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Mass spectrometry imaging (MSI) is a well-known method for the ionization of molecules on tissue sections
and the visualization of their localization. Recently, different sample preparation methods and new instru-
ments have been used for MSI, and different molecules are becoming visible. On the other hand, although
several quantification methods (q-MSI) have been proposed, there is still room for the development of a
simplified procedure. Here, we have attempted to develop a reproducible and reliable quantification method
using a calibration curve prepared from tissue debris of a frozen section of a sample when we trim the frozen
blocks. We discuss the reproducibility of this method across different sample lots and the effect of the biolog-
ical matrix (ion suppression) on our results. The quantitative performance was evaluated in terms of accuracy
and relative standard deviation, and the reliability of the quantitative values obtained by matrix-assisted laser
desorption/ionization-MSI was further evaluated by enzyme-linked immunosorbent assay (ELISA). Our
g-MSI method for the quantification of dopamine in mouse brain tissue was found to be highly linear, accurate,
and precise. The quantitative values obtained by MSI were found to be highly comparable (>85% similarity)
to the results obtained by ELISA from the same tissue extracts.
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INTRODUCTION

Mass spectrometry imaging (MSI) using matrix-assisted
laser desorption/ionization (MALDI) was first reported in
1997 as a new molecular visualization method using mass
spectrometry.” MSI has been developed as a technique
to visualize various biomolecules by applying new mass
spectrometry instruments and sample preparation methods
to MSL.

On the other hand, various methods for quantification in
MSI have been reported. (1) Spotting a standard of known
concentration on a sample plate. (2) Spotting a standard of
known concentration on a control tissue section.”” (3) A
method of preparing two serial sections of a sample, one
measured by MSI and the other with the extracted liquid by
liquid chromatography-mass spectrometry (LC-MS/MS)*'¢
or gas chromatography-coupled mass spectrometry (GC-
MS).'” (4) A method in which standards are added to tissue
homogenates and frozen blocks are prepared, followed by the
same pretreatment as for real samples.’*?? (5) The method
is the same pretreatment as that for the real samples, after

spiking the powdered frozen tissue with the reference mate-
rial and preparing a frozen block.”

While method (1) is extremely simple, it is rarely used
because it does not take into account the difference in ion-
ization efficiency between the tissue and the sample plate and
the effect of the biological matrix. The disadvantage of (2) is
that the accuracy of the calibration curve is poor because the
effect of the matrix effect differs even on the same tissue.*”
Furthermore, it does not take into account the extraction
efficiency of the molecule to be quantified from the tissue.
(3) is a combination of distribution information obtained
by MSI and quantitative information obtained by existing
LC-MS/MS, and is considered to be highly accurate. In
method (4), which has already been reported,zz) the tissue
is made into a liquid state using an ultrasonic homogenizer.
Since the obtained homogenate is extremely viscous, it is
difficult to make the tissue homogeneous with the reference
material, and the reproducibility of the mimic tissue itself
is poor. In addition, the addition of water to reduce the vis-
cosity may cause ice crystals to form inside the tissue after
refreezing, making it difficult to cut the tissue into thin slices.

*Correspondence to: Shuichi Shimma, Department of Biotechnology, Graduate School of Engineering, Osaka University, Suita, Osaka 565-0871, Japan,

e-mail: sshimma@bio.eng.osaka-u.ac.jp
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Fig. 1. Sample preparation protocol. (A) Weigh zirconia beads in a 1.5-mL tube. (B) Collect the trimmed pieces. (C) Weigh the collected trimmed
pieces. (D) Add 50 pL of ultrapure water to 10 mg of trimmed pieces. (E) Mimic tissue after mixing with a vortex mixer. (F) Mixture of mimic
tissue and standard solution. (G) 0.5 pL spot on ITO glass (left), after derivatization reagent and matrix sprayed with an airbrush (right). ITO,

indium-tin-oxide.

The reproducibility of (5) is considered to be high because of
the high homogeneity of the target molecules inside the mimic
tissue. The only issue is the large amount of tissue required.

