
IMAGING MASS SPECTROMETRY REVEALED
THE PRODUCTION OF
LYSO-PHOSPHATIDYLCHOLINE IN THE
INJURED ISCHEMIC RAT BRAIN

言語: English

出版者: 

公開日: 2012-04-25

キーワード (Ja): 

キーワード (En): 

作成者: KOIZUMI, S., YAMAMOTO, S., HAYASAKA, T.,

KONISHI, Y., YAMAGUCHI-OKADA, M., GOTO-INOUE,

N., SUGIURA, Y., SETOU, M., NAMBA, H.

メールアドレス: 

所属: 

メタデータ

http://hdl.handle.net/10098/5232URL



I
L
B

S
Y
N
H
a

c
J
b

M
3
c

i
J
d

n
2

A
a
m
l
s
n
t
d
f
c
2
w
a
t
t
t
a
P
e
t
l
c
a
a
l

*
E
A
C
b
E
p
M
m
M
n
c
i

Neuroscience 168 (2010) 219–225

0
d

MAGING MASS SPECTROMETRY REVEALED THE PRODUCTION OF
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bstract—To develop an effective neuroprotective strategy
gainst ischemic injury, it is important to identify the key
olecules involved in the progression of injury. Direct mo-

ecular analysis of tissue using mass spectrometry (MS) is a
ubject of much interest in the field of metabolomics. Most
otably, imaging mass spectrometry (IMS) allows visualiza-
ion of molecular distributions on the tissue surface. To un-
erstand lipid dynamics during ischemic injury, we per-
ormed IMS analysis on rat brain tissue sections with focal
erebral ischemia. Sprague–Dawley rats were sacrificed at
4 h after middle cerebral artery occlusion, and brain sections
ere prepared. IMS analyses were conducted using matrix-
ssisted laser desorption/ionization time-of-flight mass spec-
rometer (MALDI-TOF MS) in positive ion mode. To determine
he molecular structures, the detected ions were subjected to
andem MS. The intensity counts of the ion signals of m/z 798.5
nd m/z 760.5 that are revealed to be a phosphatidylcholine,
C (16:0/18:1) are reduced in the area of focal cerebral isch-
mia as compared to the normal cerebral area. In contrast,
he signal of m/z 496.3, identified as a lyso-phosphatidylcho-
ine, LPC (16:0), was clearly increased in the area of focal
erebral ischemia. In IMS analyses, changes of PC (16:0/18:1)
nd LPC (16:0) are observed beyond the border of the injured
rea. Together with previous reports—that PCs are hydro-
yzed by phospholipase A2 (PLA2) and produce LPCs,—our

Corresponding author. Tel: �81-53-435-2292; fax: �81-53-435-2292.
-mail address: setou@hama-med.ac.jp (M. Setou).
bbreviations: AA, arachidonic acid; ADU, arbitrary decision units;
ID, collision-induced dissociation; Da, daltons; DHB, 2,5-dihydroxy-
enzoic acid; ECs, endothelial cells; H, proton; HE, Hematoxylin-and-
osin; IMS, imaging mass spectrometry; K, potassium; LPC, lyso-
hosphatidylcholine; MALDI, matrix-assisted laser desorption/ionization;
ALDI-TOF MS, matrix-assisted laser desorption/ionization time-of-flight
ass spectrometer; MCA, middle cerebral artery; MCAO, MCA occlusion;
S, mass spectrometry; MSn, tandem MS; m/z, mass-to-charge ratios; NL,
eutral losses; Ox-LDL, oxidized low-density lipoprotein; PC, phosphatidyl-
w
holine; PLA2, phospholipase A2; PLC, phospholipase C; ROI, region of
nterest; TFA, trifluoroacetic acid; TOF, time-of-flight.
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219
resent results suggest that LPC (16:0) is generated during
he injury process after cerebral ischemia, presumably via
LA2 activation, and that PC (16:0/18:1) is one of its precur-
or molecules. © 2010 IBRO. Published by Elsevier Ltd. All
ights reserved.

ey words: brain imaging, focal ischemia, imaging mass
pectrometry, lyso-phosphatidylcholine.

he progression of ischemic injury has been thought to in-
olve many molecular pathways that play roles in the death of
eurons. The molecular dynamics following ischemia is yet to
e elucidated. Lipids play fundamental roles in the mainte-
ance of cell structure and in mediating cell signaling. Con-
idering that the brain is one of the most lipid-rich organs, with
ccounting for approximately 50% of dry weight (Trim et al.,
008), it has been suggested that they play fundamental
oles in various brain functions. Nonetheless, lipid distribu-
ions in the brain during the progression of ischemia remain
argely unknown, due to the limitations of imaging methods
sed to visualize the tissue distributions of lipids.

