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In this thesis, he describes the exploration of mass spectrometry (MS)-based morphology. Using an
up-to-date biochemical MS analysis technique [1], he applied imaging MS techniques and improved
sample preparation procedures at various steps: optimization of sample sectioning [2], matrix
application [3], amino acid sequencing of digested proteins on PVDF membrane transfer [4], direct
tissue digestion on PVDF membrane [5], and imaging of digested proteins on a conductive film [6]. .
Further, he succeeded in developing techniques to visualize metabolites that could not be visualized
by the conventional immunohistochemical approaches: phospholipid imaging of mouse brain (7], lipid
imaging of colon cancer [8], heme B imaging of liver with colon cancer metastasis [9], and imaging of
gangliosides in hippocampus [10]. With these new techniques, a distinct distribution of each
ganglioside molecular species was revealed for the first time. Thus, he developed a molecular imaging
technique using MS and showed the feasibility of imaging MS in physiological research into a broad
range of metabolites, such as proteins, peptides, lipids, heme B, and oligosaccharides.

Chapter 1 describes post-translational modifications (PTMs) in a-tubulin using a conventional
proteomics approach. The carboxy-termini of a- and B-tubulin can undergo different PTMs including
polyglutamylation, which is particularly abundant within the mammalian nervous system. Using a
matrix-assisted laser desorptionfionization quadrupole-ion-trap time-of-flight mass spectrometer
(MALDI-QIT"TOFMS), he analyzed ROSA22 mice that lack functional PGsl, a subunit of
a-tubulin-selective polyglutamylase. By comparing mass spectra between ROSA22 and wild-type
mice, he detected only monoglutamylated forms of a-tubulin in brains of ROSA22 mutants. This
result was reported in [1]. '

Chapter 2 describes the influence of tissue thickness on ionization efficiency. MS is generally
used for analyzing separated and purified specimens. Recently, however, techniques for in situ
analysis using MS, called direct tissue MS, have appeared. These techniques are becoming popular,
because ion intensity maps as a function of the mass-to-charge ratio (m/2) are available from the
spectrum set acquired from two-dimensional direct tissue MS. The visualization technique is called
imaging MS. The thickness of tissue slices became an important factor for spectrum quality, but
hardly any studies describe the correlation. He evaluated peak intensity and signal-to-noise ratio
(S/N) by changing tissue thickness. Experiments showed that the use of a thinner tissue section (< 10
pm) dramatically improved both signal intensity and S/N. These results were reported in [2]. '

Chapter 3 describes a matrix application procedure to improve spectrum quality. In conventionél
proteomics studies using MALDI-TOFMS, several matrix applications to make tiny and uniform
matrix crystals were reported. These high-quality matrix crystals provide high-quality mass spectra.
However, in direct tissue MS, such procedures have scarcely been reported. He developed a new
matrix application protocol, called the spray-droplet method, to make tiny and uniform matrix
crystals on the tissue surface. The effect of the spray-droplet method was such that, the peak
intensity of m/z 5440 in the spray-droplet spot was about 30.6 times higher than in the conventional
spot on the mouse cerebrum section. These results were reported in [3]. A patent application was
completed [P1]. An international patent application (PCT) was supported by the Japan Science and
Technology Agency.

Chapter 4 describes the procedures of direct amino acid sequencing. Chapters 2 and 3 focus on
protein analysis on the tissue surface. MS®, which performs fragmentation through collision,
successfully provides the detailed structural features of ions of interest. To perform amino acid
sequencing by MS? on the tissue surface, the enzymatic digestion of proteins is essential. It is difficult,
however, to obtain tissue digestion conéerving the spatial information. He applied an on-membrane
digestion method to tissue analysis. On-membrane digestion was originally used to analyze PVDF
membranes blotted from SDS-PAGE gel or 2D-PAGE gel. This method was reported as an application
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for a chemical inkjet printer (CHIP-1000, Shimadzu). He considered that direct sequencing was
available if proteins in the tissue section could be transferred onto PVDF membrane. He described a
transfer protocol to accomplish above requirement. As a result of the experiment, he succeeded in
protein digestion and amino acid sequencing. These results were reported in [4]. A patent application
was completed [P2]. ,

Chapter 5 describes another procedure of sample preparation to identify amino acid sequences.
He found denaturation with heat and SDS was very effective for enzymatic digestion. He developed
an improved digestion procedure conserving the positional information. The procedure was
designated the on-tissue digestion method. The on-tissue digestion method was literally performed on
the tissue surface prepared on PVDF membrane. These results were reported in [5].