In this paper, we introduce a simpler and more reproducible
alternative method for quantification using mimic tissue. The tar-
get was dopamine, a neurotransmitter in the brain. Mouse brains
were used. To confirm our reliability, we performed a compar-
ison of dopamine concentration between the g-MSI result and
the enzyme-linked immunosorbent assay (ELISA) result.

MALDI-MSI allows the imaging of region-specific distri-
butions in tissues. The method we have developed also allows
the accurate quantification of molecules distributed in the
tissue. This can be used as a tool to understand which regions
of the brain dopamine are working and to what extent it is
fluctuating, which could be useful for understanding brain
disorders and developing drugs.

EXPERIMENTAL

Chemicals and reagents

Frozen mouse brain tissue blocks were purchased from
Funakoshi (Tokyo, Japan). Dopamine hydrochloride (DA) for
use as standard, 2,5-dihydrobenzoic acid (DHB, 98% purity),
2,4,6-triphenylpyrylium tetrafluoroborate (TPP), and poly-
ethylene glycol 300 were purchased from Merck (Darmstadt,
Germany). Dopamine-d4 hydrochloride (DA-d4) for use as
an internal standard (IS) (Supporting information, Fig. S1; all

supplementary files are available online.) was purchased from
Toronto Research Chemicals (Toronto, ON, Canada). All
solvents used in this experiment were of LC-MS grade and
purchased from Fujifilm Wako Pure Chemical Industries,
Ltd. (Osaka, Japan).

Tissue preparation

An optimal cutting temperature (OCT) compound was
used to fix each tissue block on a holder of a cryomicrotome.
The frozen tissue block was placed on the surface of the OCT
compound and stored at —80°C for 5 min. Frozen 8-um sec-
tions were sliced at —20°C with the cryomicrotome (Leica
CM 1950; Leica Microsystems, GmbH, Nussloch, Germany).
We used a block of three mice of the wild-type (C57BL/6J).
Sections for MSI were collected for each individual in the
striatum (St) area. The frozen sections were thaw mounted
on an indium-tin-oxide-coated glass slide (SI0100N; Matsu-
nami, Osaka, Japan) and allowed to dehydrate in a 50-mL
conical tube containing silica gel. The glass slides were stored
at —20°C in the tube until matrix application.

Mimic tissue preparation

The general flow is shown in Fig. 1. Zirconia beads (1 mm
diameter) were placed in a 1.5 mL tube and weighed. For
three mice, trimming debris from frozen sections including
the cerebral cortex (Cc) was collected, trimmed to cover the
entire brain region, and weighed (Fig. 1A-1C). To 10 mg
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of the trimmed debris, 50 uL of water was added (Fig. 1D),
and the mixture was prepared with a vortex mixer (Fig. 1E).
The homogenate solution was used as a mimic sample, and
the mimic sample was mixed with the standard solution at
a ratio of 1: 1 (v/v) (Fig. 1F). In this experiment, 10 mg/mL
of aqueous DA solution was prepared as the stock solution.
Standard solutions were prepared from the stock solutions
by using ultrapure water as a solvent, and the mimic samples
for the calibration curve were prepared so that the final DA
concentrations mixed with the mimic samples were 0, 5, 10,
20, 50, and 75 pg/g. 0.5 pL of the mixture was dropped onto an
indium-tin-oxide (ITO) glass slide and allowed to dry (Fig. 1G).

Derivatization

Derivatization is essential for the detection of DA using
MALDI-MSI. The derivatization method was adapted from
a previously reported method using TPP as the derivatiza-
tion reagent.”*® The TPP stock solution was prepared to
6 mg/mL using methanol as the solvent. TPP stock solu-
tion was diluted to 1 mg/mL using methanol : ultrapure
water : triethylamine (8:2:0.6, v/v) as a dilution solvent,
and this was used as the derivatization reagent solution.