Direct molecular analysis of biological tissue using
ass spectrometry (MS) provides valuable information

Sugiura and Setou, 2010). Imaging mass spectrometry
IMS) of biological tissues, using matrix-assisted laser de-
orption/ionization (MALDI), is an especially powerful tool
or visualizing the distributions of various molecule-
(Harada et al., 2009), and is thus applicable to the imag-

ng of bio-molecules (Stoeckli et al., 2001; Kimura et al.,
009), biomarker discovery (Morita et al., 2010; Zaima et
l., 2009) and drug delivery (Reyzer et al., 2003) in tissues.
MS can separate multiple lipids according their mass-to-
harge ratios (m/z), and visualize the tissue distribution of
ach molecule (Hayasaka et al., 2008; Sugiura and Setou,
010). Furthermore, the use of tandem MS (MSn) allows

dentification of the structures of the visualized molecules
Hayasaka et al., 2009).

In this study, we used IMS to visualize lipid distribu-
ions in rat brain tissues during focal cerebral ischemia.
ur present results reveal dynamic conversion from phos-
hatidylcholine (PC) to lyso-phosphatidylcholine (LPC) in
rain areas with ischemic injury.

EXPERIMENTAL PROCEDURES

nimals and surgery

ll experiments were performed according to the rules of animal
xperimentation and the guide for the care and use of laboratory
nimals of Hamamatsu University School of Medicine. Eight

eeks old Sprague–Dawley rats (290–310 g) purchased from

s reserved.

mailto:setou@hama-med.ac.jp
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LC Inc. (Hamamatsu, Japan) were fed lab chow ad libitum and
aintained in a thermally controlled (27 °C), 12 h light/dark cycle
nvironment. The rats were anesthetized with 1.3%–1.8% isoflu-
ane by nasopharyngeal insufflations under spontaneous respira-
ion (Abbott Japan Co., Ltd., Tokyo, Japan) (Yamasaki et al.,
003). Temperature was maintained at 37 °C throughout the
rocedure using rectal temperature regulating heating pad. The

eft middle cerebral artery (MCA) was exposed and cauterized
istal to the lenticulostriatal branches by a modification of the
ethod of Tamura et al. (Tamura et al., 1981; Yamamoto et al.,
988).

reparation of tissue samples

he rats were sacrificed at 24 h after MCA occlusion (MCAO)
nder deep anesthesia and then decapitated. The brains were then
issected. Immediately after dissection, the rat brains were flash

rozen in liquid hexane and stored at �20 °C. Tissues were sliced at
7 �m thickness with a cryostat (CM1950; Leica, Wetzler, Ger-
any), placed directly onto MALDI plate inserts, and stored at
20 °C until matrix application and subsequent IMS analysis. The
djacent brain section, also 20 �m in thickness, was used for
ounter staining with Hematoxylin-and-Eosin (HE). The MALDI
atrix 2,5-dihydroxybenzoic acid (DHB) was purchased from
ruker Daltonics (Leipzig, Germany). Bradykinin and angioten-
in-II were obtained from Sigma-Aldrich, Japan (Tokyo, Japan)
nd used as calibration standards. Trifluoroacetic acid (TFA) was
urchased from Kanto Chemical Company (Tokyo, Japan). Meth-
nol was purchased from Wako Pure Chemical Industries (Osaka,
apan).