Chapter 6 features on-tissue digestion on a conductive film having a thin indium-tin-oxide (ITO)
layer on 125-pm thick polyethylene terephthalate film. The ionization efficiency was suppressed by
the nonconductive characteristic of PVDF membrane. Due to the nonconductive characteristic,
imaging MS could not be obtained. Since the ITO has metal characteristics, the electrical conductivity
was improved. As a result of on-tissue digestion on the ITO film, he succeeded in direct identification
of myelin basic protein, histone, a and B-tubulin, neurofilament, and so on. Furthermore, imaging MS
of digested proteins was also successfully obtained by AXIMA-QIT. The imaging results using
AXIMA-QIT were reported for the first time in this study. The setting manual of AXIMA-QIT as the
imaging instrument is also described in the appendix. These results were reported in [6]. A patent
application was completed [P3]. _

Chapter 7 describes the imaging of phospholipids in a mouse cerebellum section. Lipid analysis
with positional information in situ is one of the most important subjects in lipid research. Lipids have
two fatty acids, which are variable. It is difficult for antibodies to distinguish between fatty acids. In
imaging MS, the difference was detected as the difference between m/z value; therefore he has
succeeded in the visualization of phosphatidylcholines whose fatty acid structures were (C16:0-C18:1)
and (C18:0-C18:1). These results were reported in [7].

Chapter 8 describes phospholipid imaging and structural analysis in colon cancer liver
metastasis. After two-dimensional laser scanning, the images were reconstructed as a function of m/z
from a few hundred obtained spectra. In a feasibility study, he picked up a localized signal, m/z 725,
in a cancerous area. The MS? and MS? results suggested that m/z 725 was sphingomyelin (16:0)+Na.
This result was reported in [8].

Chapter 9 describes cancer imaging; however, he focused on the low-intensity signal in the
cancerous region. The signal was m/z 616. To identify the molecule of m/z 616, he performed MS® on
the liver section. Considering the m/z value and peak pattern in MS? and MS2 data, it was suggested
that m/z 616 was heme B. Heme B consists of an iron atom and porphyrin, and is known as a
prosthetic group of hemoglobin, which isa protein in erythrocytes. The results indicate the difference
between the blood-rich liver and the ischemic metastatic colon cancer. This result was reported in [9].

Chapter 10 describes the imaging of glycosphingolipid in a rat hippocampus. Glycosphingolipids
each have a ceramide. The differences in the ceramide structures of glycosphingolipids containing
sialic acids have been successfully visualized by imaging MS. As a result of MS? and MS3 on the
hippocampus, the differences were derived from d18:1 and d20:1, which were sphingosines. The
double-layer structure with d18:1 and d20:1 can be clearly observed in the molecular layer of dentate
gyrus. This unreported distribution suggests that d20:1 reflects a projection of pyramidal cells from
the entorhinal cortices. This result was reported in [10]. ’

Through this thesis, specimens shifted away from the use of purified specimens to the use of
tissue sections, and the concept of measurement shifted from one-point analysis to two-dimensional
analysis. The novel approach using MS can determine the existence (what is it?) and location (where
is it?) of several biomolecules in situ.
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AR XBEESFNEAVEESEBROENFER L CEASTFTRALER SV TRRSLA T
5. CNECOALENARAFHELEEANEAVEMT TR, BODE MM L, S8 - Buy
LEBMEICH LaWEfToT&E. LML, TOFETIE, BNDHEOCEAKRNSHLREL W
SMBEFERVEDLDIATLES. ZhitH L, AR 2 EE, MBEFREB-LTITHEST
ETHEWN, TRbLEESNMA A -7/ TR, FEOLFOAKEB LICBITSNEBEER
FHHT LN TED. AR I0ELIVERENALTNS.

