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Zusammenfassung

l. Zusammenfassung

Das Hauptziel der vorliegenden Arbeit war die Entwicklung neuartiger, analytischer Methoden
zur  molekularen  Bildgebung niedermolekularer ~ Verbindungen aus tierischen
Gewebeabschnitten unter Verwendung der Matrix-unterstiitzten Laser-Desorption/lonisation
und der hochauflésenden Fourier-Transformations lonenzyklotronresonanz
Massenspektrometrie. Insgesamt wurden drei neue Ansdtze entwickelt, bei denen die
massenspektrometrische Bildgebung fiir die raumliche und molekulare Analyse von endogenen
Metaboliten und Arzneimitteln aus Gewebeschnitten von Méusen verwendet wurde. Zundchst
wurde MALDI-FTICR-MSI erfolgreich fiir die molekulare Bildgebung von Gallensduren mit
hoher raumlicher Auflosung als der deprotonierten Spezies und Protonen-gebundenen Dimeren
aus Mausleberabschnitten angewendet. Zweitens wurde die unpolare Matrix DCTB (2-[(2E)-
3-(4-tert-Butylphenyl)-2-methylprop-2-enyliden]malononitril ) erstmals fiir die
hochempfindliche, quantitative MALDI-Bildgebung von im Zentralnervensystem wirkenden
Medikamenten bei Hirnschnitten der Maus angewendet. Weiterhin konnten Beweise fiir
Hirngewebsregion abhéngige, sowie fiir die MALDI Matrix abhéngige lonensuppression
vorgelegt werden. SchlieSlich wurde eine hochauflésende MALDI-FTICR-Bildgebung
angewendet, um molekulare und rdumliche Verdnderungen im Gehirnstoffwechsel von Mausen
als Reaktion auf eine immunmodulatorische Behandlung mit Teriflunomid zu untersuchen, und

zeigten sie offensichtliche Veranderungen.




Abstract

1. Abstract

The main goal of this work was to develop novel analytical methods for molecular imaging of
low-molecular weight compounds from animal tissue sections using matrix-assisted laser
desorption/ionization and high-resolution Fourier-transform ion cyclotron resonance mass
spectrometry. In general, three novel approaches were proposed, in which mass spectrometry
imaging was employed for spatial and molecular analysis of both endogenous metabolites and
pharmaceutical drugs from mouse tissue sections. Firstly, MALDI-FTICR mass spectrometry
was successfully employed for high-spatial resolution molecular imaging of bile acids observed
as deprotonated molecules and proton-bound dimers from mouse liver sections. Secondly, the
nonpolar matrix, DCTB (2-[(2E)-3-(4-tert-butylphenyl)-2-methylprop-2-
enylidene]malononitrile), was applied for the first time for highly sensitive, quantitative
MALDI imaging of central nervous system drugs from mouse brain sections. In addition, the
evidence for brain tissue regions- as well as MALDI matrix-dependent ion suppression was
presented. Finally, high-resolution/high-accuracy MALDI-MS imaging was applied for
studying molecular and spatial changes in mouse brain metabolism in response to
immunomodulatory treatment with teriflunomide, revealing evident alterations observed in

particular for the certain metabolite classes.
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Introduction

IV. Introduction

Mass spectrometry imaging — introduction, workflow and applications

Mass spectrometry imaging (MSI) enables label-free in-situ molecular imaging of chemical
compounds directly from different two-dimensional surfaces [1]. Since its introduction in the
‘90s [2], MSI has proved to be a valuable tool for imaging of spatial distributions of different
compounds from a wide variety of samples such as plants [3-5], different (bio)material surfaces
[6, 7], bacterial cultures [8, 9] or even single cells [10-12]. The most predominant application
of MSI, however, is determining the spatial distributions of different biologically relevant
compounds directly from the animal tissue sections [13—-16]. One of the strongest advantages
of this method is that, in contrast to other imaging techniques such as QWBA or PET, MSI does
not require any work- and time-consuming chemical labeling of the compounds of interest [17—
19]. Furthermore, as MSI combines an unambiguous molecular identification of compounds
with determination of their spatial distributions, it allows for simultaneous imaging of hundreds
of both endogenous compounds and exogenous drugs from the same tissue section [20-22]. In
turn, the method has a tremendous potential for different applications in biological,

pharmaceutical or biomedical research [23-25].

While the complete and detailed MSI experimental procedure will strongly depend on many

factors (such as the type of sample, analytes of interest, ion source used, etc.), an overview can

be presented as the simplified workflow as shown in Figure 1.

cells organs whole body sections

Figure 1. Schematic overview of MSI workflow. Reproduced with permission from reference [25].
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The in-detail description of the particular steps of MSI experiment can be found in one of the
numerous excellent review articles [16, 25-29]. In brief, MSI starts with sample preparation
realized by tissue (or whole body) cryosectioning and mounting the 10-20-pum-thick sections
onto the microscopic glass slides. Furthermore, different approaches to tissue pretreatment
might be applied (depending on the compounds of interest to be analyzed), as well as MALDI
matrix deposition in the case of MALDI imaging mass spectrometry [30, 31]. Finally, such
prepared biological material is analyzed with mass spectrometry by sampling the tissue surface
at each x,y coordinate in order to collect a single MSI pixel mass spectrum from each spot. Of
note, the MSI pixel size is defined here as the distance between the centers of each sampled
(ablated in the case of MALDI) spot. As a result, hundreds of single mass spectra are being
collected and the following computerized data analysis lead to the visualization of spatial
distributions either of a single compound detected at a certain m/z value (as a characteristic heat

map) or of the several different compounds across the tissue section (as an RGB image) [32].

It is noteworthy that MSI can be performed by employing different ion sources. The only
prerequisite is that the current technique has to enable systematic probing of the two-
dimensional tissue surface at distinct locations that will further correspond to the single MSI

pixels. Figure 2 summarizes currently the most common ionization methods used in MSI.
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Figure 2. Different ionization methods used for MSI: desorption electrospray ionization, DESI (A), matrix-
assisted laser desorption/ionization, MALDI (B), secondary ion mass spectrometry, SIMS (C), nano-DESI (D),
laser ablation electrospray ionization mass spectrometry, LEASI (E), liquid extraction surface analysis, LESA (F).
Reproduced with permission from [33].
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Importantly, the most proper ion source for the certain MSI experimental setup is usually
selected based on the ionization capabilities for a particular class of compounds of interest. It
is crucial to remember, however, that this decision will also determine other experimental
factors such as attainable spatial resolution (the minimum pixel size), signal response
(sensitivity), speed of analysis, compound coverage and finally, sample pretreatment needed
prior to MS analysis [15, 33, 34].

To date, MSI has proved to be a valuable tool for in-situ imaging of various classes of
compounds directly from the surface of different organs or whole-body sections. These include
endogenous metabolites [20, 35, 36], lipids [37-39], peptides [40-42], proteins [43-45] as well
as different drugs [19, 24, 46, 47]. An interesting summary has been recently published by
Palmer et al. [48], where the current status of mass spectrometry imaging field was presented
as the results of survey addressed to the MSI practitioners. Three aspects are worth mentioning
here. Firstly, as seen in Figure 3, the major MSI application area is the analysis of low-molecular
weight compounds (metabolites, lipids, drugs), while few of the current MSI practitioners apply
this technique to on-tissue detection of proteins and peptides. Furthermore, the results clearly
show the dominant role of MALDI as the ionization method for most of the MSI users (95% of
respondents). Finally, vast part of the small molecules MSI studies are performed using high-
resolving power instruments (FTICR and Orbitrap mass analyzers), which are, as will be further
explained in-detail, essential to provide sufficient mass resolution and mass accuracy in the low

m/z range.
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Figure 3. Summary findings of a survey conducted by Palmer et al., showing the current status of the MSI field.
Reproduced with permission from [48].
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The central role of MALDI in MSI of low-molecular weight compounds

Within a group of different ionization methods that can be used for tissue mass spectral imaging
(Figure 2), matrix-assisted laser desorption/ionization (MALDI) is the most predominant one
[34, 49]. To date, MALDI has established its position as a key MSI technology for biological
[36, 50], pharmaceutical [19, 51, 52], and even clinical [53, 54] applications. There are excellent
(review) articles that cover the fundamental principles of MALDI (i.e. different
ionization/protonation models including gas-phase theory and “lucky survivor” model) [55-57]
as well as different experimental facets affecting desorption and ionization processes [58-60].
While all of these aspects should be carefully considered in order to successfully apply MALDI
to MSI studies, it is essential to point out the key role of MALDI matrix in the whole
experimental process. Briefly, as illustrated in Figure 4, the matrix absorbs the UV light at the
laser operating wavelength and enables transfer of the analyte molecules into the gas phase.
Therefore, both selecting of an appropriate matrix compound and assuring reproducible matrix
deposition are essential for an efficient analytes extraction from the thin tissue slices and
ultimately, the desorption/ionization of co-crystallized analyte molecules.

Matrix absorbs at wavelength of laser resulting
50/50 in desorption/ionization of co-crystallized

4+
organic/H,0 analyte molecules

HO
2,5-dihydroxybenzoic acid

UV laser

Analytes extracted from lissue Analyles co-crystallized with
into matrix droplet matrix upon solvent evaporation

Figure 4. Function and importance of MALDI matrix in MALDI-MSI. Reproduced from reference [51] with
permission of Future Science Group.

Selection of both the matrix compound and the solvent system (e.g. water/organic composition,
pH, etc.) are crucial for the successful and sensitive analysis of the certain classes of

compounds. In the recent years, a tremendous improvement has been made in order to better
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understand the role of matrix in MALDI process [57]. This further led to the rational designing
of some new MALDI matrices, with deliberately modified structures in order to obtain
favorable gas-phase thermodynamic characteristic and thus, delivering higher sensitivity in
both MALDI-MS and MALDI-MSI [59, 61, 62]. Moreover, numerous different new matrices
were proposed, in particular for MALDI imaging of small molecules, including nanoparticle-
based inorganic matrices (contributing to the whole concept of surface-assisted laser
desorption/ionization (SALDI)) [63, 64] or more recently, conjugated polymers-based dual-
mode matrices [65]. Surprisingly and despite the above, still the vast portion of MALDI-MSI
studies of small molecules (drugs, metabolites, lipids) report about the usage of the most
common, conventional MALDI matrices — CHCA and DHB in positive ion mode [66-69] and
9-AA in negative ion mode [70-72]. Therefore, an important part of this dissertation was the
application of the nonpolar DCTB matrix for highly sensitive imaging of CNS drugs from
mouse brain tissue sections. Of note, since DCTB was previously considered as an electron
transfer matrix, the appropriate rationale (computational thermodynamic calculations of IE and
PA) for an additional proton-transfer MALDI mechanism with this matrix was provided. The

results of this study are included in the dissertation as the Publication 3.

In addition to the matrix selection, another crucial step in MSI is the process of matrix
deposition on the top of tissue section. In contrast to the non-imaging MALDI-MS (where in
dried-droplet method, matrix is pre-mixed with analyte before spotting and co-crystallizing on
the MALDI target [73]), in MALDI-MSI matrix must be uniformly applied onto the tissue
surface [31]. Therefore, the tissue during this process should be wet enough to achieve sufficient
extraction of the tissue-embedded analyte molecules, but at the same time not over wetted to
avoid delocalization of extracted compounds. Furthermore, the deposition process should lead
to the formation of homogeneous and small crystals (ideally <lum), what is particularly
important for MALDI imaging at high lateral resolutions. To date, different devices were used
for on-tissue matrix deposition, including manual airbrush and piezoelectric sprayers as well as
sublimation apparatus. The most widespread and versatile technique, however, employed either
one of the commercially available (from HTX or SunChrom) or home-built robotic sprayers
such as the one constructed by the current author and used in all MALDI-MSI sample

preparation processes described in this dissertation.
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Importance of high-resolving power in MSI of small molecules

Due to the high molecular complexity of the analyzed tissue sections in MSlI, the importance of
high-resolving power mass analyzers is even more critical than in any other LC-MS or GC-MS
analyses. Essentially, without any chromatographic separation, the whole analysis has to rely
exclusively on the high-resolution and high-accuracy measurements in order to distinguish the
analyte signal from different numerous interfering peaks. The latter ones are especially rich in
the low m/z range and may origin from both endogenous compounds and the MALDI matrix-
related species (different clusters and fragment ions) [74, 75]. For example, the detrimental role
of high resolution capabilities in MSI research has been excellently visualized by Castellino et
al. [51], where two different metabolites of the same parent drug (lapatinib) could be resolved
during MALDI imaging experiment in dog liver sections (Figure 6). These two compounds
showed different spatial distributions, which might be potentially significant for their mode of
action or toxicity and is of the greatest importance in the drug development process. Of note,
currently the mass analyzer with the highest resolving powers as well as the highest mass
accuracy possibilities (used in all research included in this dissertation) is Fourier-transform ion
cyclotron resonance (FTICR), where the gas-phase ions are trapped, excited and detected within
the electric trapping plates (ion trap) placed in a high magnetic field [76]. The currently
available resolving powers exceeds the values of R >10° and mass accuracies <1 ppm [77, 78].
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Figure 5. Example of the importance of high resolving power in MSI application to the pharmaceutical research
(two different metabolites of lapatinib resolved by FTICR-MS showing different spatial distributions across the
dog liver section). Reproduced from reference [51] with permission of Future Science Group.
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While the (ultra-)high resolving power will always deliver the more detailed molecular
information obtained from the MSI experiment (e.g. compared to much faster time-of-flight
analyzers), one has to remember that the longer transient lengths during FTICR mass analysis
will also result in much longer total experimental time. This might be even more critical when
using high spatial resolution and thus, increasing the number of MSI pixels within the whole
measurement. Furthermore, since MSI can be considered as a “sample volume limited”
technique, the sensitivity will also deteriorate when employing the very small pixel sizes (=high
spatial resolution). In all, the MSI methods need to compromise between the ‘4S-criteria’
(speed, specificity, spatial resolution and sensitivity), which has been recently summarized and

presented in a review by Schulz et al. (Figure 6) [79].

