiration, and cells were incubated
in HK (DMEM containing 25 mM potassium), or LK (DMEM containing 5 mM
potassium) supplemented with vehicle control (DMEM plus methanol), BDNF and/or
LPC for 24 h. The medium was removed, and cells were fixed with 4%
paraformaldehyde

(0.5

ml/well)

for

30

min

at

room

temperature.

Used

paraformaldehyde was collected. Cells were washed twice with PBS (0.5 ml/well), and
stained with Hoechst 33258 (1 g/ml, 0.5 ml/well) for 15 min at room temperature
avoiding direct light. Cells were washed again with PBS twice. Coverslips were
carefully taken from 24-well plate and fixed on slide glass using 5 l/each 50% glycerol.
Morphology of nuclei was observed by fluorescent microscopy, with 40X magnification.
For each sample, at least 5 of images were taken, and cells were counted as apoptotic if
their nuclei were condensed or fragmented. Generally, more than 200 cells in total from
each well were counted for each condition in each independent experiment. The
viability of cells was calculated by dividing the number of live cells by the total number
of live and apoptotic cells.
2.10 Detection of TrkA dimer by chemical cross-linker bis[sulfosuccinimidyl]
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suberate (BS3)
The same amount of PC12 cells were cultured in collagen-coated 6-cm dishes in 4
ml/well DMEM (5%HS/5%FCS), and incubated for until >80% confluent. Cells were
untransfected or transfected with TrkA-EGFP-N1 (2 g/well, diluted in 0.4 ml/well
DMEM), using Lipofectamine 2000 (8l/well diluted in 0.4 ml/well DMEM) overnight.
Cells were washed with DMEM twice (2 ml/well), and serum-starved in DMEM (2
ml/well) for 3 h. Then, DMEM was removed, added DMEM containing 0.45 M sucrose
(2 ml/well), and incubated for 20 min at 37°C. Cells were untreated or treated with NGF
50 ng/ml and/or LPC 1 M for 5 min in DMEM containing 0.45 M sucrose. Cells were
then washed with PBS containing 0.45 M sucrose for three times (2 ml/well), and
treated with BS3 (1 mM, 2 ml/well) for 30 min at 37°C, avoiding light. Reaction was
stopped by adding Tris-HCl (80 mM, 2 ml/well), and incubating for 15 min at room
temperature. Cells were then washed with ice-cold PBS containing 0.45 M sucrose
twice. Finally, cells were lysed with 1% NP40 containing 1× protease inhibitor and 1×
phosphatase inhibitor (100 l/well), incubate on ice for 30 min, and collect the lysis in
tubes. Centrifuge these samples at 10,000 rpm, 4°C for 10 min, get supernatant (~120 l)
into new tubes, add 4 × SDS (~40 l), and boil for 3 min. The equal amount of these
samples was subjected to Western blotting analysis on 5.5% acrylamide gel.

3. Statistical analysis
The results shown are from at least three independent experiments. Data are
expressed as the means+standard deviations (SD). Data were analyzed for statistical
significance using one-way ANOVA. Differences were considered significant at p<0.05
as indicated.
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Recipes for solutions：
PBS (phosphate-buffered-saline):
NaCl

8g

KCl

0.2 g

Na2HPO4.12H2O

2.9 g

KH2PO4

0.2 g

Fill with D.W.

to 1000 ml, and autoclave at 121°C for 15 min.

EDTA 0.5 M, pH 8.0:
Add 18.62 g of EDTA to 80 ml of distilled water and stir vigorously. Adjust the pH to 8.0 with
NaOH. The salt will not dissolve until the pH is adjusted to pH 8.0. Fill up to 100 ml with
distilled water (D.W.), and autoclave at 121°C for 15 min.
PBS containing EDTA (1 mM) for cells:
PBS

500 ml

Add EDTA 0.5 M pH8.0

1 ml, mix in clean bench, and autoclave at 121°C for 15

min. Store at room temperature.
Collagen for coating the plates for PC12 cells:
Collagen (rat type I tail, 4.1 mg/ml

2.4 ml (5 mg)

Acidic acid

240 l

D.W.

in 200 ml. Autoclave at 121°C for 15 min.

G418:
Add 137.7 mg G418 carefully in 4 ml PBS in 15-ml falcon tube, shake by hand to dissolve.
Filter the solution using 0.2 m filter in the clean bench. The concentration of this solution is 25
mg/ml. It is ready for use. Store at -4°C.
1 mM BS3:
The powder of BS3 in tubes (products are in small PCR 8-tubes, not good to store for long time)
was dissolved in PBS containing 0.45 M sucrose, according to manufacturer’s instruction. The
solution of BS3 should be prepared just before using and should avoid light.