Derivatization of DA standard solutions and mimic sam-
ples was performed by spotting on ITO glass. Derivatization
of DA in mouse brain for MALDI-MSI was performed on
8-pum thick coronal sections. For quantification, derivatization
was performed using an airbrush (HT-381 0.3 cm; WAVE,
Tokyo, Japan) by uniformly spraying 300 pL of reagent solu-
tion onto one mouse brain section and a calibration curve
prepared from three different mouse brains. Each sample was
used to prepare samples without and with ISs. After spray-
ing, the derivatization reaction was allowed to stand at room
temperature (approximately 25°C) for 1 hour to complete the
derivatization reaction on the tissue. For the IS method, the
IS (DA-d4) solution dissolved in methanol was diluted with
TPP solution to a final concentration of 1 ug/mL. DA-d4 was
derivatized for 5 min at room temperature. The derivatization
TPP-DA-d4 solution was applied over 300 uL/slide (one sec-
tion and the calibration curve) with the airbrush.

MALDI matrix supply

After completion of the derivatization reaction on the tissue,
the MALDI matrix was immediately supplied onto the tissue.
In this experiment, DHB was used as the MALDI matrix (Fig.
S$2) and was supplied using an airbrush. A total of 30 mg/mL of
DHB solution was added to methanol : ultrapure water (1: 1,
v/v) as a solvent, and trifluoroacetic acid was added to achieve
a final concentration of 0.1%. The DHB solution was mixed
with a vortex mixer and sonicated for 5 min, and the superna-
tant was used for spraying. After spraying the matrix solution,
the samples were allowed to stand at room temperature for
10 min before measurement. To prevent contamination during
the matrix spraying process, a different airbrush was used for
spraying the derivatization reagent and the matrix solution.

MALDI-MSI analysis

MALDI-MSI experiment was performed on a MALDI
ion trap time-of-flight mass spectrometer (iMScope TRIO;
Shimadzu, Kyoto, Japan).”” The laser diameter was 25 pm.
Data were collected at 100-pum intervals. The tissue surface
was laser irradiated with 100 shots (1 kHz repetition rate)
for each pixel. All the data were acquired in the positive-ion
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detection mode using an external calibration method. Since
the transition of m/z 444.19>308.14 was monitored, the data
acquisition parameters of laser power and collision energy
were adjusted to 70% and 50 (dimensionless collision energy
in iMScope TRIO), respectively, to obtain the maximum
intensity at m/z 308.14. The voltage of the microchannel plate
detector was 2.1 kV. After sample analysis, the ion images
were reconstructed based on data extracted from m/z ranges
of the target m/z+0.03 Da using Imaging MS Solution (Shi-
madzu). Signal intensities from the region of interest were
extracted using an Imaging MS Solution. MS images acquired
from measurements using IS were obtained by calculating
TPP-DA/TPP-DA-d4 using IMAGEREVEAL (Shimadzu).

Validity of the calibration curve
Calibration curves were assessed for relative standard error
(RSD) and accuracy. The formula is based on the “bioanalyti-
cal method validation and study sample analysis (ICH-M10)”
RSD (%) = (standard deviation/mean value) x 100
Accuracy (%) = (measured value/theoretical value) x 100

ELISA

DA was extracted from mouse brain sections and quanti-
fied in the St of the mouse brain by ELISA using a DA ELISA
kit (ImmuSmol SAS, Bordeaux, France). A microplate reader
SH-9000Lab (Hitachi, Tokyo, Japan) was also used for absor-
bance (450-650 nm) measurement. This ELISA kit is a com-
petitive ELISA. Two-dimensional fitting was used because it is
generally recommended to use a four-parameter logistic curve,
as the competing method results in an inverse sigmoid curve.

Hematoxylin and eosin (HE) stain

We performed staining with Meyers hematoxylin solution
for 1 min. After that, the samples were lightly rinsed with water,
and washed with fresh water for 1 min. It was then immersed
in a 1% solution of eosin Y for 4 sec and washed as described
above. Dehydration was followed by three soaks in 100% etha-
nol for 1 min, followed by two permeations in 100% xylene for
1 min. After the permeation process, the sections were placed
on anti-exfoliation-coated glass slides (Matsunami Glass Indus-
try, Osaka, Japan) with the sections facing up, sealed with a pas-
somount (sealing glue), placed on a coverslip (Matsunami Glass
Industry), and left to dry overnight. The images were taken
using an all-in-one microscope (Keyence, Osaka, Japan).