(@) spatial Resolution (b)

FTMS (e.g.
FTICR or
Orbitrap)

Specificity Fast TOF-MS

(Resolving Power (€. 10kHz

/Mass Accuracy) Laser)
Speed

Sensitivity

Figure 6. (a) 4-S criteria for MSI; (b) compromise between high speed by TOF-MS versus high specificity by
FTMS in MSI. Reproduced with permission from [79].

Quantification, ion suppression and sensitivity challenges in MALDI-MSI

In MSI, similarly to other mass spectrometry-based analytical strategies, obtaining reliable
information about the amount of compounds of interest is of great importance. Depending on
the scientific question, either relative semi-quantitative differences between different
compounds across the tissue or whole body section (relative quantification) or absolute
concentrations of analyte in mole (or mass quantity) units per area (or mass) of tissue (absolute
quantification) are required [80-83]. The relative quantitative mass spectrometry imaging
(gMSI) approach is realized by applying different normalization routines (where each mass
spectrum from every single MSI pixel is suspected to a correction with a certain factor), with
the best results assured by normalization to the appropriately selected internal standard (1S),
ideally isotope-labeled version of the target analyte [84-87]. On the other hand, obtaining the
reliable absolute amounts of a compound of interest requires a special

calibration/standardization strategy, with the matrix-matched calibration approach

10
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guaranteeing the most precise and accurate results (Figure 7) [87-90]. Since this chapter
provides only a brief introduction to the broad topic of quantification by MALDI imaging mass
spectrometry, the further reading can be found in the tutorial review by the current author,
included into this dissertation as the Publication 1.

{2 Blank lissue In-solution On-lissue

B Dosed tissue

e# Calibration standards -:'l -;“'";y -"J
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Matrix effect E g 3/‘ Yﬁ

Extraction 4
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Figure 7. Comparison between various strategies in absolute qMSI. Reproduced with permission from [91].

Tissue-specific ion suppression is a form of matrix effect that cannot be entirely avoided in
mass spectrometry imaging since no separation step can be implemented prior to the ionization
process (in contrast to LC-MS or GC-MS approaches) [92-96]. The undesirable impact of ion
suppression (as well as the other factors such as matrix crystallization and extraction
inconsistencies) on the variability of signal intensities across the entire tissue section can be
overcome by applying one of the above-mentioned normalization and calibration routines
(ideally matrix-matched calibration combined with IS-normalization) [87]. The locally
changing ion suppression, however, can also lead to the dramatic loss of signal response for the
investigated analytes, resulting in some cases (e.g. in particular when employing small pixel
sizes with highly limited effective amount of an analyte in the irradiated single spot area) in the
entire analyte signal suppression. As a result, this phenomenon limits the broader application
of gMSI to the certain sensitivity-challenging analytical fields such as the spatial analysis of
some pharmaceuticals [52, 97-100]. While the different sophisticated strategies for overcoming
ion suppression-caused poor sensitivity in MSI were reported to date [101-104], in MALDI
imaging this can also be realized by simply utilizing different matrix compounds. Such an
approach was employed in the current research by the application of the nonpolar DCTB matrix
(which matches the polarity of the target analytes) for high sensitivity quantitative MALDI
imaging of CNS drugs from mouse brain sections (results are included in the dissertation as the
Publication 2).

11
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Objectives

The aim of this work was to develop the novel analytical methods for molecular imaging of
both drugs and endogenous metabolites from mouse tissue sections using matrix-assisted laser
desorption/ionization (MALDI) and high-resolution Fourier-transform ion cyclotron resonance
mass spectrometry (FTICR-MS). Firstly, MALDI-FTICR-MS was employed for on-tissue
molecular identification, as well as high-spatial resolution imaging of bile acids directly from
the mouse liver biliary networks. In order to achieve this goal, the home-built robotic sprayer
was constructed and utilized for deposition of highly homogenous and reproducible MALDI
matrix layers. In addition to the imaging experiments, the discovered phenomenon of the
proton-bound dimer formation was utilized in order to improve the signal intensities from the
deprotonated bile acids (using simple methods for broadband collision-induced dissociation of
the dimers). Furthermore, the nonpolar MALDI matrix, DCTB (2-[(2E)-3-(4-tert-butylphenyl)-
2-methylprop-2-enylidene]malononitrile) was applied for the first time for highly sensitive
quantitative MALDI imaging of central nervous system (CNS) drugs from mouse brain
sections. Moreover, the rationale (i.e. computational calculations of proton affinities (PA) and
ionization energies (IE)) for proton-transfer MALDI mechanism with this matrix was provided;
and the evidence for brain region- and MALDI matrix-dependent ion suppression of the CNS
drugs was presented. Finally, high-resolution/high-accuracy MALDI-FTICR mass spectral
imaging was applied for studying the molecular effects of the peripheral immunomodulatory
agent teriflunomide on the mouse CNS compartment. Specifically, the potential penetration of
the drug across the blood-brain barrier (BBB) was assessed, as well as the spatial and
quantitative profiles of 24 endogenous metabolites after 4-day teriflunomide treatment were

investigated.

12
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V.  Summary and Conclusions

The main goal of this dissertation was to develop the novel methods for label-free molecular
imaging of different low-molecular weight compounds (including endogenous metabolites and
pharmaceutical drugs) using matrix-assisted laser desorption/ionization (MALDI) and high-
resolution Fourier-transform ion cyclotron resonance mass spectrometry (FTICR-MS). In
general, several new approaches were successfully invented, developed and published in the
international peer-reviewed journals (the list of publications as well as the articles are included
in this thesis).

In the first part of the dissertation, MALDI-FTICR method was utilized for MS imaging of bile
acids at high spatial resolutions. In this work, these essential metabolites (serving the key roles
in secretion of cholesterol and lipid digestion processes) were for the first time molecularly
identified and spatially imaged directly from the thin mouse liver sections. Different taurine-
conjugated compounds were successfully identified. A comparison of the acquired MS ion
images with histological staining showed a good correlation of the mass spectrometry data with
the anatomical structures of the mouse liver biliary tree. Moreover, the imaging of the smaller
sub-regions at the high-spatial resolution (MSI pixel size, 25 um) allowed to distinguish
between the tiny biliary ducts/capillaries and the large blood vessels and liver parenchyma. The
developed method can be easily further applied for studying different pathological states that
involve potential changes in the tissue bile acids content and spatial distribution (e.g. primary
biliary cholangitis) [105].

Importantly, the new home-built robotic sprayer was constructed, based on the Probot micro
fraction collector and nebulizing nozzle. The investigation of different configurations of
spraying capillary diameter, nozzle height, distance between the lines and movement speed
resulted in a excellent performance of the constructed device. The homogeneity of the matrix
layers (observed for different MALDI matrices) as well as crystal sizes confirmed a superior
performance of the constructed device in comparison to the commercially available
piezoelectric sprayer (Bruker ImagePrep). Of note, this sprayer was later used in all research
described in this dissertation.

In addition to the MS imaging assays, an extensive formation of proton-bound dimers (PBD)
of bile acids and taurine was discovered. By using high-resolution/high-accuracy MS the
strategy for unambiguous identification of these species corresponding signals was presented

(even though they could be easily misinterpreted as the further BA conjugates). Since the ratio

13
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of dimers to deprotonated bile acids was significant particularly for the certain tissue sub-
regions, the new simple techniques for broadband dissociation of the proton-bound dimers were
invented, which provided increased signal intensities from [M — H] species. In summary, as
PBD formation phenomenon is not limited to the taurinated bile acids (it was earlier observed
also for amino acids [106] and peptides [107]), the newly developed technique (or even more
the general concept of the non-selective broadband dissociation of different adducts and
clusters) can be potentially applied for improving sensitivities during MALDI-MSI of different

endogenous metabolites from both liver and other types of tissues.

In the second part of the dissertation, some novel approaches were developed and presented. In
a nutshell, exploring the fundamental aspects of both MALDI mechanism and ion suppression
phenomenon were utilized here in order to achieve better sensitivities for MALDI-MSI of CNS
drugs. Specifically, the nonpolar and aprotic MALDI matrix, DCTB (2-[(2E)-3-(4-tert-
butylphenyl)-2-methylprop-2-enylidene]Jmalononitrile), previously well-known as an electron-
transfer (ET) secondary reaction matrix, was investigated for an additional proton-transfer (PT)
mechanism. The provided mechanistic rationale (i.e. computationally calculated gas-phase
proton affinity almost equal to PA of the polar and acidic CHCA matrix) as well as the
experiments with the two representative drugs (ketamine and xylazine) proved unequivocally
the mixed (ET and PT) mechanism of DCTB-assisted laser desorption/ionization, with PT being

evidently the main pathway.

Furthermore, the brain tissue-specific ion suppression phenomenon was thoroughly
investigated for different MALDI matrices, DCTB versus CHCA and DHB. By using tissue-
extinction coefficient (TEC) approach [108, 109], the MALDI matrix-dependent ionization
suppression of the five different low-molecular weight lipophilic CNS drugs was clearly
demonstrated. This is the first report showing an evident quantitative and spatial dependence of
the ion suppression on the applied matrix in MALDI imaging studies. Furthermore, since the
above-mentioned examination showed a superior performance of the nonpolar DCTB in
comparison to the conventional polar and acidic matrices (DHB and CHCA), the developed
method was applied to quantitative MALDI imaging of the common anesthetic drug, xylazine,
directly from the mouse brain sections. Moreover, the novel approach for the tissue-matched
standardization was also proposed. The newly developed strategy of spiking the calibration
standards on the top of the “unified brain” sections, being in fact the combination of the
“mimetic tissue” and “on-tissue” models, allowed for obtaining the linear calibration curves

over the wide concentration range, assuring at the same time very good precision and limit of
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detection. In summary, the proposed DCTB matrix is a superior alternative to the most
commonly used polar and acidic matrices, and can be potentially applied not only to the CNS
drugs but also to other pharmaceuticals studied by quantitative MALDI mass spectrometry

imaging.

The aim of the third part of the dissertation was the application of high-resolution/high-accuracy
MALDI-FTICR-MSI approach to pharmacometabolomics study of teriflunomide.
Teriflunomide is a disease-modifying drug, approved for treatment of multiple sclerosis, but its
mode of action has not been fully elucidated. Whereas the main mechanism of action is linked
to the peripheral immune system, some in vitro studies showed that teriflunomide could also
potentially acts directly in the CNS [110-112]. In this work, MALDI-MSI technique was
utilized in order to investigate the drug’s capacity to cross the blood-brain barrier (BBB), as
well as to study the drug’s effect on the metabolic compartment of the mouse brain. Even
though the optimized method was capable for on-tissue drug detection at the low concentration
level (confirmed in on-tissue spiked experiments), the drug was not detected in the brain
samples from the animals after 4-day treatment. Interestingly, the further in-depth investigation
of the spatial and quantitative profiles of 24 endogenous metabolites (amino acids,
carbohydrates and nucleotides) revealed the evident alterations observed particularly for
adenine and uracil nucleotides, glutathione and two carbohydrate intermediates. The applied
strategy, when interpreted in a larger biochemical and pharmacological context, provided an
additional understanding of the molecular effects of teriflunomide. Finally, these results proved
also the high potential of the developed MALDI-MSI method for further
pharmacometabolomics studies of teriflunomide applied to other than healthy animals samples
(e.g. EAE mouse brain, post-mortem human brain or cerebrospinal fluid (CSF) from multiple
sclerosis patients).