MS analyses and identification of phospholipids

n total, 0.5 ml of DHB matrix solution (30 mg/mL in 70% methanol/
.1% TFA) were sprayed onto the tissue as previously described
Schwartz et al., 2003; Shimma et al., 2008). After drying, MALDI
late inserts were installed in the ionization chamber. MS and IMS
nalyses were acquired using a quadrupole time-of-flight (TOF)
andem mass spectrometer (QSTAR XL, Applied Biosystems/
DS Sciex, Thornhill, ON, Canada) in positive ion mode. The
ass spectra were calibrated externally using a standard peptide

alibration mixture containing a bradykinin peptide fragment
amino acid residues 1–7) and a human angiotensin-II peptide
ragment (amino acid residues 18–39).

For IMS, the raster scan was performed automatically. The
aser was used at energy of 40% (4.0 �J) and a repetition rate of
00 Hz. Mass spectra were acquired with the laser firing for
pproximately 2.55 s per spot. The interval of data points was 200
m, yielding a total of approximately 4500 data points. Mass
pectrometric data were averaged at each analytical point, such
s contralateral hemisphere and ipsilateral hemisphere, within the
egion of interest (ROI) and shown as mass spectra. For three
pecific peaks, the ion signals were accumulated and compared
mong contralateral hemisphere and ipsilateral hemisphere.
hen, all mass spectrometric data were converted to apply the
iomap ion imaging software (Novartis, Basel, Switzerland) using
oftware provided by Applied Biosystems/MDS Sciex. All ion im-
ges were processed using BioMap. And to examine the dynam-

cs of the ion signals and HE staining signals at the ischemic
order, Scion Image (http://www.scioncorp.com/) were used. To
uantify the signal intensities of the ion signals and HE staining
ignals, ADU (arbitrary decision units) were used provided from
cion Image.

In MS/MS analysis, the instrument settings were changed to
orrespond to the ions from the molecules of interest. The laser
nergy and collision-induced dissociation (CID) settings were ad-

usted from 40% to 60% and from 200 to 400, respectively. The
ass spectra were obtained from either contralateral hemisphere

r ipsilateral hemisphere and accumulated. Lipid databases, such a
s LIPID MAPS (http://www.lipidmaps.org/) and the Lipid Search
http://lipidsearch.jp/), were used to determine the structure of lipid
olecules.

ata quantification and statistical analysis

ll but the MS/MS data were obtained from a single scan of an
schemic brain section. The intensities of ion signals were mea-
ured at several analytical points within the ROI, and the compiled
ata were expressed as means�SE or means�SD. Statistical
nalyses were performed using the Student’s t-test for 2-group
omparisons. Differences were considered to be significant at
�0.05.

RESULTS

irect MS analysis of ischemic brain tissue

ig. 1 shows mass spectra obtained from rat cerebral
ortical hemispheres contralateral (normal, Fig. 1a) and

psilateral (ischemic, Fig. 1b) to MCAO. Each analytical
oint is indicated by a blue point on HE-stained images of
djacent sections (insets). There is no injury in the con-
ralateral hemisphere, whereas in the ipsilateral hemi-
phere, tissue degeneration around the analytical point is
pparent (Fig. 1a, b). Signals at m/z 798.5, are predomi-
antly detected in normal brain areas as reported previ-
usly. In the ischemic brain area, the ion signal of m/z
98.5 is substantially reduced (Fig. 1b). In contrast, there
ere several ion signals in the lower mass range. For
xample, Signals at m/z 496.3 (Fig. 1b) was clearly in-
reased in the ischemic area.

tructure determinations of PC and LPC by MS/MS
nalyses

S/MS analyses were performed to determine the struc-
ure of peaks at m/z 798.5 and m/z 496.3 (Fig. 2). From the
recursor ion at m/z 798.5, the product ions at m/z 739.5,
/z 615.4, and m/z 577.5 were detected (Fig. 2a). The
ifference between the mass values represents neutral