129

Materials and Methods

1% NP40 containing 1× protease inhibitor and 1 × phosphatase inhibitor:
D.W.

0.656 ml

10% NP40

0.1 ml

7 × protease inhibitor

0.144 ml

10 × phosphatase inhibitor

0.1 ml

total

1 ml

Phosphatase inhibitor cocktail (EDTA free, 07575-51) was from nacalai tesque. This is a 100 ×
stock solution. The protease inhibitor cocktail (EDTA free, 11836170001) complete mini was
from Roche. To make 7 × protease inhibitor solutions, 1 tablet of this protease inhibitor was
dissolve in 1.5 ml D.W. Nonidet p-40 (NP40, 25223-04) was from nacalai tesque. 1 ml of
original NP40 solution was diluted in 9 ml of distilled water to make 10% NP40. Prepare this
solution just prior to use.
4% paraformaldehyde:
Weigh 0.4 g paraformaldehyde and add in 10 ml PBS in a 15-ml falcon tube, close and seal the
cap tightly, shake vigorously, and boil for 10 min. Cool down at room temperature. It is active
within 24 h. Thus, it is better to prepare this solution prior to use. After using, it should be
collected in the waste bottle for paraformaldehyde.
KRHG buffer:
Contents:120 mM NaCl, 4.8 mM KCl, 1.26 mM CaCl2, 1.18 mM KH2PO4, 1.22 mM MgSO4
25.2 mM NaHCO3, 25 mM Hepes-NaOH, pH 7.4. Store at -4°C.
10×TBS:
Tris

24.2 g

NaCl

87.7 g

Dissolve in 900 ml DW, adjust pH to 7.5, and fill with D.W. up to 1000 ml.
TBS can be prepared by diluting 10×TBS ten times in D.W.
10×TTBS:
Tris

24.2 g

NaCl

87.7 g

Tween 20

10 ml

Dissolve in 900 ml DW, adjust pH to 7.5, and fill with D.W. up to 1000 ml.
TTBS can be prepared by diluting 10×TTBS ten times in D.W.
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4×SDS (sodium dodecyl sulfate) sample buffer:
1 M Tris-HCl (pH 6.8)

5 ml (0.2 M)

SDS (sodium dodecyl sulfate)

2 g (8%)

Glycerol

10 ml (40%)

2-mercaptoethanol

5 ml (20%)

BPB (bromophenol blue)

little (0.05%)

D.W.

5 ml

Total

25 ml

1×SDS sample buffer:
4×SDS sample buffer

10 ml

D.W.

30 ml

Total

40 ml

1 M Tris-HCl pH 6.8:
Tris

6.057 g

D.W.

45 ml

Adjust pH to 6.8, fill with D.W. up to 50 ml.
10% acrylamide gel (for 4 pages):
Separation gel:
30% acrylamide

10 ml

2 x Tris-SDS (pH 8.8)

15 ml

D.W.

5 ml

10% APS

0.3 ml

TEMED

30 l

Stacking gel:
30% acrylamide

2 ml

2 x Tris-SDS (pH 6.8)

6 ml

D.W.

4 ml

10% APS

100 l

TEMED

10 l

5.5% acrylamide gel (for 4 pages):
Separation gel:
30% acrilamide

5.5 ml
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2 x Tris-SDS (pH 8.8)

15 ml

D.W.

9.5 ml

10% APS

0.3 ml

TEMED

30 l

Stacking gel is the same.
5% Skim Milk:
Dissolve 5 g of Skim Milk in 100 ml TBS. Store at -20°C.
1.125 M Sucrose:
Dissolve 46.2 g sucrose in 120 ml DW, and autoclave at 121°C for 15 min.
Store at room temperature.
DMEM containing 0.45 M sucrose:
DMEM

6 ml

1.125 M sucrose

4 ml

Total

10 ml

PBS containing 0.45 M sucrose:
PBS

30 ml

1.125 M sucrose

20 ml

Total

50 ml

Store at room temperature.
80 mM Tris-HCl containing 0.45 M sucrose:
133.3 mM Tris-HCl pH 7.5