RESULTS AND DISCUSSION

Imaging of DA in mouse brain section

TPP-DA product ion spectra from the mouse brain sec-
tion are shown in Fig. 2A. This spectrum was identical to
the TPP-DA spectrum obtained by derivatization of the DA
standard solution. From this spectrum, it can be seen that the
obtained TPP-DA is characterized by the detection of m/z
308.14 derived from the TPP reagent side. Imaging of TPP-DA
in coronal sections of frozen mouse brain tissue is shown
in Fig. 2B. Compared with the results of HE staining of the
sections after MSI measurement, the distribution of TPP-DA
appears to be localized in the St. This distribution reproduces
the previously reported results.”” We have attempted to
improve the TPP-DA peak intensity by examining the deri-
vatization conditions (Fig. S3). At room temperature (25°C),
the TPP-DA spectral intensity remained the same regardless of
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Fig.2. (A) Molecular structure and mass spectrum of TPP-DA produced by the reaction of TPP and DA. m/z 308.14 is the MSMS spectrum of
TPP-DA and m/z 442.19 is the MS spectrum of TPP-DA. (B) Distribution of TPP-DA in coronal sections of mouse brain tissue. Compared with
HE staining of post-measured sections. The scale bar is 500 um. DA, dopamine hydrochloride; HE, hematoxylin and eosin; MS, mass spectrom-
etry; St, striatum; TPP, triphenylpyrylium tetrafluoroborate.
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Fig. 3. Influence of matrix in vivo. The standard solution was spotted on ITO glass (standard), a mixture of standard and mimic tissue mix was spotted

on ITO glass (standard/mimic mix), and the standard solution was spotted on a section of Cc (standard on Cc). For standard and standard on
Cc, standard solutions were prepared in ultrapure water to have the same final concentration as that of standard/mimic mix. “Standard” and
“standard on Cc” indicate the ratio of water : standard solution; “standard/mimic mix” indicates the ratio of mimic sample : standard solution.
(A) Differences in TPP-DA peak intensity for each sample according to the mixing ratio. (B) Ionic strength ratio of standard/mimic mix to stan-

dard on Cec. C, cerebral cortex; DA, dopamine hydrochloride; ITO, indium-tin-oxide; TPP, triphenylpyrylium tetrafluoroborate.

the amount of TPP. This result indicates that the derivatization
reaction in this paper is sufficient. Although the TPP-DA spec-
tral intensity increased with heating (60°C), no quantification
by heating was performed in this paper to avoid the influence
of heating on the tissue.

Effects of biological matrix

The peak intensities at m/z 308.14 obtained by spotting
standard solutions on ITO glass (standard), spotting a mix-
ture of mimic sample and standard solutions on ITO glass

(standard/mimic mix), and spotting standard solutions on
sections of mouse brain including Cc were compared (Fig. 3).
The detailed numbers are shown in Table 1. The peak at m/z
308.14 was not detected when the matrix solution was spot-
ted on Cc sections. It was therefore used as a control region.
For standard and standard on Cc, standard solutions were
prepared in ultrapure water to have the same final concen-
tration as that of the standard/mimic mix. The peak intensity
of the standard/mimic mix and standard on Cc was clearly
lower than that of the standard solution alone when the
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Table 1.

Vol. 12 (202%), AO128

Peak intensity ratio of mimic/standard mix to standard on Cc. We investigated the mixing

ratio of the mimic/standard solution that would result in similar ionization efficiencies for

the tissue and the mimic sample.