osses (NL) corresponding to 59, 124, and 38 Daltons (Da).
hese NLs of 59 and 124 Da are known to represent,
espectively, trimethylamine [N(CH3)3], the cyclophos-
hane ring [(CH2)2PO4H], all of which are the parts of the
C species. The NL of 38 Da corresponds to the replace-
ent of adduct ion to PC from potassium (K) to proton (H).
hese NLs have been shown to be detectable by MS/MS anal-
sis of potassium-adducted PC species (Hsu and Turk, 2003;
ulfer and Murphy, 2003). The product-ion spectrum even indi-
ated peaks at m/z 184.1 and m/z 163.0. These peaks corre-
pond to the headgroup (CH3)3N(CH2)2PO4H; trimethylamine
nd the cyclophosphane ring of PC and [cyclophosphane
ing�K]� from the headgroup, respectively. The database
earch of the LIPID MAPS as well as previous studies (Hsu
t al., 1998; Hsu and Turk, 2003; Pulfer and Murphy, 2003)
ave suggested that the ion at m/z 798.5 is [PC (34:
)�K]�. The NL of fatty acids from alkali-metal adducted
C species has reportedly been identified by electrospray

onization-MS/MS analysis (Jackson et al., 2007). MS/MS
nalyses using our IMS system were able to detect the
roduct ion at m/z 542.2 that represents the NL of the fatty

cid (16:0) from the precursor ion of m/z 798.5. Therefore,

http://www.scioncorp.com/
http://www.lipidmaps.org/
http://lipidsearch.jp/
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he ion at m/z 798.5 can be identified in detail as potas-
ium-adducted PC (16:0/18:1). Similarly, the ion at m/z
60.5 can be identified in detail as proton-adducted PC
16:0/18:1) (Data not shown). And, from the precursor ion
t m/z 496.3, the product ions at m/z 184.1 and m/z 313.3 were

ig. 1. Direct mass analysis of rat brain tissue after MCAO. Mass spec
ass spectrometer with QSTAR XL in positive ion mode. HE staining
nalytical points (blue points). Data from the normal cerebral area (a)
umbers above ion peaks indicate their m/z values. Cp, caudate puta

ig. 2. MS/MS analyses of ions responsive to brain ischemia. The p
pectra of product ions (top) and the determined structures (botto

rimethylamine [N(CH3)3, 59 Da], the cyclophosphane ring ((CH2)2PO4

a; H, 1 Da) were observed. The product ion at m/z 542.2 correspond
/z 496.3, an NL corresponding to the headgroup ((CH3)3N(CH2)2P
ubsequent database search, ions at m/z 798.5 and 496.3 were identified
nterpretation of the references to color in this figure legend, the reader is refe
etected (Fig. 2b). An NL of 183 Da from the precursor ion
orresponds to the headgroup. So, the fragment peaks at m/z
84.1 and m/z 313.3 correspond to [PC headgroup�H]� and an
L of 183 Da from a precursor peak, respectively. The product-

on spectrum even indicated peaks at m/z 104.1 and m/z 125.0.

ed from a rat ischemic brain section using a quadrupole-TOF tandem
jacent section is shown in the insets to indicate the injured area and

ocal cerebral ischemic area (b) are shown in the range of 400 to 800.
x, cerebral cortex; HP, hippocampus.

ions at m/z 798.5 and m/z 496.3 were subjected to MS/MS analysis.
hown. (a) From product ions of m/z 798.5, NLs corresponding to
a) and the replacement of adduct ion from potassium to proton (K, 39
NL of a fatty acid (16:0) was also detected. (b) From product ions of

methylamine and the cyclophosphane ring) was observed. From a
� �
tra obtain
of the ad

and the f
recursor
m) are s
H, 124 D
ing to an
O4H; tri
as [PC (16:0/18:1)�K] and [LPC (16:0)�H] , respectively. For
rred to the Web version of this article.
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hese peaks correspond to [(CH3)3N(CH2)2O�H]� and [cyclo-
hosphane ring�H]� from the headgroup, respectively. From

he results of the database search, we identified the ion at m/z
96.3 as proton-adducted LPC (16:0).

mounts of PC (16:0/18:1) and LPC (16:0) altered
n the ischemic area

o quantify the ion signals, we measured ion intensities at
nalytical points within the ROI in five different rats. We
bserved the ion intensity of potassium-adducted PC (16:
/18:1) (m/z 798.5) to be relatively low in the focal ischemic
rea as compared with the control area (left columns in
ig. 3a). Similarly, the ion intensity of m/z 760.5 corre-
ponding to the proton-adducted PC (16:0/18:1) was also
ower in the ischemic area (right columns in Fig. 3a). In
ontrast, the ion intensity of proton-adducted LPC (16:0)
m/z 496.3) was higher in the ischemic area than in the
ontrol area (Fig. 3b).