12 ml

1.125 M sucrose

8 ml

Total

20 ml

Store at room temperature.
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Protocol: Total RNA isolation and cDNA synthesis from PC12 cells in 6-cm dishes
Coat 6-cm dish with 2 ml of collagen solution.
Inoculate 1×106 cells/dish in 4 ml/dish of DMEM (5%FCS/5%HS) medium for overnight or
longer until >80% confluent.
Wash cells twice with serum-free DMEM (2 ml each), and Incubate cells in 2 ml of DMEM for
1.5 h.
During this 1.5 h, prepare stimulation solutions:
NGF

LPC

Sample 1: 200 l DMEM

22 l MeOH

0

0

Sample 2: 200 l DMEM

22 l LPC (100 M)

0

1

Sample 3: 200 l NGF (500 ng/ml)

22 l MeOH

50

0

Sample 4: 200 l NGF (500 ng/ml)

22 l LPC (100 )

50

1

Sample 5: 200 l NGF (1,000 ng/ml)

22 l MeOH

100

0

Final concentration:

(ng/ml)

(M)

Working solution:
NGF (1,000 ng/ml): 500 l of DMEM + 5.5 l of NGF (100 g/ml)
NGF (500 ng/ml): 250 l of DMEM + 250 l of NGF (1,000 ng/ml)
LPC (100 ): 90 l of MeOH + 10 l of LPC (1 mM)
After 1.5 h, stimulate cells for 30 min by adding the above solutions at 37°C in incubator.
Remove medium in dishes by aspiration.
Wash twice with ice cold KRHG, 3 ml each.
Add TRI reagent, 500 l/dish, collect all cells by scratching using a plastic tube (prepared for
this), and take lysis in new 1.5-ml tubes (prepared only for RNA). Mix the lysis by carefully
pippeting 5 times using syringe (1 ml).
Add 50 l of 1-bromo-3-chloropropane in each tube, and shake vigorously for 15 sec.
Leave 2-15 min at room temperature.
Centrifuge at 12,000g for 15 min at 2-8°C (RNA is contained in the upper clear layer).
Transfer supernatant to new tubes.
Add isopropanol, 250 l in each tube, mix by hand, and leave for 5-10 min at room temperature.
Centrifuge at 12,000g for 10 min at 2-8°C (RNA is precipitated).
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Carefully remove supernatant.
Add 70% ethanol, 500 l in each tube, and vortex.
Centrifuge at 7,500g for 5 min at 2-8°C.
Remove supernatant by aspiration.
Dry for 5-10 min in the air.
Dissolve the palates in 20-40 l (depends on the amount of RNA) DEPC water.
Measure A260 at 50-times dilution (2 l/100 l)
Calculate the concentration of RNA (RNA is 38 g per A260; use the calculation sheet).
Usually, the total amount of RNA is 6-8 g per 6-cm dish.
DNase treatment
+6 l (or >6 l, 5 ~ 10 g of total RNA)
+1 l DNase buffer (Promega, 400 mM Tris-HCl, pH 8.0; 100 mM MgSO4; 10 mM CaCl2)
+3 l of DNase (Promega)
37°C for 1 h.
+90 l (or <90 l) of DEPC water
+100 l of RNase free phenol, shake by hands
Centrifuge at 10,000 rpm for 5 min at 25°C
Get upper layer (~70 l, collected in new tubes)
+100 l of chloroform, shake by hands
Centrifuge at 10,000 rpm for 5 min at 25°C.
PS: set the machines at 4°C.
Get upper layer (collected in new tubes)
+260 l of ethanol precipitation solution (24 ml ethanol and 1 ml 3 M sodium acetate), shake by
hands. Then, keep at -80°C for 20 min
PS: switch the water bath at 65°C/ 30°C/ 42°C.
Centrifuge at 12,000 rpm for 10 min at 4°C
Remove supernatant, add 800 l of 70% ethanol.
Centrifuge again at 12,000 rpm for 10 min at 4°C.
Remove supernatant and let it dry for 5 min at room temperature.
Around 20 l of DEPC-treated water was added to dissolve the pellet.
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Calculate the concentration of RNA again by measuring A260, as indicated above.
Reverse transcription:
Then, same amount of RNA was reverse transcribed.
+1-5 g of total RNA (2-3 l)

+4 l of dNTP (2.5 mM each)
+1 l of random primer (250 ng/ml)
Total volume of 10 l
65°C, 5 min
Cool on ice
+4 l 5x Buffer