In all, the work included in this dissertation addressed several current limitations in MALDI-
MSI field. First and foremost, the two completely new approaches for improving sensitivities
were proposed (proton-bound dimers dissociation for endogenous metabolites and novel
application of DCTB matrix for CNS drugs). Furthermore, the newly developed
standardization/calibration strategy (by using “unified brain” tissue sections) is an attractive
alternative to the time-consuming mimetic model Finally, the application of high-
resolution/high-accuracy MALDI-MSI for pharmacometabolomics study of teriflunomide shed
a new light on the potential impact of the drug on the mouse brain metabolism. Of note, all

studies (in particular high-spatial resolution imaging as well as quantification of drugs) were

15



Summary and Conclusions

achievable thanks to the home-built robotic sprayer that assured far better MALDI matrix
deposition results in comparison to the commercially available piezoelectric device. In
summary, all developments presented in this dissertation bring the significant progress to the
MSI field, and what is more, show the new potential path to be continued and further applied

to other than studied here classes of compounds and types of animal and human tissues.
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1. Introduction

Matrix-assisted laser desorptonfionization [MALDI) mass spec-
trometry (M%) has revolutionized the analysis of large biopolymers
such as peptides, proteins and nucleic acids |1]. For small molecules,
the application of MALD M5 has often been described as difficult orim-
possible bec ause of the intense, strongly fluctuating matrix background
signals, which appear at virtually every mas in the low m/z region, thus
creating serious ischaric interferences when using low resolving power
instruments |2]. Moreover, because of the strong signal variations -
which result mostly from the non-uniform crystal dispersity as well as
co-crystallization issues of matrix and analyte acmss the substrate -
MALDI-MS is still seen as a non-guantitative technigue by many re-
searchers today. This is clearly not the case, however, as demonstrated
by many research groups spedalized in quanttative MALDI-MS, who
have illustrated the benefits of the technigue, including the high
through put capahility, ease of use and limited contamination between
zamples [3-13]. Totake advantage of these benefits, esearchers have

% This article s part of a Spedal ksue entitded : MALD Imaging, edited by Dr. Corinna
Hemnkel nd Prof Peter Hoffmann.
* Carrespanding anthor at: nstine of Ko ana yiical Chemistry, Ssarland Universsy,
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developed several technical solutions to remove or drourmvent many
of the above mentioned limitations; these innovations include nowvel
matrices and matrix deposition technigues for gnemting mono-dis-
perse layers of matrix/analyte crystals | 14-18 |, hydrophobic substrate
surface coatings that optimize crystal groweth behavior | 19-22), internal
standards that exacthy mimor the behavior of the analytes during MALDI
|23-249], matrix-free laser desorpton/ionization technigues to avoid
lows mz interferences |30], high frequency lasers that enable massive
data averaging and improve predision [3-11.31.32], selective tandem
mass spectromety [ M5'MS) data acguisition routines that crumvent
isobaric signals in the MSMS domain [3-5.7,10,11,12,26,21], high reso-
lution mass spectral measurements to resolve analytes from matnix
|33 | and software or hardware routines for sweet-spot detection, auto-
matic lasr power adjustments and signal filtering [ 34,35] Another in-
herent, chemigry-related problem of MALDI-MS i ion suppression of
analyte molecules by components of complex sam ple matrices such as
serum or plasma |36.37). Applying proper =ample preparation proto-
cols, similar to those used in liguid chromatography-(tandem) mass
spectrometry (LC-MS(/MS) ) assays, however, has been shown to effec-
tvely mmove components that cause co-crystallization issues andin-
duce ion suppression [38].

Sample clean-up protocols cannot be applied in stuations, however,
wheme the integrity of the zample matrix has to be entirely preserved, as
is the case in MALDI-imaging mass spectrometry (M5), where the
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signal intensities are recorded for analytes at spedficxy coordinates of
the tissue section At these coomdinates, the analytes are embedded
within the biological materal of the tissue in their native states and
often bound to other components of the tissue. They have to be extrac-
ed, ionized and analyzed without changing their geometrical location.
This also means that ion suppression cannat usually be avoided, as no
mass or shape-specific separation can be implemented before the ioni-
zation process. The extent of ion suppression for a given analyte will
therefore differ at different spatial locations within the tissue. Further-
maore, internal standards cannot readily be applied in M5I by simply
mix ing themn with the analytes, and neither can the MALDI matrix easily
be co-crystallized with the analytes within the Gssue. Furt hermore, the
range of useful chemical matrices for MALDI-MS1has been shown to be
much wider than in conventonal quantitative MALDI-MS, where
maost applications use o-cyano-hydroccycdnnamic acid [CHCA),
dilydrosoyb enzoic acid [ DHB ) or sinapinic acid [SA). These and other is-
sues #rioushy complicate quantitative applications of MALDI-MSL. Nev-
ertheless, for guantitative MALDI-MSI] of low molecular weight
compounds, it is important to make use of the achievement sand knowd-
edge gained from comventional quantitative MALDI-MS, as much of it
can also be applied to improve quantitative MALD] imaging mass spec-
trometry. In fact the present authors suggest that several previous tech-
nical solutions for quantitative MALDEMS should be considered for
quantitative MSL. For example, the optimum analy te-to-matrix ratio
|39,40], the possibilities from reactive matrices |41-45), as well asthe
mle of matching physicochemical propertes of the system analyte/in-
temal standard/matrix | 26] have been extensively investigated in quan-
ttative MALDI-MS, but their importance in MALDI-MS1 is sHll not fully
considered. Porta etal. hawe recently provided an excellent treatment
of theoretical and practical aspects of quantitative MALDEMS of low
molecular weight molecules based on experiments on a MALDI4triple
quadrupole instrument, and, importantly, discuss how their findings
will impact quantfication in MALDI-MSI |46]. The authors conclude
that “the main challenge for ahsolute guantification remains the ques
forthe perfect dilubon series to better mimic the behavior of an analyte
inits biological environment™ |46 | Technical solutionsand strategies for
add ressing this very challenge are the topic of the present article.
Dedgned as a short tutorial review, the article incuses on the differ-
ent data pre-processing and calibration procedures for quantitative
MALDI-MEI and how they impact the analytical figures of merit. Other
technical aspedts such as the deposiion proced ure of the MALD matrix
or influence of different mass analyzers on spectral quality are outside
the scope of this paper, even though they may also control quantitative
performance. The interested readeris referred to several recent reviews
of MALD-MS1 technigues, including instrumen tation overviews, mole of
MALDI matrix and deposition techniques, and MSI ap plications [47-55].

2 Strategies for quantitative MALDIE-MSI

In addition to the manychallenges encountered duning the quantita-
Hwe MALDI analysis of low maecular weight compounds described in
the previous section, determining the concentation levels of molecules
from within thin slices of tissue by MALDI mass spectrometry adds sev-
eral more complications and requires very different d ata processingand
calibmton mutines. Several promising general strategies have been
established for this purpose, which can be grouped into absohete and rel-
afve guantification approaches. Absolute quantitative MS1 experiments
deliver concentration levels of anahytes, which are expressed in units of
moles or mas gquantity ofcompound per mass volume or areaof Gssue.
Succesful absolute quantification by MALDI-MSI should provide anac-
curate value ofthe compound not onlyin the entite section of the exam-
ined Hssue, but alsoinrelatively small, well-defined regions of interest,
ideally in a single pixel or the ara corresponding to a single data point
acquisifion The latter goal is extremely challenging, as recently demaon-
strated by Portaet al [46 ], who presented quantitative data for different
compounds including synthetic drugs and endogenous peptides after

protein digestion. Obtaining meaningful quantitative results from
MALDMSI experiments also depends strongly on the chosen calibra-
tHonstandardization approach, which will be discussed in detail below.

In contrast to absolute guantification, relative gquantification is
achieved by visualizing and estimating relative concentration vales of
the analyte acmss the tssue or whaole body section in companison to
other compounds. Achieving reliable relabive quantification by MALDI-
MS requires the application of a signal intensity normalization met hod
as pre-processng tool, along with baseline correction (subtraction) and
mass spectral realignment [recalibration) [5657 ] In fact, the zame
careful normalization and calibration is also required for absolute
quantfication, to obtain results compaable to reference methods such
as LC-MS/MS or autoradiography |58].

Today, a broad range of different chemical compound classes have
been investigated by MALDI-MSI in bickgical tissues in quantitative
or semi-guantitative fashion, with most studies dedicated to small
[= 1000 Da) or medium-szed molecules (<2000 Da), as recently sum-
marized by Palmer et al. [59], who pointed out that most MSI pract-
tioners study small molecules such as drugs, metabolites or lipids. In
recent years, diferent normalization strategies and different calibmation
approaches have been developed for quantitative MALDI-MS1 of exoge-
nous compounds, in particular drugs and other xenobiotics, as well as
endogenous metabolites such as lipids and peptides |60,61).

Application of appropriate signal intensity normalization is very im-
paortant for the correct interpretation ofthe MSimagingdata |62 | Semi-
quanttative met hods are often sufficient for the investgation ofendog-
enous compaounds, where frequently the differences of relative concen-
trations of compounds within a single tissue section are visualized |63]
This approach also allows the evaluation of relative changes of the level
of one compound [or a set of compounds) in different regions of the
same tssue [e.g., normal versws tumaor ], or indifferent tissues (eg, vehi-
cle versus drug+treated or control versus animal disease model ). This
strategy, in combination with appropriate data mining and statistical
tools, was shown to enable implementaton of MALD-MS imaging for
discovery of potential cancer biomarkers. For example, Thomas et al.
compared lipid signatures of normal ti ssue to tumor regions |64]. In ad-
dition, a similar methodology was used to evaluate potential metabolic
markers ofclinical respon=e to drug therapy | 65] and to visualize spatio-
temporal metabolic dynamicsof different pathological states |63,66/67].

Incontrast tothe imaging of endogenous compounds, accessing the
absolute levels of synthetic drugs is vital during drug discovery and de-
velopment |68 ,69). As aresult, the majority of published absolute quan-
titative M5I studies report methods for administered drugs and their
metabolites, mosty low molecular weight pharmaceuticals [70-75]
and therapeutic peptides |76 ]. In addition, other xenobiotics such as en-
vimnmental toecins [77] and biocides [78] have been quantified in tis-
sues, a5 well as neurotransmitters |79, metabolites |80 |, lipids |81.82]
and peptides | B3-85 |. These examples for absolute quantfic ation ut-
lized various normalization strategies and calibration (standand ization)
techniques, which will be further discussed in detail below

2 1. Dato pre-processing and normalizotion routines

Efficient signal intensity comection is a vital component of any gquan-
titative measurement by mass spectrometry, most importanty in
MALDFMSL In conventonal quantitative LC-MS'MS, normalization is
usually achieved by employingan internal standard [15), as early aspos-
sible, during the sample prepaation process. The ratio of the signal of
analyte and internal standand provides an adequate correction of matrix
effectssuch as incon s stent extraction and ionization efficencies, as well
as instrumentation-related variables such as injection instahility. In
MALDI-MSL normalization of the signal intensity needs to com pensate
for additional effects. A frequent problem is variahbility of the signal
resuling from irregularties of MALDI matrix deposition and orystalliza-
ton processes (see Section 1). This can be the result of inhomogeneous
MALD] matrix deposition or, additionally, different chemical
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compaositons within partcular regions of Gssue (eg, different lipid and
salts contents) or vanatons of morphology of the physical structures.
Moreover, the signal intensities for a given analyte are influenced by dif-
erent extraction and ionization efficiencies at a specific region, whichis
the result of the changing chemical ervimnments on the tssue surface,
with different chemical interferences and ionization suppression phe-
nomena | 55). Ainally, varying signal intensity can result from instability
ofthe chemical matrix under high vaouum conditions, notably suhlima-
tion during long imaging experiments | B6). To drourmeent these prob-
lems, several normalization approaches have been developed and
successhu lly implement ed to enable both relative and absolute gquantifi-
cation by MALDI-MSL

21.1. Normalzetion to TIC, RMS or medign intensity of the peaks

Briefly, normalization of M5l data entails correcting each mass spec-
trum [from each single pixel on the t=zsue!) by applying a certain cor-
rection factor. The three most common strategies to correct signal
intensities are normalization to the total ion current (TIC), the root
mean square (FMS) or the median intensity of the peaks |62E7]. All
three approaches - combined with other data processing tools [ baseline
subtraction, spectral realignment) - generally allow correcting for ex-
perimental hias such as variations resulting from irregularities of the
matrix coating procedure. TIC RMS and median nomalizations have
been widely applied to semi-quantitative MALD] imaging study of en-
dogenous molecules, because for most of these com pounds no commer-
cial stable isotope standards exist Moreover, for the hundreds of
different endogenous compo und s often used in biomarder research, it
is impracticable to use well-matched intemnal standards for every ana-
hyte. Therefore, in untargeted analyses, normalization to the total ion
current (TIC) is the most widely applied technique, as demonstrated
by difierent groups for MALDI imaging of lipids |&4], neumotmnsmitters
|79] and metabolites | 63,66,67]. Mormalization to RMS was implement-
ed for relative gquantification of metabolites in response to drug therapy
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|65] as well as for monitoring relative changes of drug concentrations
|BE]. Finally, the TIC appmach was also shown for imaging of drugs
and com pared to another instrumental technigues such as liquid extrac-
ton surace analysis [LESA)-MS] and LC-MS /NS | B9

TICand FMS strategies wene also successfully employed to quantify
absolite amounts of compounds in entite tissue sections or smaller re-
gions of interest. TIC correction was used for the absohite quantification
of endogenous metabolites and neurciranamitters [79) as well as sever-
aldmgs | 72,75], whereas RMS was shown forimagingof drugs | 90 ] and
several endogenous phosphatidylcholines |B2] In the latter study, RMS
nommalization along with a mimetic tissue-based calibration curve [ see
below) significantly improved both the linearity of the calibration
curves [expressed as changes of the coefficient of determination [R)
from 09500 up to0 9991 for the [M 4+ H]* ionicspecies) (Fig 1) and
the precision of analysis (expressed as SDand RSD) |82].