istribution analysis of PC (16:0/18:1) and LPC (16:0)
n ischemic rat brain by IMS

ext, we visualized the distributions of ion signals in brain
issues. In the contralateral hemisphere at 24 h after
CAO, the ion intensities of PC (16:0/18:1) (m/z 798.5 and
/z 760.5) were abundantly detected throughout the ce-

ebral cortex (Fig. 4a, b), as reported previously (Jackson
t al., 2005, 2007). In contrast, these ions were exclusively
istributed in areas of degeneration in the ipsilateral hemi-
phere (Fig. 4a, b). Remarkably, the ion distribution of m/z
PC (16:0) (m/z 496.3) was specifically restricted to the
rea of degeneration in which PC (16:0/18:1) was reduced
Fig. 4c). As a merged image (Fig. 4d), ion signals of PC
16:0/18:1) and LPC (16:0) are indicated by blue and red,
espectively. We also collected the IMS data at 20 h after
ACO. At this time point, we detected only a slight LPC

nduction at a restricted area in the ipsilateral hemisphere
Fig. 4e, f).

ig. 3. Amounts of PC (16:0/18:1) and LPC (16:0) altered after brain is
98.5), (a, right) [PC (16:0/18:1)�H]� (m/z 760.5) and (b) [LPC (16:0
n each normal or ischemic area, and expressed as means�SE. In the isch
ecreased whereas those of LPC (16:0) showed marked induction.
We speculate that cells at the border of the injured area
re undergoing degeneration. To examine the PC dynam-

cs in these cells, the ion signals of PC (16:0/18:1) and LPC
16:0) were plotted across the border from the ischemic
rea to the normal area (Fig. 4g). The ion signals of PC
16:0/18:1) (m/z 798.5 and m/z 760.5) were gradually in-
reased until reach to a plateau in the control region
hereas the signal of LPC (16:0) (m/z 496.3) was comple-
entally decreased (Fig. 4g). The signal plot of HE stain-

ng revealed the border of the degenerative zone to be
ocalized between 0.8 and 0.9 mm from the starting point.
ignal changes of PC (16:0/18:1) and LPC (16:0) due to

schemia were observed at the border, and points even
urther from the ischemic border (i.e. 0.9–1.1 mm from the
tarting point) (Fig. 4g). These observations raise the pos-
ibility that amount of LPCs are increased not only in the

schemic core, but also in the ischemic penumbra area in
hich cells are undergoing degeneration.

DISCUSSION

n the present study, we analyzed ischemic rat brain sec-
ions using direct mass spectrometry, and found LPC
16:0) to be induced in the injured area following MCAO,
hereas PC (16:0/18:1) was reduced complementally in

he ischemic area. Previous studies have suggested that
C can be hydrolyzed by phospholipase A2 (PLA2) at the
n-2 position to generate LPC and free fatty acid (Stein-
recher and Pritchard, 1989). These observations raise
he possibility that LPC (16:0) might be produced from PC
16:0/18:1) in the focal ischemic area. Consistently, it has
eported that ischemic damage cause a Ca2�-dependent
ctivation of PLA2 via NMDA receptor stimulation (Lee et
l., 2000), and mice lacking cytosolic PLA2 is partially
rotected from the effect of MCAO (Bonventre et al.,
997). Furthermore, a remarkable induction of cytosolic
LA2 was reported in the dorsal hippocampal cytosolic
xtracts after global forebrain ischemia (Clemens et al.,

The ion intensities corresponding to (a, left) [PC (16:0/18:1)�K]� (m/z
/z 496.3) were quantified. Data were obtained from five different rats
chemia.
)�H]� (m
emic brain area, ion signals corresponding to PC (16:0/18:1) were
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996). We detected only a slight induction of cytosolic
LA2 by Western blotting of cerebral hemisphere at 24 h
fter MCAO (data not shown). It might be possible that

nduction of cytosolic PLA2 occurs at a restricted area in
ur system, thus hard to detect by using lysates prepared
rom whole cerebral hemisphere. Alternatively, there might
e some molecular mechanisms (e.g. reacylation rate to
ecome PCs, Shindou and Shimizu, 2009), involved in the
PC induction in MCAO.