EFF aFa—T IV U~ NEIVBEMAMTIERCPGIREDREI2a—F b T X
(ROSA22)DHEBANRY PN LBARM Y AOEEARZ bV EEBRTBHZ Li2L b, ROSA22
BWTHRBRENHNFERE TR L2 BR-TWR I LERLE. ZO—BHNREESW
ELbEGOHEBEREAWZTORY LAY, REMLBEIEFCEETHS. RICEKEKS
EEHEMNTIRORBMLBEICOVWTHRHNLE, 7. REFLLTAVWIHEKTIRFOE
HBEEARI MMWAEZDBEEIZOVWTHRATREY, EVWABCTREEHOMENL XY
MDY T TN A XHELTF SNERIBEIRYZFAMERETL, S&YHIE 10 mm KE T
ERTBZLREELVI RSP ok, REAFVEBBATHEI LY v 7 X OHERER
MBOEEERSN OB EXAEBRE OV TRAN L. A46EB FTCSNEBITRY ZFARE
FALEEA3- MY v 7 AERETHBIAS L —Fony ALy hEFBRLE. X 7L —Fn
vy 7Fly METSNE, VHrARERAELEZEIREY, ThETCOFETHERBRHTE 20
SRERZTFORBINA AV CRH L. SLE.BAEOT I/ BREFZAHERKE
THEHZERETIFECOVWTRNLE, RESH CEF V7 2AHBEHHNMS/MS) LW FiEz
AVWTEAROT I ) BEFNEZMBAET LB TETHEN, TOREARIZNY o8,
EEBFRMOLIWLBRTHLEIN TV ILERDS. HEMNA A —DL 7 TiReEER
C ATHEBEHEREHR LT EMLETO>D, £EMEMRE PVDF B~EETSFHREERLE.
EEEETHIEBREEQET I LRIV EAROMLRERESh, ~AF  WEEBA F 2+
5 o 7 TAT W AR B 49 4T 18 (S B MR T AXIMA-QIT)IC 351 5 MS/MS RiElc k> TT S
MEFIERETDZLRARLE R, £, ZOERETIC, PVDF B E O£ KE#MKE BN
T 2FEE2ERLKE. On-tissue digestion ¥EIZ L Y, Eﬁiﬂﬁﬁm‘BE&EEg%{b%@Ti
JEBESIEZRETIZLEAFTEBLR . REREABRIFEM L LTOEE X7 AV LDOHEAR
BMLTRNLE, EROFRETIHERIEM L LT PVDF BEAWER, BOFEEEIZLD
A AP EREBRRE~EFEBREBEEERCE_RETLTVWAZ L #89»o7. PVDF
BOX 5 KBELBEREGREZMLLTRIZFLUF L7 XL — LREIR, £BD 1 BTh
B5AVVYARABIYREEENTEITO 7 4 VL EZHALE.ITO 7 4 VA ETH on-tissue
digestion BHIZBEATETHH I LBIMLY, A TP RETOMERBE SN EZ L TOD
T AXIMA-QIT # AV BEHEEEHOEEIFTA A -V IRARE RS-,

CDEISCHEIWA AT IIBERFAELR-EDOT, 20ACYPVWTHRELE,
BN CHBEENOBHBOBEDEVEZENTIZLATRTHY, BESHAA—D LY
T, TOBEDPERRIBHOAKADHEARILTIZLRFARTHD. ZDEHHRA A —
VY IREBANAA -V IUATRERCHELELXONS. AZRTHE~ Y AIMEA
WTHIRMBOBERRI2D sl BT 2 EMBORRHLER D 2WOT7+ A7 7 F U=
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(RBBEB)OREINA A -V vV &ffok, BREARKBIBAT7 4232 L i2(C16:0)
THDEIZLBHALIPRI R, ERBHEBOT . AEu oY Tazy b THE~LDER
BETLTWDIZLEHLN LRk, COREREBEBARETCHIABERNSZ A THLSE
HERERBRLTWSLEXONS. BRI, Fy MEBRBFBX L Z7VATFERAETEES
IFBEOEVWKOWTHAREZIT o, HUZ7 VAT FEET I FRVTABRSSHESN
MU BEER DAV IHBERETHS. COBBEOBE T IREIC LY NS H
ZARTI2ILRTAETHS. LrLETI FROBHBRPRA 74 VI U b BETETH
D, TOBECPEVRAGLTAVEFECIARACRARTETHS. AERTH2EEORY
4 IOHEWEIS ] & d20DRDOVWTS y MR TO/KEFAEILLE. CORKE, BE
WREIBRAFICA20:01 BREL TR Z EBYhotk.
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