Different normalization tec hniques were also evaluated for MALDI-
TOF analyses of proteins, normal iz ation to TIC or noise levels were dem-
ongrated to be the most efficient and accurate procedures |56]. It is im-
portant to point out thatthe TIC and RMS approaches can also lead to
false interpretationof M&l data, in particular for highly heterogensous
tizsues such as kidney [cortex and medulla regions) or brain [several
different sub-regions] |62]. As shown for proteins in different tssues,
these normalization rmoutines can create artifacs, in particular when
peaks with very high intensities are present in certain regions of the tis
sue | 62). Furthermaore, these artifacts very often comply with the histo-
logical structures of the tissue and can lead to wrong conclusions. One
solution to avoid this problem is the normalization to TIC or RMS after
manual exchizion of the imegular peaks [or m,z ranges). Another possi-
bility is the normalization to the noise or to the median intensity. The
latter was successfully implemented as normalization tool for MALDI
imaging of small molecules in the range m/z range of 50-1000 |E7].
The authors illustrated a powerful comparison of difierent appmaches,
including normalization to TIC and median intensity with different
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strategies of selecting peaks to include or exclude for the partioular nor-
malization methods.

In conclusion, even though TIC, BMS and median intensity normali-
zation can result in wrong interpretations, they generally are efficient
and reliable pre-processng tools for MALDI imaging data sets if applied
propery.

2.1 2. Normahzation to MALDI motric-relaed peak or end ogenows species
s gnal

In cases where appropriate internal standards [stable isotope com-
pounds, structural analogs) are not available, it is possible touse other
signals from the mass spectrum for an “intemal standard-like™ normal-
ization process. Using matrix-related signals is one of these methods,
which enables scan-by-scan normalization, and as a result, efficiently
overoomes variations of the signal intensity resulting from irregularities
in matrix depositon and crystallization processes. This stategy has
been frequently applied to semi-gquantitative MALDI imaging of small
molecu les. Goodwin et al.| 91| mapped the distribution of a pharmaceu-
tical compound in rat brain usng normalization against the CHCA ma-
trix dimer at m/z 379. The authors achieved very good correlation
between relative quantfication by MALDI-MS]and absolute quantfica-
tion by LO-MSMS after laser-capture micro-dissection | 91 Bunch et al.
|92] spatially determined ketoconazole in skin samples using normali-
zation to the CHCA sodium adduct, which was the highest abundant
mat rix-derived peak in the spectrum. Furthermore, Takai et al present-
ed an efficient normal iz abon routine against a DHB matrix signal forrel-
ative and absolute quantification of the low molecular weight drug
rAcopride [ 93] and the therapeutic peptide odrestide | 76]. For the lat-
ter compound, a combination of DHB normalizaton and matrix-
matched standard calibration allowed the authors to achieve guantita-
tive performance comparable to LC-MS/MS (acouracy, 76-127%). Final-
by, Parket al |94 | investigated the potental of relative quantification
after spraying a peptide standard across the mouse brain tissue. By
maintaining a constant TIC and contmolling the MALD] matrix suppres-
sion effect at the same time, the authors successfully employed normal-
ization against a MALDI matrix-derived signal

In addition to matrix-derived peaks, signals from some endogenous
species can also be emp loyed for “intemal standard-like™ normalization.
This strategy requires careful selection of an appropriate endogenous
compound, which should ideally be of the same ora similar classof mal-
ecule asthe target analyte, which would then allow the (partal | correc-
Hon of signal varations from chemical interferences and ionization
suppression. Importantly, the selected compound should be highly
abundant and evenly distributed across the entire tssue sechon to
avoid creating artifacts. Although it is difficult to match all these re-
quirements, the technigue has been successfully applied several imes
for MALDI imaging. Hankin et al determined several phosphocholines
using normalization against the averaged signals from different ionic
spedies [|[M + H]*. |[M + Na|* and |M + K|*) of the endogenous
lipid [16:0/18:1 PC) [95). Wang et al. employed normalization to the
base peak (myfz 2662 ) of the entire mass spectmum to map the relative
abundance of the drug chlorisondamine; the authors also normalized
to cholesterol after water loss (myz 36906 to detect cocaine directly
on rat brin tssue sections | 96).

Although normalization against matric peaks and against endoge-
nouscom ponentsare both efficient procedures, they exhibit drawhacks.
The MALDI matrix signal appmach does not provide cormection for sig-
nal variatonsresulting from the different extraction and ionization effi-
cdencies in different regions of the tissue; the endogenous com pound
strategy only works when the slected compound has similar physico-
chemical properties ascompared to target analyte and is evenly distrib-
uted across the entire section, which is extremely ram for
hetermgeneous tissues such as brain or kidney. For these reasons, both
strategies should be used with caution and the application decided on
a case-hy-case basis, when isoto pe standands or structural analogs are
not available or their application is too difficult. In such cases,

normalization tothe homogenoushy applied matrix appears to be the
better choice for both relative and absolute quantification by MALDI-
MEL

21.3. Nomalzation to stuctunal anaogs or stohle sotope internal
siondards

The impaortance of an internal standard for quantification by MALDI
mass spectrometry has been demonstrated multiple tmes, in particular
far low molecular weight xenobiotics | 4,26,33,97 98], but also for small
endogenous compounds| 23] Sleno and Volmer investigated the poten-
tal of MALDI-t i ple quadnipole mass spectrometry forquantific adon of
small molecules employing different MALDI matrices and different
chemical compounds as intermnal standards. They also investigated the
role of laser power and frequency on guantitative analytical figures of
merit such as sensitivity and dynamic range | 26]. Moreover, essential
physicochemical properties were imeestigated that provide a possible
match of analyte and internal standard for a range of low molecular
weight compounds [4]. it was shown that the closeness of the analyte's
and internal standard’s solubion-phase ionizabion propertes [(eempli-
fied by log D and pK, ), as well as the molecular weight and sohibility
properties, were crucial in achieving satisfactory analytical figures of
merit. A stable isotope-labeled version of the analyte ensured optmum
results, but ifnot available, a carefully matched compound can also pro-
vide pood signal intensity comecton.

In the recent years, normaliz ation to the internal standard has been
applied manytimes, either for relative orfor absolute quantficabion For
example, there are a number of studies showing im aging of exogenous
com pounds, in particularxenobiotcs, with structural analogs employed
asinternal stand ards [ 73,99- 102 ], or stand ards hased on isotopicalby-1a-
beled derivatives of the analyte [70,73,74,78,103-109]. Additionally,
normalization against the |5 signal was described for certain dasses of
endogenous compaounds, including lipids | B1,110,111], peptides | £3,
B5,112,113] and metabolites |80 | Kilback et al. presented an excellent
com parison of different calibration curves forimipramine from different
normalization methods, showing the impact on the linearity and the
dramatic improvements of the coefficient of determination [F)
(Fig. 2) |83]

Nomalizabion of the M5l data against the intemal standand is simphy
achieved by dividing the signal intensity of the target compound by the
signal intensity of the 1% To ensure reliable signal intensity comection,
MEI images should ideally be nomalized within the same imaging
pixel and within the same M5 scan [one scan per pixel! ). While this re-
quirement is easily realized for MSI acquisition in MS mode (eg., full
scan using high resolution mass spectrometry), it is more difficult to
employ in M5/M5 mode, in particular for certain mass analyzers. For in-
stance, the MEM data acquisition on a MALDI-Tiple quadnipole instru-
ment requires a dwell time com ponent between two MS/MS transitions
[analyte and I5), s0 both signals are not acquired from exactly the same
positions | 114]. To overcome this problem, Reich et al. proposed a wide
izolation window (W) sumounding teo precursor ions [ compound and
15} in combination with a linear ion trap mass analyzer and data acgqui-
sition in product ion scan mode. Employment of asingle wide W [single
MEME experiment) instead of two sepamate [Ws foreach jon (bwo inde-
pendent MS/MS experiments) resulted in significan tly improved preci-
sion [RSD improvement from 12 to 30% to 0.50-51%) |115]. This
apprmoach was used by the same group, in combination with an appro-
priatecalibration curve and isotope-labeled intemal standard, as a reli-
ahble strategy for absolute gquantitative MALDI-MSI of both exognous
|108] and endogenous compounds | 8081 |

The matching conditions described above for quantitative MALDI-
MEequally apply to quantitative MALD-MEI on two-dimensional tissue
surfaces. However, determination of the compound directly from the
tissue section equires mone elabomate procedures as compared to ho-
mogenized samples. Firstly, intemal standard cannot simply be added
to the sample but needs to be evenly and homogenously incorporated
into the tissue or whole body secton In general, internal standard
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solution can either be sprayed or spotted [ printed) by different deposi-
Hon instruments, as long as chosen method ensures highly homoge-
neous and reprodudhble deposiion. OF note, while spotting the
internal standard provides better tssue penetration as compared to
spraying, the potential delocalization of the target molecules within a
large single spot has the potential to defocus the image. Several
methods for 15 application have been reported over the past years. In
most cases, internal standard was added to the MALDI matrix solution
and sprayedover the entre issue section | 78,99-107,1 11,112]. Alterna-
tHvely, intemal standard solution was depaosited separately from the
MALD] matrix, either beneath the tssue section [E1,108] or on the top,
ollowed by matrix deposition | 65,73,74.85). Additionally, Yost and co-
workers presen ted different 15 application sateges and demonstrated
that deposition of 15under wet tissue provides extraction and ionization
efficiencies maost similar to the endogenous compounds [110] Maore-
over, the same gmoup showed that the deposition below the tssue
only kead to improvements in analytical performance [better precision )
compared to non-normalized data if it was applied separately from the
MALD] matrix | B0). Recently, Caprioli and coworkers compared differ-
ent intemal standard deposition technigues and its influence on the
quality of absolute quantification results. The authors developed a refer-
ence Hssue model with an in vire administered drug, rifampicin, to
evaluate accuracy and precision of quanttative MALDI-MSI using on-
tissue calibration curve and different 15 deposition met hods (Fig. 3). Im-
portantly, only application of 15 on top of the tissue section — prior to
MALDI matrix application — gave a quanttative perfformance that was
comparable to LC-MS/MS analysis of the tissue extract | 116].

21.4. Nomalizetion to the Hswe-spedfic ionizobon efficency coe ficent
Two oft he main challengesin quantficaton by MALDI-MSI are com-

pound-specific ionization efficiencies and tissue-specific ion suppres-

sion effects. Both effects result in widely varying response factors and

signal suppression for the analytes, which vary significantly between
different regions of the Gsmie or even bebween two neighboring single
pixels during a M5 acquisiion. To overcome these difficulties, Stoeckli
etal.|117]and Hamm et al |118] proposed similar approaches, which
consider the different biochemical micro-emvimnments of Geaes or tis-
sue regions for cakculation of a tissue-specific ionization effidency nor-
malization fctor.

Stoeckli e al. demonstrated their strategy by semi-quantitatively
mapping the distibution of phamaceutical compounds in whaole-
body rodent sections and compared the mesults with whole-body
autoradioluminogmphy (WBAL) method. The authors illustrated the
characteristic ionization suppression effects for some regions of the
WE section by homogenoudy spraying the analyte solution over the en-
tire sample and carrying out the typical MALD] imaging measurement
The obtained histograms demonstrated a significant reduction of the
sigal intensity in some regions. Furthermaore, to calculate Hsaie-speck
icionization efficiency factors for different issue types, the target com-
pound solution was spiked onto the specific regions of the control body
section [ stomach, ing and trachea) and signal intensities from particos-
lar regions of interest were averaged to acquire numerical values for the
coefficients MSI signals from these particular tissue regions were then
divided by the corresponding coefficdents. Subsequently, M51-based rel-
ative quantification showed pood comelation with WBAL resnlts, as well
as ensured good precsion (RSD < 105 n= 3} |117]

Hamm et al. employed a similar ap proach and demonstated its use-
fulness for abso ute MALDI-MS] gquantification of two low molecular
weight drugs, propranolol and olanzapine, in mice and rat whole-body
sections. To calculate tissue extinction coefficdent (TEC), the authors
sprayed the contrd section with a “pseudo intemal standard™ solution
[a solution of the target analyte] and divided the average intensity of
the drug signal from the specific issue area by the averaged intensity
from the glass slide [selected reference region). In addition, varying
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concentrations of the sprayed analyte were investigated to demonstate
the non-dependence of this parameter on TEC Three different concen-
trations were used for five different tissue types: liver, lung, kidney,
stomach and brain. The observed variation of TEC depending on the
concentration was different for different organs The most consistent re-
sults were obtained for stomach, the least consistent for brain and kid-
ney, which was probably a result of the large heterogeneity of these
two tissues. Finally, the new method was used for absolute quantifica-
tHon by MALDI-MSI and compared with teo other technigues, QWBA
and LC-MS/ME revealing stmong corelation | 118).0f note, for the calou-
lation of TEC, the analyte was pre-mixed with the MALDI matrix com-
pound, which could Bwvor co-crystallization of the investigated analyte
with the matrix thus decreasing the impact of endogenous tisue com-
pounds on theionizaton and extracion suppresson of the target drug.
The present authors therefore suggest thatit is of potential interest to
evaluate the same TEC calculation approach, but with the pseudo-15
sprAyed separmtely prior to the MALD] matrizx

Theme are some doubts whether the TEC approach is equally useful
forendogenous molecules It is sill necessary to initially spray the con-
trol issue section with the target analyte, thus there is the potential for
hias because of inherent endogen ous quantties of the target molecules.
It is therefore required to use a stable isotope-labeled version of the

endogenous molecule as a pseudo-intemal standand, which limits this
method as compared to conventional normalization against isotope in-
ternal standard. Nevertheless, nomalization to the caloculated tissue-
specific ionization sup pression coefficents =still has an important advan-
tage over the comventional 15 approach; viz, it permits the use of the
same calibration curve [hased on glass-spotted standand solutions) for
the quantification by MALDI-MSI in different specific regions or tissue
types across the whole-body section.