Mixing ratio

Ratio of “standard/mimic mix” to “standard on brain”

10:1
5:1
3:1
1:1
2:1

10.10
9.98
8.44
1.54
1.62

Cc, cerebral cortex.
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Fig. 4. Evaluation of TPP-DA calibration curves using mimic tissue. (A) Without IS. (B) With IS. DA, dopamine hydrochloride; DA-d4, dopamine-d4
hydrochloride; IS, internal standard; RSD, relative standard deviation; TPP, triphenylpyrylium tetrafluoroborate.
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MSI results and TPP-DA determination in mouse brain St. DA-d4 was used as the IS for DA. (A) MSI results are MS images obtained after the

calculation of TPP-DA/TPP-DA-d4 using the analysis software IMAGEREVEAL (Shimazu, Kyoto, Japan). (B) Quantitative values for ELISA
kits. This ELISA kit is a competitive ELISA. Two-dimensional fitting was used because it is generally recommended to use a four-parameter
logistic curve, as the competing method results in an inverse sigmoid curve. (C) Quantitative values for MALDI-MSI with IS. DA, dopamine
hydrochloride; DA-d4, dopamine-d4 hydrochloride; ELISA, enzyme-linked immunosorbent assay; IS, internal standard; MALDI, matrix-assisted
laser desorption/ionization; MS, mass spectrometry; MSI, mass spectrometry imaging; St, striatum; TPP, triphenylpyrylium tetrafluoroborate.

standard solution was spotted on the ITO glass. This result
found the influence of the biological matrix (ion suppres-
sion). When equal amounts of mimic tissue and standard
solution were mixed, there was little difference in peak inten-
sity compared to when the standard solution was spotted on
Cc sections (Fig. 3). These results indicate that this method
takes into account the influence of the biological matrix, the
ionization efficiency on the tissue, and the extraction efhi-
ciency of DA in the tissue.

Quantitative MSI of DA in mouse brain St

The calibration curve obtained by this method is shown
in Fig. 4. We used DA-d4 as the IS for DA. Figure 4A shows
the calibration curve for the absolute quantification method
without IS, while Fig. 4B shows the calibration curve for the
IS method with IS. Calibration curves with R* >0.99 were
obtained with and without ISs.

MSI results are obtained after the calculation of TPP-DA/
TPP-DA-d4 (Fig. 5A). The use of TPP-DA-d4, which has the
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Table 2. Quantitative values for ELISA kits and MALDI-MSI.
Reproducibility of quantification was checked. Two
samples (two mice) were assayed; the accuracy of the
quantitative values by MALDI-MSI was assessed using
the quantitative values by ELISA as true values.

DA concentration (pg/g)

Sample Accuracy (%)
ELISA MALDI-MSI
1 7.8 6.5 10.7
2 11.1 13.0 10.6

DA, dopamine hydrochloride; ELISA, enzyme-linked immunosorbent
assay; MALDI, matrix-assisted laser desorption/ionization, MSI; mass
spectrometry imaging.

same ionization efficiency as TPP-DA, the distribution of
TPP-DA can be imaged, taking into account differences in
ionization efficiency between tissue regions, and shows that
TPP-DA is localized to St.

The calibration curve with R* >0.99 was obtained from the
ELISA and MALDI-MSI calibration curves shown in Fig. 5B.
This calibration curve was used for quantification. The quan-
titative value of TPP-DA localized in St was 13.0 ug/g. The
reliability of the quantitative value obtained by MALDI-MSI
was evaluated by ELISA and was 11.1 pg/g. The similarity
with ELISA was more than 85%, indicating the high reliabil-
ity of this method using MALDI-MSI. The validity of the
calibration curve was assessed in terms of RSD and accuracy
(Table 2). The coefficient of determination of linearity (R*)
was set to be greater than 0.99, accuracy to be within +30%,
and RSD to be within +20% in MALDI-MSL

The method can also be used to quantify TPP-y-amino-
butyric acid, one of the neurotransmitters (Figs. S4 and S5),
showing that it is a versatile method. The calibration curve
with high linearity was obtained even without the IS. The
quantitative value obtained by this method is 1361.7 pg/g in
the hypothalamus.

CONCLUSION

In this study, we improve upon previously reported quan-
titative mass imaging methods and develop a simpler, more
valid, and reliable quantitative method. The method we devel-
oped can generate an excellent calibration curve from the
same sample as the one to be quantified, is simpler to investi-
gate, and does not require special equipment compared with
conventional methods, thus reducing cost and time.
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