+0.5 l RNase inhibitor (20 units)
+0.5 l PrimeScript reverse transcriptase (100-200 units)
+5 l DEPC water
Total volume of 20 l
30°C, 10 min
42°C, 1 h
70°C, 15 min
Now, cDNA was synthesized. Store at -20°C, or proceed to PCR.
Note: “+”indicates “add”.
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Abbreviation list
AA
arachidonic acid
BDNF
brain-derived neurotrophic factor
3
BS
Bissulfosuccinimidyl suberate
bFGF
basic fibroblast growth factor
CGNs
cerebellar granule neurons
cPLA2
cytosolic PLA2
2+
Ca /CaM
Ca2+/calmodulin-dependent kinase
COX-2
cyclooxygenase type 2
CREB
cAMP response element-binding protein
CNS
central nervous system
DMEM
Dulbecco’s modified Eagle’s medium
DMSO
Dimethyl sulfoxide
EGF
epidermal growth factor
EGFR
EGF receptor
GPCR
G protein-coupled receptors
HAEC
human aortic endothelial cells
HSPG
heparan sulfate proteoglycans
IGF-1
insulin-like growth factor-1
JNK
c-Jun N-terminal kinase
LPA
lysophosphatidic acid
LPA1
LPA receptor 1
LPC
lysophosphatidylcholine
LPE
lysophosphatidylethanolamine
LPS
lysophosphatidylserine
LDL
low density lipoprotein
MAPK
mitogen-activated protein kinase
MEK
mitogen-activated protein kinase kinase
NGF
nerve growth factor
NT-3
neurotrophin-3
NT-4
neurotrophin-4
Ox-LDL
oxidized low-density lipoproteins
PA
phosphatidic acid
PC
phosphatidylcholine
PE
phosphatidylethanolamine
PS
phosphatidylserine
PI-3K
phosphatidylinositol 3-kinase
PLA2
phospholipase A2
PLC-
phospholipase C-
PNS
peripheral nervous system
PMNs
polymorphonuclear leukocytes
RT-PCR
reverse transcription-polymerase chain reaction
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ROS
S1P
SH2
sPLA2
Trk
BSA
cDNA
CBB
DNA
EDTA
SDS
TTBS
TBS
o
C
kDa
kb
g
h
min
sec
ml
l
M
mRNA
PBS
PCR
RNA
RT-PCR
SDS
Tris