22 Absohu e quantfication - different coibrotion routines

The absolute quantfication abilifesof MALDI-ME have been readily
demonstrated in recent years | 109). To obtain absolute concentration
values of a particular analyte directly from the tissue section, an appro-
priatecalibration model hased on a series of standand solubionsof differ-
ent concentration levels is reguired, similar to procedures used in
comventional analytical method development MALD-MSL however,
has inherent limitations that introduce additional challenges and diffi-
culties. In particular, the calibration standards have to be incorpoated
into the tissue material, to ensure that the quantitative insrumental re-
sponse is as similar as possble to an in vive do sd drug molecule, a pro-
tein-bound endogenous molecule, etc. The most suitable method for
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implementing standard calibration solubions imeaobves one of the nor-
malization strategies discussed above, combined with aninternal stan-
dard. The calibration strategy requires a careful decision on the number
ofcalibration stand ards, which issometimes restricted because of mate-
rial or size limitations (eg., for hairor spinal cord =amples) and the lin-
ear dynamic range of the analyte (which could potentially vary over
several orders of magnitude ). There are also the edremely challenging
practical aspects of properly preparing the calibration standards,
which result from the fact that tissue-bound compounds [endogenous
or administered in vive) experience different chemical [ covalent or
non-covalent) or physical environments across the tissue section.
Therefore, mass spectrometry imaging anahysis is characterized by dif-
lerent mcoveries of analyte from different regions (or even adjacent
pixels) of the zample. As a result, selection of the exact matrix for the
calibration solutions, which should be as closely matched to that of
the sample, ineach acquired pixels, is virually impossible. Even though
this severely complicates quantitative MALDI-MS methods, different
calibration strategies have been developed as illustrated in Fig. 4 |46]
and are discussed in the following text

22 1. Calibration curves from glos dides — with/without TEC correction
(in-solubon’ simategy)

The maost straightforward approach to prepare acalibration curvein
MALD-MSLi= achieved by deposition of standard solutions onto sample
targets or glass slides; eg, nextto the investigated tissue section T his
strategy has been frequently described in the literature. For example, Si-
mor et al performed sample deposition of calibration samples on a
metal target using the dried-droplet method [analyte pre-mixed with
MALD] matrix and internal standard) to quantify erlotinib and its me-
tabolites in mat tiswe sections 9] Jemis e al developed a quantifica-
Hon mutine for peptides based on spraying glass slides with the
intemal standard and then spotting the calibmton standard solutions,
which were pre-mixed with matrix, onto the 5-covered slides [B5). Al-
though thisin-solubon stategy wasvery simple to apply, eveninacom-
bination with internal standard normalization, it was shown to be
inaccurate in quantitative MALDI-MSI applications, because it did not
account for ionizaton suppression or varying extraction efficiency. [t
is possible to make this approach more reliable by implementation of
an appropriate comection for tissue-hased matrix effects, however; iz,
by employing tissue extinction coefficients (TEC) as described in the
previous section. Hamm et al quantfied two drugs in different rodent
twues (see calibration curves in FAg. 5 ), showing good linearity (with
coefficient of determination, B, amounted to 0.98 and 096 for propran-
olol and olanzapine, respectively). The authors achieved very good
quanttative performance in kidney for propranolol (56 pe/z tissue)

ﬂmmnsm
B Dosed tissue

amnd olanzapine (416 pg/g tissue) in comparison to the reference
methods QWBA [propranoclol, 55 p/g tissue] and LC-MSMS
[olanzapine, 41.1 pr/g tssue) |[118]

222 Calibration curves from the top or beneath the ossee [‘onfunder-
bsswe’ sirategy |

Incontrast to the in-solution method employed without TEC correc-
ton, the on-tisaee stategy, as an example of matrix-matc hed approach,
allowrsfor compensation of varationsresuling fro m differentionization
efficiencies across the tissue sectons. Briefly, this technigue is per-
formed by spotting the calibration sohlitions onto the control tissue
followed by all steps of the subsequent imaging sample preparation
process | 65,72,74,75,79,90 | Another variant of this strategy comprises
spotting the calibmtion solutions onto the glass slide before tissue
mounting, which resultsin the calibration samples deposited beneath
the control tssue |B081,108,11 5] It is important that the control sec-
tion with calibration spots (on-top or below the tissue) is ideally placed
on the same glas dide orsample target as the tssue section of interest.
This procedure reduces additional variadons from imegularities durning
sample preparation and it eliminates the risk of insrumental changes
between measurement cycles. Since the onjunder- fixsee strategy is con-
venient to use and takes into account matrix effects, it has been fre-
quently reported for guantification of exogenowus compounds
Lagamrigue and colleagues demonstmated absolute gquantification of the
pesticide chlordecone in mouse liver sections, showing good linearnity
of calibration [ B ranging from 09807 to 099814 for six replicates)
and good repeatability (coefficdent of variation 10.2% for six replicates)
|78 . Sun et al employed calibration curves based on stand ards spotted
onto control lung tissue sectons for quantficabdon of pirfenidone in diF
ferent tizsues including ung, kidney and liver. The authors utilized the
same calibmtion curve for the parent drug and its two structurally sim-
ilarmetabolites |65 | Other shudies describe ahsolute quantitative appli-
cations of MALDI-MS] employing or-ossue calibration curves for
dopamine antagonists in rat brain tissue sechons [72), for the chemo-
therapeutic agent irinotecan and its active metabolite in different tis-
sues from a colon cancer murine model [74], for the MRI contrast
agent gadofluorine M in tissues from a mouse model of myocardialin-
farction | 119], and for the exogenous neurotooin B-N-methylaminoa-
alanine in different regions of rat brain tssue |77] In another study,
Shariatgorji and colleagues employed on-iswe calibration for endoge-
nous compound 5, namely three neurstmnsmiters, acetylcholine, dopa-
mine and wamino butyric acdd As those compounds are naturally
presentin control brain tissue, calibmtion curves were prepared based
on deuterated analogues of the analytes spotted onto the sections | 79].
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Dwringcalibration, special care hasto be taken with respecttoon-os
sue spotting, Goodwin et al noticed that when MALD] matrix was ap-
plied immediately after the calibmtion solutions, preferential matrix
adhesion occurred at those places where the standards where spotted,
causing higher ion abundances in these regions. To avoid this, calibra-
tion spots should be left to dry under vacuum conditions and placed at
—80 *C Then, calibration sections should be processed in identical
manner to the i vive dosed Hssues |72

In addition to the on-fizee strategy, calibration samples can be also
deposited under the control tssue section, which has proven to be a re-
liable method for quantitative MALDI-MSL. Several papers suggested
that this strategy more accurately reflects the extrachion efficiency typ-
ical for in vive dosed samples as compared to the on-ismee method [B0,
E1,108,115). Reich et al used under-tssue calibration to quantify co-
caine in post-mortern human brain sectons |[115]. Pirman and ool-
leagues described this approach for absolute quantification of the
endogenous compounds acetylcholine | B0) and acetyl-1-camitine [B1]
in piglet brain tissue. In both sudies, sandard solutions atdifferentcon-
centration levels of the analyte were spotted onto the glass slide before
or after homogenous deposition of isotopically-labeled internal stan-
dard, followed by tissue mounting. As both analytes were naturally
present in the control sections, the authors employed calibration by
standand addition instead of more commaonly used external calibration,
showing good linearity for acetylcholine (B = 0991 2) as well as acetyi-
1-camitine [R¥ = 0.998) In another study, Pirman et al. compared the
quantification of cocaine in post-mortem human brain tissues by quan-
ttative MALD-MSI - using two different calibration tech nigues [ exter-
nal calibration versus standard additions) — with LC-MS/MS 108 ]. For
both calibration maodels, the authors observed very pood linearity by
MALDEMSL in M5/MS mode on a QTOF instrument with nomalization
to deuterated internal standard (Fg. 6). Moreover, the quantitative
MALDI-MSI results were within 25% of the values determined by
LC-M5 /M5,

In conclusion, if the matric-matched standardization method (either
o under-fisue ormimetc tissue) is employed for MALDI-MS] guantifi-
cation of endogenous compounds, the standard addition technique
presently appears to be the method of choice An alternative appmach
is the preparation of a calibrabon range of isotopically-labeled

standards of the analyte, which then requires nomalization to another
isotopically-labeled internal standard signal.

223 Colibrobon curves from mimedc bssue models [in-Hswe’ srategy )

Recently, a mimetic tissue approach was proposed to correct for
both ionization and extraction efficiency varnatons, which was previ-
ously reported for quantitabive imaging of elements in tissue by laser
ablation [LA)-inductively-coupled (1P -MS [ 120 | Its implementation
for quantitative MALDI-MS was first described by Groseclose et al for
quantification of the low molecular weight drugs nevirapine in rat
liver sections and lapatinib in dog liver as well as for xenograft mouse
tumor model [70]. The preparation technigue was based on a series of
control tissue homogenates with added standard solutions of the ana-
lyte atincreasing concentrations Spiked homogenates were deposited
into separate channels drilled into an OCT block, which was placed at
— B0 "C This mimetic tizsue was then processed on exactly the zame
manner as in vive-dosed tissues (Fig. 7). The authors obtained a wide
linear dynamic range (¥ = 0.9995) and very good correlation with
LC-MS/ME, even though the spiked homogenates were prepared from
rat liver and used for quantification from dog liver and xenograft
tumor sections. In another study, the same group employed a similar
strategy for imaging of carbooy metabolite of dabrakenib in rat kidney,
showing comparable amounts of target analyte by MALDI-MS] and
LC-MS/MS [71]

Although the mimetic tissue approach appears to be the most reli-
ahle calibration stategy for quantitative MALD-MSL it presents several
challenges. Firstly, the entire procedure is much more time con suming
than on/under-tissue appmaches, which becomes even more disadvan-
tageous when guantitative MALDI imaging of whole body sections is
performed. Whole body sections wou ld ideally require a different cali-
bration block for each single tssue type Moreover, for structurally di-
verse organs such as brain or kidney, with varying levels of
endogenous compounds, a perfect calibraion model would use sepa-
rate calibration curves for each sub-region or subtype with specific
chemical and morphological characteristics [ eg., white matter versus
grey matter in brain, medulla versus cortex in kidney). The same prob-
lem ocours for size or amount-limited tissues [ eg., spinal cord, optic
nerve.], which do not allbw the preparation of range of tssue
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homogenates. To overcome some of these difficultes, Takai e al
employed liver-based surrogate tissue guantification for liver samples
and other tissuessuch askidney, brmin and ung. Although the measured
concentation values were more accurate when the liver sumogate was
implemented for liver samples [B0-120% as compared to LC-MS5/MS),
the data for the other Gsmes were acceptable [ 104-160%] |73]. In an-
other example, the =ame group proposed gelatin as surmgate material
[peeudo-tissue ] instead of tissue homogenate, to quanti fy ther peu tic
peptides in mice liver and kidney sections. The paper demonstrated
mad comeation between results from MALD-MS] and LC-MS/MS (ac-
curacy, 76-127%) | 76].

An important parameter that needs to be considered in mimetic ts-
sues is the quality of the morphological structures of the tissue homog-
enate cores. This is typically accomplished by histological evaluation of
mimetic tissue secions with respect to tissue density and number and
distribution of cell mickei (Fig. 7). Jadoul et al compared four different
homogenization technigues to achieve optimum reconstruction of the
morphology of the intact tissue [B2]. The most satisfying results were
seen with a simple tissue grinder [ Potter-Elvehjem homogenization )
or an automated bead mill homogenizer. The authors also assessed
the mle of the freezing speed on mimetic tssue secion morphology.
Best results were obtained by immersing the material in pre-cooled
isopentane at —50 °C, instead of placing it in the freezer at — 80 °C,
which allowed for faster freezing and prevented formation of large ice
crystals and additional tissue damages | 2. Finally, for gquantification
of drugs, Gro=sdose et al noted that it is necessary to confimm that the
drug is incorporated properdy into tissue homogenates, in particular
for liver, and that it does not undergo metabolism, to maintain the ap-
propriate concentration of parent drug in the calibration spots [70].

3. Conchsions

Different normalization and calibration mutines for MALDI-MS
quantification of low-maolecular weight compounds were discussed
and compared in this article The most important conclusion from the
presented experimental strategies is that reliable absolute quanttative
results from MALDI-MSI can only be obtained if a carefully designed
workflow is imp lemented that combines appropriate calibration curves
with proper data normalization of signals intensites. Currently, the
maost reliable approach for absolute quantification appears to be based
on mimetic tissue-based calibration curnves along with normalization
to well-matched internal standards [ stable isotope compounds or struc-
tural analogs). This strategy has yielded accurate, spatially resolved
quantitative data in research fields such as drug distribution studies,
which have been comparable to the established standard technigues
autoradiograp hy or LC-MS/MS. The method is tme-consuming, howew-
er, and therefore calibmtion curves hased on standand solutions spiked
onto the tissue are reasonable albernatives, as well as the combination
of tissue extincton coefficient nomalization with on-gless calibration
CUTVES.