Apart from the mechanisms by which LPCs are in-
uced in ischemia, the roles of LPCs in the progression of

schemic injury have not been elucidated. In our IMS, LPC
16:0) was detected in a restricted area at 20 h after MCAO
nd was distributed in larger ischemic area by 24 h (Fig. 4).
n addition, the region surrounding this area showed induc-
ion of LPC at least in some extent. We speculate that
PCs are induced not only in the ischemic core, but also in
he ischemic penumbra area. Our present observations
aise the possibility that production of LPCs participates in
he progression of brain injury in the setting of brain isch-
mia. In future, it will be important to compare IMS image
ith diffusion- and perfusion-weighted magnetic reso-
ance imaging to compare the expansion of the injury and

nduction of molecules (Reith et al., 1995; Nagel et al.,
004).

Outside of the nervous system, LPCs are suggested to

ig. 4. Distributions of PC (16:0/18:1) and LPC (16:0) in the ischemic
nd [LPC (16:0)�H]� (c) in the ischemic brain at 24 h after MCAO
16:0/18:1)�H]� and [LPC (16:0)�H]� are indicated by blue and red,
0 h after MCAO as well as a merged image (f) are presented. In (f), i
nd red, respectively. (g) The intensities of each ion were plotted acros

ndicates the measured area on the adjacent section stained by HE
orresponding position were also quantified and plotted on the graph
re presented as means�SD.
lay important roles in atherosclerosis and inflammatory L
iseases by altering the functions of various cell-types,
ncluding endothelial cells (ECs), smooth muscle cells,

onocytes, macrophages, and T-cells. LPCs also partici-
ate in disturbances of vascular tone (Miwa et al., 1997),
romoting cytokine effects (Murugesan et al., 2003), reg-
lation of adhesion and chemoattraction (Thukkani et al.,
003), induction of apoptosis (Takahashi et al., 2002),

nduction of reactive oxygen species (Matsubara and Ha-
egawa, 2005) and reduction of nitric oxides (Deckert et
l., 1998). Furthermore, LPC has been identified as a
ajor phospholipid component of oxidized low-density li-
oprotein (Ox-LDL) which is a key factor in arteriosclerosis
evelopment (Witztum and Steinberg, 1991; Matsumoto et
l., 2007). Thus, LPC is regarded as a risk factor for
ascular endothelial function damage, as is Ox-LDL. In
yocardial tissues, LPCs accumulate in intra- and extra-

ellular spaces via increments in PLA2 during ischemia,
nd play an important role in the development of ischemia-
eperfusion injury (Watanabe and Okada, 2003). In similar
ays, LPCs might also play roles in focal cerebral ischemic

njury.
Upon PLA2 activation, PCs are converted to LPCs and

atty acids (Murakami et al., 1997). It could involves rapid
elease of free arachidonic acid (AA) (Busto et al., 1989)
nd the induction of eicosanoids from AA (Miettinen et al.,
997) which regulate neuronal degeneration (Gaudet and

–d) Distributions of [PC (16:0/18:1)�K]� (a), [PC (16:0/18:1)�H]� (b)
l as a merged image (d) are presented. In (d), ion signals of [PC
ely. (e, f) Distributions of [LPC (16:0)�H]� (e) in the ischemic brain at
s of [PC (16:0/18:1)�H]� and [LPC (16:0)�H]� are indicated by blue
der from the ischemic area to the normal area, as indicated. The inset
icate the border of the injured area, the HE staining signals at the
re corrected from five adjacent zones and the normalized intensities
brain. (a
as wel

respectiv
on signal
s the bor
. To ind

. Data we
evine, 1979; Iannotti et al., 1981; Bhakoo et al., 1984). In
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ddition, other molecular change should exist in earlier
tage of ischemia progression. Although we are not able to
etect these bio-molecules in our current system, devel-
pment of IMS technique in near future could provide

urther information.
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