reactive oxygen species
sphingosine 1-phosphate
Src homology domain 2
secretory PLA2
tropomyosin-related kinase
bovine serum albumin
complementary cDNA
coomassie brilliant blue
deoxyribonucleic acid
ethylenediaminetetraacetic acid
sodium dodecyl sulfate
Tris-buffered saline containing 0.01% Tween 20.
Tris-buffered saline
degree Celsius
kilo Dalton
kilo base
micro gram
hour
minutes
second
milliliter
micro liter
micro mole
messenger RNA
phosphate buffered saline
polymerase chain reaction
ribonucleic acid
reverse transcription-polymerase chain reaction
sodium dodecyl sulfate
tris(hydroxymethyl)aminomethane
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Introduction
Neurotrophins, including nerve growth factor (NGF) and brain-derived neurotrophic
factor (BDNF), are essential regulators of neuronal differentiation, survival, plasticity, and other
associated physiological actions of neurons throughout the entire life. By binding to their
receptors TrkA (for NGF), TrkB (for BDNF), and p75 (for both), NGF and BDNF activate
avariety of signals such as Ras-mitogen-activated protein kinase (MAPK), phosphatidylinositol
3-kinase-Akt, and phospholipase C pathways. Our research group previously demonstrated that
secretory phospholipase A2 (sPLA2), a group of enzymes that catalyze the hydrolysis of the sn-2
ester bond of membrane phospholipids to release free fatty acids and lysophospholipids, shows
neurotrophin-like activity, i.e. induction of neurite outgrowth in PC12 cells, and protection of
cerebellar granule neurons (CGNs) from apoptosis, mimicking the actions of NGF and BDNF.
Subsequent studies showed that the neurotrophin-like actions of sPLA2 are mediated through the
release of one of the lysophospholipids, lysophosphatidylcholine (LPC). Indeed, LPC added to
the cultures of PC12 and CGNs recapitulated the neurotrophin-like activity of sPLA2. In this
study, I have demonstrated that LPC promotes neurotrophin-Trk receptor signals in PC12 cells
and in CGNs. I have also analyzed the underlying mechanism and confirmed that LPC
specifically enhances NGF-induced signals through the extracellular domain of TrkA in PC12
cells, and BNDF-induced signals through TrkB in CGNs. Results from the neurite outgrowth
assay in PC12 cells suggested that LPC at least partially potentiates NGF-induced
differentiation of PC12 cells. It was unlikely that these processes were mediated by G
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protein-coupled receptors G2A and GPR4, although they have been implicated in the biological
actions of LPC in previous studies. Taken together, the findings obtained in this study might
provide important evidences for the investigation of the mechanism by which LPC displays
neurotrophin-like effect.
Chapter 1. Lysophosphatidylcholine promotes NGF-induced MAPK and Akt signals by
enhancing the activation of TrkA in PC12 cells
LPC is one of the major lysophospholipids generated from the hydrolysis of
phosphatidylcholine (PC) by sPLA2. In our previous studies, LPC generated by sPLA2 was
found to induce neurite outgrowth in PC12 cells. Since NGF also induces neuronal
differentiation, I tested if a cross-talk between NGF- and LPC-induced signals exists in PC12
cells by examining the effect of LPC on NGF-induced MAPK and Akt phosphorylation. I found
that LPC significantly enhances NGF-induced MAPK and Akt phosphorylation. Other
lysophospholipids, such as lysophosphatidic acid, lysophosphatidylethanolamine, and
lysophosphatidylserine, did not display similar effect. Quantitative RT-PCR analysis showed
that LPC upregulates the expression level of NGF-induced immediate early genes, c-fos and
NGF-IA, which are necessary for the initiation and maintenance of differentiation. Neurite
outgrowth assay showed that LPC partially potentiates NGF-induced differentiation of PC12
cells. Next, the signaling pathway by which LPC potentiates NGF-induced MAPK and Akt
phosphorylation in PC12 cells was characterized. Phosphorylation of both MEK and TrkA, the
upstream cellular components of MAPK, was enhanced by LPC. In contrast, LPC did not show
any effect on MAPK phosphorylation induced by other growth factors, epidermal growth factor
(EGF) and basic fibroblast growth factor. In accordance, EGF receptor phosphorylation induced
by EGF was not increased by LPC. Furthermore, Akt phosphorylation induced by insulin-like
growth factor-1 (IGF-1) was not affected by LPC. Collectively, these results indicate that LPC
specifically promotes NGF-induced MAPK and Akt phosphorylation through enhancing the
activation of TrkA.
Chapter 2. Lysophosphatidylcholine potentiates BDNF-induced MAPK and Akt signals
through stimulating the activation of TrkB in cerebellar granule neurons
BDNF plays critical roles in regulating the survival and functions of neurons, particularly
those in the brain, through binding to its receptor TrkB. BDNF is known to support the survival
of cerebellar granule neurons (CGNs), the most abundant neurons in the brain, through the
activation of Ras-MAPK pathway. Cultured CGNs are suitable model for studying the cell
survival, since they undergo apoptosis when shifted to the culture medium containing low
concentration of potassium (LK). IGF-1 is also known to protect CGNs from LK-induced
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apoptosis through PI3K-Akt cascade. Previously, our research group showed that LPC protects
CGNs from LK-induced apoptosis, mimicking the actions of BDNF and IGF-1, although the
mechanism has not been identified. In this Chapter, I studied the effect of LPC on
BDNF-induced MAPK and Akt phosphorylation in TrkB-transfected CHO-K1 cells and in
CGNs. I first confirmed that MAPK was not phosphorylated upon treatments with BDNF, LPC,
or both, in the wild type and vector-transfected CHO-K1 cells. In TrkB-transfected CHO-K1
cells, BDNF slightly induced phosphorylation of MAPK, which was significantly enhanced by
LPC. In CGNs, although LPC alone did not induce phosphorylation of MAPK and Akt, it
significantly elevated phosphorylation of MAPK and Akt induced by BDNF, but not by IGF-1.
Furthermore, BDNF-induced TrkB phosphorylation was increased by LPC, suggesting that LPC
promotes BDNF-induced MAPK and Akt signals through enhancing the activation of TrkB.
Although LPC failed to further potentiate the effect of BDNF in rescuing CGNs from apoptosis,
the results presented here, together with those shown in Chapter 1, indicate that LPC
specifically enhances neurotrophin-Trk receptor signaling cascades.
Chapter 3. Analyses of the role of lysophosphatidylcholine on NGF-induced TrkA signal
Results shown in Chapter 1 demonstrated that TrkA, but not EGFR, is responsive to the
effect of LPC. To further understand the mode of action of LPC on TrkA, I aimed to analyze the
domain(s) of TrkA involved in the effect of LPC. To this end, I first analyzed receptor
phosphorylation in TrkA-, EGFR-, or TrkA/EGFR chimera-transfected cells. However,
spontaneous phosphorylation of TrkA occurred in transfected cells, and this was not further
increased by NGF and/or LPC treatments, which hampered further analysis.
I next tested the effect of NGF, EGF, and LPC on the downstream signal, MAPK
phosphorylation, in the same experimental system. I found that the wild type and
vector-transfected CHO-K1 cells do not respond to NGF and EGF, i.e. MAPK was not
phosphorylated upon NGF and EGF treatments, since no functional TrkA and EGFR were
expressed in CHO-K1 cells. In TrkA-transfected cells, NGF weakly induced MAPK
phosphorylation, and it was significantly increased by LPC. In EGFR-transfected cells, EGF
induced MAPK phosphorylation, but this was not affected by LPC. These results indicate that
transfected TrkA and EGFR behaved as those in PC12 cells. Next, the domain(s) of TrkA
involved in the effect of LPC was analyzed by examining MAPK phosphorylation in
TrkA/EGFR chimera-transfected CHO-K1 cells. TrkA/EGFR chimeras C1, C2, C3, and C4
were constructed by swapping the extracellular (ED), transmembrane (TMD), and intracellular
(ID) domains between TrkA and EGFR. In C1 (TrkA ED/EGFR TMD+ID chimera)- or C3
(TrkA ED+TMD/EGFR ID chimera)-transfected cells, LPC enhanced MAPK phosphorylation
triggered by NGF, as was seen in the TrkA-transfected cells. In C2 (EGFR ED/TrkA TMD+ID
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chimera)- or C4 (EGFR ED+TMD/TrkA ID chimera)-transfected cells, MAPK was strongly
phosphorylated upon EGF treatment, but this was not further enhanced by LPC. These results
indicate that the ED, but not TMD and ID, of TrkA is responsible for the effect of LPC in
enhancing NGF-induced MAPK phosphorylation.
As described in Introduction, LPC is generated through the hydrolysis of PC by sPLA2. I
next examined the effect of sPLA2 addition on NGF-induced MAPK phosphorylation. I found
that exogenously-added sPLA2 enhances NGF-induced MAPK phosphorylation at a comparable
level to LPC. This suggests that LPC generated in situ by the hydrolysis of plasma membrane
PC acts synergistically with NGF.