Although different quantitative sirategies have been successfully im-
plemented for MALDI-MEL the technigue is still in constant flux with in-
novabons. Recently, new dewlopments significantly improved
detecton sensiivity [ eg., post-ionization using the MALDI-2 concept
|121] or on-tissue derivatization |77] ), precision (e.g., automated de-
vices for reproducible homogenous matrix deposition |B6]) and selec-
bvity (e.g., reactive matrices for ontissue derivatization | 122]). In
addition, new software readily supports different M3 normalization
procedures and absolute gquantification |83,118,123,124]. In the end,
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(D), PEG{CaH 0)pH20 (m/z613.341) (E) and PtC{'C;H;OJ..H;&IJ (F) overlaid for assessing poentad antannaton of tissue regians by OCT. Reproduced with permission fom

reference |70}

the final gaal of these developmentswill hopefully provide a technology
that permits accurate, absolute quantification of each single pixel within
the acquired MSl data set.

Some existing guidelines on the validation of (bio)analytical
methods such as those provided by the International Conference on
Harmonization (ICH Q2(R1}) | 125], the European Medicines Agency
(EMA) [126] or the US. Food and Drug Administration (FDA) [127],
which are routinely used in the validation of LC-MS/MS assays, have
also been implemented in gquantitative ( non-imaging!) MALDI-MS
studies, including several systematic comparisons and cross-validations
between these two techniques |[6,1038]. It is necessary, however, to
recognize the challenges and limitations of these guidelines for applica-
tion to quantitative MSL First of all, analyzing tissue samples as tissue
homogenates is already significantly more challenging in comparison
to analysis of body fluids (plasma, serum, urine) |[128] Moreover,
the particular feature of imaging analysis, that is, the preservation of
the integrity of the intact tissue section (incomparison to bulk analysis
by LC-based techniques), determines that some of regulatory guidance
for LC-MS/MS assays cannot be directly transferred and applied togquan-
titative MALDI-MSL.

One of the major current obstacles in determining trueness of the
method (usually expressed in terms of bias) is the lack of appropriate
reference materials (tissue sections) with known (certified ) values for
the embedded analytes - for specific xy coordinates at appropriate lat-
eral resolution - which would permit single pixel accuracy for quantita-
tive MALDI-MSL In theory, a gold standard technique such as LC-MS/MS
could be used as reference tool for this purpose after laser-capture
micro-dissecting the areas of interest at sufficient lateral resolution
Such an approach would not compare exactly the same tissue sections,
however, but only adjacent slices; it would als require careful spatial
alignment of two highly resolved quantitative molecular images There-
fore, most of the reported cross-validation examples (quantitative MSI
versus LC-MS/MS) are based on the comparison of the quantitative re-
sults obtained for the whole tissue sections

In contrast to trueness, determining the precision does not require
the measurement of the exact concentration of the analyte (=true
value) in the samples, as it is simply realized by repeating individual
measurements of identical samples, usually at several different concen-
trations. Therefore, the proposed mimetic tissue model [70), which isin
fact an adaptation of spiked matrix-matc hed standards used in LC-MSMS,
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can be successfully employed to determine repeatahility as well as in-
termediate predision of the method. Determining selectivity, defined
as an ahility of the method to ensure that the quantified compound is
indeed the target analyte, can, in theory, be realized along the lines of
chromatographic approaches, through analyses of blank matrix sam-
ples obtained from several different sources [at least six according to
the FOA). Howeever, since obtaining tissue samples may reguire the sac-
rifice of additional animals [in contrast to sampling body fluids), the
present authors suggest to follow the recommendationsdeve loped dur-
ing the conference on “Analytcal Methods Validation - Bioavailability,
Bioequivalence and Phamacokinetic Studies™; that is, accepting the
analysis of a blank =ample from one source for mass specrometry-
based methods |129]. The decision on an appropriate calibration
miadel, which is essential for reliable quantification, as well as determi-
nation of linearity, working range and limits of gquantification, does
not differ substantally for MALD-MSI as compared to well-established
LC-MS/ME guid elines

In contrast to the albrementioned validabon parameters, assessing
the recovery and stahility of the quanttative MS] method is even
more challenging and cannot simply rely on applying existing
hinanalytical guidelines. In imaging ex periments, the prepamtion of ref-
erence samples for studying the recovery by spiking analytes to dsue
homogenatesdoes not provide arealistic epresentation of thedmgdis-
tribution in the intact tissues. Thus, determination of recovery based on
the mimetic tssue model is only possible to certain degree, limited by
the degree of closeness of this model to the real tissue environment,
as well as by the intra- and extra-cellular content of the analyte in its bi-
ological surmundings |128] Reliable assessment of stability for mass
spectrometty imaging methods appears to be even more challenging.
According to the regulatory guideines for bioanalytical methods, test-
ing the stability of the analyte should be provided for the entire analyt-
ical procedure, including sample collection and handling, storage of
frozen mmples (long-term stability ), sample prepamaton and analytical
measurement processes [short-term stability], as well as after freeze-
and-thaw cycles. Unfortunately, many of these suggested proced ures
cannot be tested and documented in M51 analysis of intact tissue sec-
tions and organs in a straightfborward manner, as eference materals
for certified tissue [and whole organs) are not available

Fimally, determination of any of the mentioned method validation
pammeters requires repeated independent measurements of identical
samples at different concentration levels. Therefore, the single acquired
pixel in M analysis essentially comesponds to the singe sample anal-
ysis by LC-MS/MS [using a single chromatographic injection of a liquid
sample ). However, we cannot replicate measurements of the same
piel, as we simply do by replicate injections of the same sample onto
the chromatography column. Thus, the complete validation of “pixel-
to-pieel” quantitative MALDI-MES method (in contrast tothe quanti fica-
tion of whole tissue sections ) without usng a series of (certified | refer-
ence Hssue sections, with known true value of the analyte for every
single pixel, mmains edtremely challenging or even impossible, likely
requirng altemative models in the uture

Transparemcy doument

The Tmnsparency document assocated with this article can be
found, in online verdgon.
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Abstract. Bile adds (BAs) play two vital roles in living onganisms, as they arainvohled
in (1) the sacreton of cholesterol from Iver, and (2) the lipid digestion/absorption in
the irtestine. Abnomnal bile acld synthesis or secretion can lead o severa liver
disorders. Even though there is extensive lterature on the mass spectrometric
datarminaton of BAs in biolluids and tissue homogenates, there amre no repots on
the spatial distribution in the biliary network of the iver. Here, we demonstrate the
application of high mass resolulionimass accuracy mathix-assisied laser dasomtion
ionization | MALDIy-Fourier-transtorm ion cyclotron resonance (FTICR) to MS imag
ing (M3} of BAs at high spatial resolutions (pixel size, 25 pm). The results show

chemical heterogenaity of the mouse lver sections with a number of branching biliary
and blood ducts. Inaddition toion signals from deprolonation of the BA molecules, MALD -MS| ganerated several
further inlense signals at largar myzfor the BAs. These signals ware spatally codocalized with the deprolonated
molecules and easily misinterpreted as additional products of BA biotransformations. In-depth analysis of
accurate mass shifs and addit onal electrospray lonization and MALD FFTIC R exped ments, howevar, confimad
them as protonsbound dimers. Interestingly, dimers of bile acids, but also unusual miked dimers of diflerent
taudne-conjugaied bile acids and freetaudne, wene identfied. Since fomation of these complexes will negatively
influence signal inkenstes o the desired [M - HJ lons and significantly complicate mass spectralinterpretations,
two simple broadband techniques were proposad for non-salective dissociaton of dimars that laad 1o increasad

signals for the deproonated BAs.

Keywords: Mass spectrometry imaging, MALDI, FTICR, Bile acids, Taurocholic acid, Taudne, Proton-bound

dimars, Adducts

Recetved: 17 Moveanber 2017 Revial: 24 December 200 TAcoepied: 24 Decmber 2017/ Publshed Onlme: 7 Febmuary 2018

Introduction

ile acids (BAs) ane an integral part of the digestive system
of living organisms, whene they play two essential roles:
frsthy, they are synthesizad from cholesterol in the liver hepa-
tocvies and this process maintaing cholesterol homeostasis.
Secondly, bile acids in their comjugated forms (“bile salts™)

Ekctronic supplementary material The onlne vesion of ths article (higps:
doiorg 10 1751 3361 =(1 7-1556-6) conlamns supplementary matersl, which
& availshle o sudhonxed users

Correspondence i Dhetrich Volmer; e-mail- dietrich vobmenii hu—berlm.de

participate in digestion and absorption of lipids and lipid solu-
ble compounds (¢.g., vitamins) in the intestine [1].
Intersstingly, difference of bile acids composition exist be-
twem vertebrates, which makes this an interesting biochamical
trait not only from an evolutionary biokogy point of view, but
also frvm a biomedical perspective [2]. For example, racent
reparts have shown a link betwem charactenstic BA compo-
sition in mice and their resistance to high Gt diet-induced
ohesity and diabetes [3-5]. In contmst to these beneficial
effects, some bile acids {2z, litocholic acid) are considensd
toxic endobiotics [6]. Moreover, abnommalities in BA synthesis
(which is tightly controlled by 17 different erenrmes) as well as
secretion processes can lead to development of serious
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disemses, including bile add (mbom) synthesis disorder and
primary biliary cholangits [7-9]. Furthermore, accumulation
of BAs n undesirable organs/tissues canses oxidative
nitrosative stress, damages of DNA and cell apoptosis [10-12].

The complex biosyntheses of primary bile acids in liver
hepatocytes results in lape structuml divemsity of endogenous
metabaolites. In addition, secondary bile acids are formed in the
colon as aresult of bactenal action, and some of them re-enter
hepatic ciraulation (entervhepatic recirculation) [13]. In mam-
mals, bile composition is almost exclusively limitad o com-
pounds consisting of 24 carbon atoms; that is, acidic sterids
with typical four-ring steroid core and C-5 side chain
(Figume la). They differ in the number and position of hydmsxyl
groups attached to the rings and also include epimers, for
example, muricholic acid (charactenstic for mice) with four

a

b

Bile Aucid Abbreviation R, Ry By R,
Unconjugated bile ocids

Chodic A H @OH a0H oH
Chenodeswycholic (=Y H m0H H oH
a-hiuric hedic aMIA BOH ®mOH  H oH | £
B-tduricholic Bhaca BOH  BOH H oH &
w-Murichelic wICH o080 -0 i 1] :-._I%
i=Rurichiolic whCh -0 B-OH H OH
Tetrahydromy-28 THEA x-CH @OH a0H CH
Deamychalic DA H Ho weOH oH
Litochaolic LCa H H H oH i
bdundeaxychalic MDOCA B0 M H 1] —-E
Hyedeosycholic HOCA o0H  H H OH E
Ursadecongcholic UOcA H -0 H OH |
Conjugeted bife oods

Taurinated-Bas T.. - - T BWHACH-SOH
Glyoinated-BAs Q... " - - NH-CH-CO0OH
Figurs 1. fa) Typical four-rng stemid structunes of 24-carbon

bike acids, including differences in number and positions of
hydrowyl groups (Rq-Fa) as wall as N-amida conjugation (Fa).
(b) Most common non-conjugated bile acids present inhumans
and rodents, with the different positions of hydroxyl groups as

wall 25 two major conjugation types
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different combinations of two hydroxyl groups attached to C-6
and C-7 positions. In addition, unconjugated BAs undemro
further biotrans formation routss, from which the most important
is M-acyl amidation with taurine or ghecine at C-24. Morawer,
conjugations at C-3, C-6, or C-7 include sulfation,
glucuronidation, glucesidation, and N-acetylglucosaminidaton
[14, 15]). The nomendature of bile acids was developed by
Hoffman et al. [16] (Figure | summanzes structures and
abbreviations of the most common human and mouse bils
adds). There is a lage group of intermediae products of 24
carbon bile acids containing a kdo group at C-3 (oxo-BAS) md/
or unsaturatad double bonds at C4 or C-6. The hitter were used
a5 potential biomarkers of patholomeal change in severe liver
dhsamses [7, 10].

All these processes combined with recent findings present-
ing bile acids as pleiotropic signaling molacules [17, 18] re-
quire powerful analytical assays to fully decipher the complete
molecular signatures of BAs m different biological mainces
andlink them tothe pathology of the corresponding disease. As
aresult, MS-based techniques have been the primary analytical
tools for bile acid characterization over the last few decadess.
Iritially, fast-atom bombardment (FAB) was often implement-
ed, delivenng mostly depmtonated molecules for BAS in neg-
ative ion mode. FAB was frequently used with double focusing
magnetic sector nstruments, which allowed high-snergy colli-
sioms (=1 keV) and subsequent dissociation of the steroid
backbone via chamge-remote fmgmentation (CRF) [19, 20].
Of note, conugation through MN-acyl amidation of the side
chain has two practical implications for BAs, Firstly, it -
creases acidity (e.g, pRa of TCA ~1.5 versus CA ~4.5) and
thus improves iomzation efficiency. Secondly, it enlarpes
cryss-sections for CRF, resulting in intense and nformative
MSMS spectra. This phenomenon was used to improve FAB-
MS of hile acids afler derivatization with taurine or other
aminosulphonates [21, 22]. Other ionization techniques were
also used, meluding thermospray [23, 24], atmospheric pres-
sure chemical ionization [25-28] — both coupled to ligquid
chmmatogmphy — and electron ionization after derivatization!
separation by gas chromatogmphy [29, 30]. Today, matrix-
assisted laser desorptionionteation (MALDT) and electros pray
onization (ESI) dominate analysis of BAs [31]. Particularly
LC-ESI-MSMS is the method of choice for analysis fom
different biological sarmplas such as biofluids (urine, bile, plas-
mafserum) [32-34] and hiver tssue homogenates [35, 36].
Efficient LC separation is vital, as LC-MSMS instruments
usually only provide kvw eneney collision indueed dissodation
(CTD) (0-100 V), with less structure-informative spedm as
high-mergy CTID[19]. In contrast to EST, MALDI has not been
extmsively applied to analysis of BAs, except for the quanti-
fication of bile acids in wine and plasma [37, 38] and for
MALDI imagng of taumcholic acid in a murine model of
polveystic kidney disease [39]. Mass spectrometry imaging
(MSI), however, which combines daailed molecular charae-
terization with spatial distibution messurements, has not vet
been applied for detemmining spatial distribution of BAs in
mouse liver bilinry networks, which is the main purpose of
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the present work. In addition, we wers concemed with unusoal
adducts observed during MALDI-MST analysis of biles acds.

Adduct formation is common in mass spectometry and
adducts often serously complicate mass spedral mtarpretation
[40]; sometimes they enhance detection when delibemtely
formed (e.g, lithium adducts of phospholipids [41] or silver
adducts of cholesterol [42]). Interestingly, gas-phase ESI or
MALDI adducts are oflen stable in positive ion mode. Anion
adducts, however, ofien do not survive the MALDIT process,
which is atribuied to the langer amount of energy tmnsfered o
the desorbed molecules upon wonieation [43, 44]. A paticular
typee of iomic cluster is the protonbomnd dimer (PBD), which
consists of the same (=homodimer) or different (=heterodimer)
species (ions or neutrals), Their weak hydrogen bonding was
used as princple of the knetic method, which was developed
by Cook and coworkers [45-47] and later refined, g, by the
Fenselan group [48, 49]. In this method, ESI combined with
CID of m£-selectad PBD is used to deermine reative proton
affimities (PA) of ions contibuting to the isolated chster. Bile
acids were investigated by this method and exhibited different
MEMS spedm, depending on the PA of the contnbuting ions
[50, 51].

The present work reports on protor-bound dimers formmed
during MALDI and the extensive presence of these clusters
from endogenous tissue metabolites in MSI. Spedfically, we
deseribe application of high resolution FTICR-MS at high
MALDI-MST spatial resolving powers (25 pm) for bile adds
in the biliary network of mouss liver sections and demonstrats
identi fication of taunne-conjugated hile acids directly from
tissug sections and formation of proton-bound dimers of &if-
ferent bile acids and tarine.

Experimental
Materials and Reagents

Tauring (99%), 9-amincacridine (9-A4, 99 5%), ethanol
(HPLC grade) and standard micmoscopic glass shides were
purchased from Sigma-Aldrich (Steinhsim, Germany).
Taurocholic acid (sodium salt, 95%) was from Biomol
GmbH (Hamburg, Germany), and potassium chloride
(99.5%%) from Groessing GmbH (Filsum, Gemmany). Punfied
water was generated by a Millipore (Bedford, Ma, USA)
purification system.

Animals and Tissue Preparation

All animal experiments were parformed in accordance wath
international regulations and pennission from the local reserch
ethics committes (Saarland Government TVY 27/2014).
Female C5TBLG mice (12-wk) were purchased (Charles
River, Sulzbach, Gemmany). The animals were anesthetioed
with xylarine/ketamine and orgms wene dissected immediately
after sacrifice, snap-foeen in liquid M., and stored at 80 °C
until the sample prepamation process. The long udimal mouse
liver sections were prepared at 12 pm thicknesses using a

Reichert Jung 2800 Frigocut cryostat microtome (Leica
Micmsystems, Wetdar, Germany), thaw-mounted onto the
plain micmscope glhss shides, and dried for 30 min in a vacoum
desiceator. The tissuss wens then stored at —80°C prior Lo mass
spectrometry imaging expenment.

MALDI Matrix Deposition and Evaluation of its
Cuality

The MALDI matrix 9-ammoacriding was chosen in this study
because of its ability o eficiently ioniee acidic compounds in
negative on mode, meluding bile acids [37-39]. A soluton of
9-AA (5 mg'mL)was freshly prepared in ethanol‘'water (70030
[v/v]) prior to deposition. Matnx was appliad on top of the
tissue sections using a home-built avtomatic sprayer, based on
the Probot micro fraction collector (Thermo Scientific,
Garmenng, Germany) and MicmolonSpmy nebulizing noeele
(Sciex, Concord, ON, Canada). Fused silica spray capillaries
(Molex Polymicro Technologies, USA) of ssveral different
internal diameters wers tested with rsspect to homogeneity of
matrix layers, crystal sizes, and msistance o clogging during
the longer sprayving pmocess. Eventually, the capillaries of
200 pm nternal diemeter were chosen as they provided opti-
mum performance. The nocele haght was 4 mm, distance
between the lines was 3 mm, and the movement spead was
19925 mm'min along the v-axis in a meandering pattern. For
final imaging experiments, seven layers of 9-AA were sprayad
with increasing flow rate in the following pattem: two layers at
20 pLi/min and five layers at 40 pLimin. From these expen-
ments, the estimated amount of mairix added 1o the tissue
(=matrix density) was caleulated at 00201 mg/mm®,
Eventually, in-depth viswal inspedion of the obtained 9-A4
layers was carried out using optical and scanning electron
(SEM) micrmoscope mmagss, which revealad high homogensity
and reproducibility as well as crystal sises down o 1 pm
(Figume 51, Supplementary Material).

Mass Spectrometry and Data Analysis
MALDI imaging, MALDI and ESI expenments were per-

formed in negative ion mode on a Broker (Bremen,
Giermany) 7 Tesla Solarix FTICR mass spectrometer, equipped
witha dual ESIMALDI ionsource and Smartbeamn ITNA:Y AG
(355 nm) laser. MALDIimaging data were colleded from m.z
50 o 2000 with a tmnsient length of ~0.5 5 and resolving power
(FWHM) of ~90,000 at sz 400, Internal mass cahbration was
performed using a series of peaks origmating from MALDI
matrix and endogenous compounds, Two different MST picel
size settings were used 0 pm for low spatial resolution
imaging of the whole liver section and 25 pm for the high
spatial mesolution maging of selected sub-regions of the adje
cent tissus section. This particular approach was chosen be
cause of analysis time considerations. The run time for the
whole liver section at the larper raster step stee of 70 pm was
ca. B h (approximately 22,000 single points). The same whole
section imaged at 25 pm would have required ~189,000 pomts,
with an estimated total run time exceeding 63 h. Selecting the
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smaller regons of nterest for imaging at high spatial resolu-
tion, however, allow el us to keep the single expenment anal
vsis within a few hours. For low mesolution experiments, the
laser was sd o the “small™ spol swe, laser power to 209,
number of laser shots/pixel to 100, and frequency to | kHez For
high spatial msolution experiments, different laser settings
wene Lested with respect to signal intensities as well as o
ablated area, assurimg dense pixel deposibon and avoidimg
overlap between neighboring laser spots (Figure 52,
Supplementary Material). As a result of these opltimization
expernments, the optimal laser settings were set o “minimum”
spot siee, laser power Lo 1085, number of laser shots/pixel to
200, and frequency to | kHz MALDI expenments with stan-
dards were cartied out by using dred-droplet sample prepara-
tion and spotting onto steel MALDT target plates (Bruker). ESI
wis performed wsing dirset mfusion using the instrument’s
syringe pump at 2 pLimin. All M3/MS experiments wers
perfommed by isolation of precursor ions in the external guad-
rupole (solation window: 3-5 u) and accumulation in the
hexapole for collisin-inducal dissociation (CID) at varying
collision enengies (5535 V). Data were processed and analyaed
using the Bruker Data Analysis and FlexImaging software for
single mass spectra and imaging data sets, respectivd v, Mass
spectral interpretations wen: conducted using the METLIN and
LIPID MAPS databases to malch the accurale masses of the
precursor ions, and by manually interpreting MSMS fragmen-
tation pattems and comparing with standards. MS images wens
nomalized to the deprotonated 9-A4 signal, which was previ-
ously described as an efficient normalization routing when
isolope labeled mternal standards are not avadable [52-55].
This appmach was chosen here over the more common TIC
and BM S routines because both TIC and BMS caused unreal
istic enhancements ofion yields in our MSI data sats (data not
shown). Suchartifacts, m particular for signals of high imlensty
in ceriin regions, which comply well with the histologmeal
structunes of heterogensous tissues, have previously been de-
seribed by Demnimger ot al. [56].

Histological Staining and Optical Microscopy

A fler MALDEMST measurements, the glass slides were genty
wished with 70% ethanol to remove the matrix. The tissus
sections wene stainad with hematoxylin and eosm (H&E) as
follow s: glass slides wene dipped in 100% ethanol at 20 °C for
5 mm, followed by distilled water for 2 min. The shides wens
then immersed in Ehrlich’s hanatoxylin (Carl Roth, Karlsruhe,
Gemnary') for 5 min, washed with devoniasd water, followed by
bluing in running tap water for 10 min. Staining by eosin (Carl
Roth) for 10 5 was followed by a wash with deionizal water.
Slides were then dipped in 8% ethanol for 3 min, 9095 ethanol
for 6 mmn, and 100% ethanol for 2 = 5 min, follow edby placing
them in three different xylens (VWE, Darmstadt, Germany)
baths for 5 min each. Finally, shdes were cover shpped using
mounting medivm Rot-Histokatt (Cad Roth GrbH, Karlsmibe,
Germmany). The simed tissue sections wens scannsd wsing an

Olympus dotshde optical micmoscope with an UPLANSAPO
400090 objective (Olvmpus, Tokyo, Japan).

Results and Discussion

On-Tissue Identification of Taurine Conjugated Bile
Acids

Bacanse of the chemical complexity of the bile acid lipid class,
high resolutionhigh accuracy MALDI-FTICR was emploved
to identify the molecules dimsctly from mouss liver sections. In
the first step, interpretation of the a verape as well as single pioel
mass spectra fom the MST experiment was performed and
annotated mz values (mass uncertainty, £3 ppm) within the
hile duct and gall bladder regions were mterogated using the
METLIN (http://metlin.scripps.edu) and LIPTD MAPS (httpa!
wwrw lipidmaps.one) databages, Tentative identifications were
compared with an existmg study of LCMSMS analvsis of
miouse bile, plasma, and liver tissue homopgenates [32-34]. In
the second step, CID expenments were performed directly on-
tissue (hile duct andfor gall bladder regions) and MS/MS
specta manua ly intepreted

A representative MALDT mass spectrum extraded from a
single pixel (bile duct regon) of the MSI experiment is shown
in Figune 2a. The measured accumie mz of the base peak at mz
514.2836 (center panel) matched that of the [M - H] in of a
compound with molecular formula CagHy sNOSS (=act mass,
'z 5142844, which in turn was assigned to taumcholic acid
(TC A or one of the epimers of tauromuncholic acid (o-, B, y-,
ora-TMCA, Figure 1). Inaddition, two other important signals
were found. Firstly, s 498.2904 (top panel) was assigned a
molecular formula of CogHy SNOES and tentatively identifisd as
taurochenodeoxycholic acid (TCDCAY); secondly, miz
5302789 (bottom panel) was assigned the formula
CisHysNOy3 and tentatively identified as
taurtetmhydroocycholic acid (TTHBA). The molecular formu-
lae differed by 16 u (one ooy pgen), thus representing the taurine
comjugakes of primary bile acids containng two, thres, and four
hydmecyl groups at the stemid cores, CID expenments of each
species (Figure 2b and ) revealed chameteristic fmgment ons
at me 124 (C:HNOLE) and mz 107 (CH:0657), mesulting
from cleavages from the taurine conjugated side chain In
addition, two further meaningful fragment ions were observed,
ongmating friom neutral losses of taunne and a smgle water
molecule (ms 355 2648) or taurme and two water molscules
(mz 353.2486), which are charaderistic diagnostic ons for
dibydmxy and tribvdroxy BAs [31, 57] OF note, MS/MS-
hased distinction batwem the two individual isomers of trihy-
dmxy bile acids (TCA and TMCA ) was not possible with the
implemented instrument, as only low-energy CID was avail-
able, which does not provide somer-specific wns for the two
species. However, based on quantitative data for the isomers
shown in previous LO-MS/MS studies of hile acids in mouse
gall bladder and liver, we assume that both isomes contribute
to the wm abundance at mz 5143 [5, 33]. Potential isomer
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Figure 2. (8} MSI single pixal mass spactrum for the miz range 450700 (canter), with two smaller expandad m/z range: m'z £00-
508 (top) and miz 522-540 [bottom), showing signals from deprotonated molecules of tribydroxy, dihydroxy, and tetrahydroxy bile
acids, respactivaly. (b) CID mass spectra of thres idantified BAs, confirming taurine-conjugated side chains, obtainad ater isolation
in the quadrupole and dissociation in the hexapole colision cell at energies of 50, 55, and 50 eV for ditydmoxy, tritydracy, and
tetrahydroxy BAs, respectivaly. (e} Structures of the three identified BAs (TCA and TMGCA isomers are both shown, as distinction was

not possible with the presant method)

contributions will be mvestigated in the future by utilizsing ion
mobility separation after MALDI.