Accumulating evidence suggests the involvement of G protein-coupled receptor, G2A
and GPR4, in the biological actions of LPC. In addition, our research group previously found
that sPLA2-induced neuritogenesis in PC12 cells was mediated by G2A. I therefore examined if
G2A and GPR4 regulate the effect of LPC on NGF-induced MAPK phosphorylation in PC12
cells. However, overexpression of neither G2A nor GPR4 affected the enhancement of
NGF-induced MAPK phosphorylation by LPC, indicating that the action of LPC on
NGF-induced MAPK phosphorylation is not mediated by G2A and GPR4.
It is well accepted that NGF induces dimerization and autophosphorylation of TrkA,
thereby activating the downstream signaling events. Recently studies have shown, however, that
the majority of TrkA preforms dimers in the endoplasmic reticulum before reaching to the cell
surface; NGF activates the preformed, yet inactive, TrkA dimer on the cell surface. To examine
if LPC regulates the dimerization state of TrkA, I performed crosslinking experiment using the
divalent crosslinker bis[sulfosuccinimidyl] suberate. In accordance with the study, I succeeded
in detecting TrkA dimer in TrkA-transfected PC12 cells irrespective of NGF addition. No
increase in the amount of TrkA dimer was detected by LPC addition, indicating that LPC does
not affect dimerization of TrkA.
Conclusion
Although various biological activities have been attributed to LPC, the precise
mechanism is not fully understood. Results in this study have demonstrated that LPC enhances
NGF-induced MAPK and Akt signaling pathways via the extracellular domain of TrkA. Similar
effect was observed in BDNF-TrkB signaling. Further analyses suggested that LPC might
display neurotrophin-like effect either by promoting NGF-induced MAPK and Akt signaling
cascades, or through activating additional signaling pathway independently of NGF-TrkA.
Deciphering the molecular mechanism of action of LPC might provide an important clue for the
development of a new therapeutic method for neurodegenerative diseases.
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