High Spatial Resolution MALDI-FTICR Imaging
of BAs in Mowe Liver Sections

Even though liver is often considered to be a homogenous
tissue in MSI studies, it is in fact a highly vascularized omgan
[58]. The relatively homogenous parenchymal tissue consisting
ofthe hepat ocytes is highly parmeated by branching biliary and
blrod vessels. Bile acids are synthasized in the hepatic lobules
of liver parenchyma and, following conjugation with taurine
(mice) or taunne and glyane (humans), they ane secreted 1o the
gall bladder through a banching network of bile canaliculi,
canals of Herng, and different size bile ducts, which together
create the charactenstic biliary tree [58-60]. Heme, we used
MALDI-MST o investigate molecular profiles and branching
patterns of the mouse intrahepatic biliary trse at high lateral
resolutions (pixel size, 25 pm). In addition to the single ion
images of different hile acids, we alse provide molecular dif-
ferentiation between bile ducts, blood vessels and hepatic pa-
renchymal tissue from a single tissue ssction, based on the

RGE ion images of three different compounds serving as the
molecular surmgate markers of the thres megions.

The spatial distributions of the three taun ne-conjugated bile
acids discussed above are shown in Figure 3. All ion ima pes ane
creatsd based on the signals from the depmtonated molecules:
TCDCA at mez 498 2904 +0.05, TCATMCA at m= 5142836
4+ 0,05, and TTHBA at ses 5302789 £ 0.05. The raster width
wis 70 pm for whole tissue sections (Figure Ja) and 25 pm for
seleced smaller sub-regions of adjacent sections (Figure Jb—d).
Al three hile acids were clearly co-localiead, cormelating well
with the anatomical features ofbile ducts revealed by the HEE-
stamned images, and cleady showing the banching nawork of
the biliary tree in the high spatial resolution images (Figuns 3h),
From a companson of the relative sigral intensities (normal-
ioed o 9-A A matrix signal), we dgaminad TCATMCA asthe
most abundant mvestigated component of bile, and TTHEA as
lowest abundant molecule In addition, the highest intensity of
all three BAs was found in the gall bhdder (green amrow on the
H&E image, Figure 3), which serves as storage resarvoir for a
condentrated bile [39, 61]. These findngs are in good agree-
ment with previously published quantitative LC-MSMS -
pons [35, 36].
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Figure 3. MS ion images representing spatial distributions of the identified taurine-conjugated bile acids at m/z 498.2904 + 0.05
(TCDCA), m/z 514.2836 = 0.05 (TCA/TMCA), and m/z 5302789 = 0.05 (TTHEA) for the whale section of mouse liver at low spatial
resolution (pixel size, 70 ym)(a), and in smaller sub-regions of an adjacent tissue section at high spatial resolution (pixal size, 25 pym)
(b-d). All ion images were nomalized to the 9-AA matrix signal. The green arows indicate gall bladder (a) or bile vessels (b-d),
wheraas the red arows show blood vessels. Scale bars: 5 mm (a), 1000 ym (b, ¢}, and 500 ym (d)

In addition to determining spatial distnibution of seleced
bile acids in liver sections, the MALDI-MSI method also
¢nabled us o perform molecular fingemprintng of mouse liver
microstructures. As seen in Figure 4a, three different regions
can be dstinguished based on the mass spectra collected from
these areas: bile ducts, blood vessels, and liver parenchymal
tssue. Furthermore, distinet molecular histology images can be
readily obtained by selecting three different deprotonated mol-
ecules: mz 5142836 + 0.05 (TCA/TMCA), 615.1703 + 0.05
(heme B), and 885.5492 + 005 (PI (18:020:4)), serving as
surrogate molecular markers of the above-mentioned regions.
Using these marker ions, Figure 4b, ¢ illustrate RGB ion
images of the whole section and the expanded regions (at
spatial resolution of 70 pm) that reveal excellent comrelation
with the anatomical features of H&E-stained tissu¢ images.
Moreover, to emphasize the importance of imaging at higher
spatial resolutions (at pixel size of 25 pm), the smaller bile
ducts located in the proximity of larger blood vessels are
presented in Figure 4d, e. In these experiments, the bile acids
were detected even in the ducts of small diameters such as 50-

100 pm, which demonstrates the great potential of the method
for studying human liver samples, including the molecular
visualization of interlobular and, with further improvement of
lateral resolution, the intralobular bile ducts. Of note, our
experiments and results showed a minor tendency to ddocali-
zation of bile, during cryosectioning, thaw-mounting, and/or
matnx spraying, ¢ven though a tightly controlled sample prep-
aration protocol was used (see Experimental). While complete-
ly eliminating ddocalization from the first two processes can
be difficult (if not impossible), solvent-free matrix deposition
such as dry-coating or sublimation can avoid delocalization
from matnx spraymg. Such an approach will be crucial in the
next stage of our work, where we investigake images of smaller
featres of the biliary network.,

Proton-Bound Dimers of Bile Acids and Tawrine

Several recent LC-MS/MS studies have reported the identifi-
cation of a wide range of bile acids in liver and bile samples

33, 34, 62]. We interrogated our MSI data sets for these and
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Figure 4. MALDI-MSI singe pixel mass spactra from three regions of liver tissue section with different microstructures and
chemical compositions: biliary tree (bile duct), blood vessal, and liver parenchyma. The m/z values used for RGB MS images are
highlighted in the spectra (a). RGB ion images reprasenting three different compounds, showing dear distinction between
anatomnical features (as shown by the H&E stained images) across the whole tissue section (pixel size, 70 ym) (b). Expansion of
the smaller subsegion (c) as well as smaller sub-regions from an adjacent section (pixel size, 25 ym) (d, e). Scale bars: 5 mm (b),

1000 pm (¢, d), and 500 um (e)

additional molecules, which are associated with the gall blad-
der and bile ducts regions. In addition to the manual investiga-
tion of selected regions of interest (ROI), we also applied mass
defect filtering (MDF) based on average mass spectra from the
MSI experiments, to identify further potentiall metabolites of
bile acids. For this purpose, we chose an unconjugated
monohydroxylated bile acid, litocholic acid (LCA), as core
substructure and set a mass defect filer window of £50 mDa
around the exadt mass of LCA (to include the most common
bile acids conjugations) over a broader mass region fom m/z
400 to 700. This combined approach of data processing re-
vealed >20 promising monoisotopic m/z value candidates.
Most notably, two interesting groups of signals with the highest
rdative signal intensities were found in the ranges between m/z
620 and 680 and fromm£ 1,020 to 1080, which are shown as

single MSI pixel mass spectrum in Figure 5. Surprisingly,
searching common databases (LIPID MAPS and METLIN)
did not give any positive identifications. Moreover, the mea-
sured accurate mass shifls fom the chosen core stucture did
not match any known or previously observed biotransforma-
tions. As bile acids have been reported to form proton-bound
(mixed) dimers during eledrospray ionization [50, 51] as well
as solvent adducts in positive ion mode and carboxylic acid
adducts in negative ion mode [63], we also investigated the
observed mass shifts for potential formations of these cluster
ions.

As a result, we were able to identify two species of proton-
bound dimers formed during the MALDIMSI expeniments
(Figure 5). Firstly, cluster ions of the general structure [BA-
HT-H - [BA-H], which are dimers of TCA/TMCA (m/z
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Figure 5. Single M5 pixal mass spactrum from the bile duct region in the mnge mz 4901100, showing signals from proton-bound

dimers formead betwean bile acids homo- and heterodimens) as wall as batwean bile acids and tauring. The 20 ion image on the

upper left ilustrates the distibution of taudne in the liver section

105156 and 1067.53), and a mixed dimer of TCDCA and
TCATMCA (ms 1035.57). Secondly, [BA-H] -« H™[Ta-
H] adducts, which were, m fact, mixed dimers of TCAS
TMCA and tauring (ms 63930, 661 .28 and 677.26) or
TCDCA and taurine (m'z 62330, 64520 and 661.26).
Importantly, the high abundamee of taurine acmoss the examined
Iver sections is rendily seen in the ion image of mz 1240073 2
001 (from the same tissue section), which cormesponds o
deprotonated taunne, providing additional comoboration of
our fmdings on the identified hile acids and the taurine dimer
formation. OF note, all identified dimers showed the same
localization and spatial distributions as the deproonated BAs
(Figure 53, Supplementary Information ).

To unambiguously confinn the results on the PBD, we
examinad an equimolar mixture of standand solutions of
TCA, taurine, and potassium chlonde by MALDEFTICR (via
9-A44 matrix and doed-droplet sample preparation). The results
(Figure 54, Supplementary Information) confimmed the previ-
ous data on the proton-bound dimers of TCA and tarime. We
also performed on-tissue CTD expeniments of the mass selected
cluster ions, by co-adding 16 individual scans of each enhancs
signal-to-noise ratios, and comparison with CID expenments
of standard mixturas. The CID specta illustrated in Figure 55
(Supplementary Information) showed a single product at mz
4983 for clusters containing TCDCA (mez 6233 and 645 3); or
at miz 5143 for dimers contaming TCATMCA (mz 6393,
6613, 677.3 and 10516). Interestingly, MS/MS spectra of
mixed dimers of bile acid and tarine did not show the product

s related to taunng, which can meadily be explaned by high
pas-phase acidity of tiwrine-conjugated bile acids [51].

Implications of PBD for MALDI-MSI: Impact on [M
— HJ" Intensities

In addition to considerably complicating mass spectral inter-
pretation, the formation of proton-bound dimers also dimin-
ishes signal inensities of the desired [M — H] peaks. This
effisct becomes even mome detrimental in MALDEMSIT exper-
iments, in particular at high lateral resolutions, where the
amount of analyte in a single pixel tissue area is very limited
and often requines opemting at or close to the de ection limits of
the method. Interestingly, the ntensity ratio of PED o
deprownated BA (PEIVBA) measunsd in our imaging experi-
ments varied acmoss the regions of the tissue sechion (average
mass spectra and PEDVB A values for four regrions are shown in
Table 51 and Figure 56, Supplementary Information). Of note,
the heterodimens of TCATMCA and taunne contributed maost
significantly o the overall sum intensity of all PBDs, and the
highest total PEIVBA ratios were ohserved for lanpe and small
hile ducts (064 and 0,78, respectively). This sugeests a depe-
dence of PBD formation on the tissue concentration of the
contributing molecules and the ion density after MALDI, re-
spectivaly, which will vary acmss the tissue.

Here, we introduce a simple technigue for uwse on mass
spectrometry platforms with a quadrupole collision eell or
ability for efficient in-source CID prior to FTICR mass
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analysis. Essentially, PBD are dissociated, resulting in in-
creasal signal intensities for the deprotonated molecole. We
implemented two different approaches for CID in non-selective
broadband mode: (1) dissociation in the transpont region be-
tween skimimer and wn fumel, oflen referred o as “noezle-
skimmer dissociation™ or “in-source CID™; (2) dissociation in
the hexapole collision cell, while maintaining full transmission
ofthe entire m mnge of mierest, without any prior precursor
ion isolation. To demonstrate the feasibility of the two CID
methods, the standard mixture of TCA and taunne was exam-
ined using direct infusion ESFFTICR. The ESI soume was
deliberatdy chosen here, as it allowed delivery of a constant
ion current, while MALDT would have been strongly affected
by crvstal Bemtion imegularites. As ssen in Figure 6, increasing
either the absolute voltage applied w0 the skimmer or the
colbsion enengy for the hexapole cell resulted inan mensase
of signal intensities for [TCA — H] ion (mz 514.3), while
intensities for both dimer signals (mz 6393 and 661.3) de-
creased. OF the two approaches, broadband CID in the
heapole was slightly more efficient, providing an increase of

(a) In-source CID
~1.5x
K410
H
X
£
E 15410 4
A
0 . . - .
n 50 B0 100 120
Absolute voltage applied to skimmer [V]
W myz514.3
1405
H
2
£
¢
a
30 S0 B0 100 130
Absolute voltage applied to skimmer [V]
e 628.3 [ myz 8613

719

factor ~2 of the deprownated TCA signal. Interestingly, the
sodiated form of the mixed dimer of TCA and taurine (m/=
661.3) exhibitad higher stability compared with the ‘pure” PED
(mez 6393). This is, of course, often observed with sodited
species underpomg CID versus protonated speaess of the same
molecule; for PBD, it can be explained by different gas-phase
conformations of the cluster wns, where the sodium cation
contributes to the bonding, ereating, in fact, a sodium-bound
dimer [A4]. Ofnote, some other structural factors may also play
a role in the stability of the ms-phase clusters, ncluding
formationof multiple inter- and intramolecularhydmgen bonds
[50, 65], as well as different positions of the bonding hydmosoyl
groups at the ning [66, 67].

Furthermom, to demonstmte the wility of the developed
method for MSI, a model MALDI imaging experiment was
designed in which an equimolar mixture of TCA and taunne
wir homogenously spraved across the liver section placed ona
glass shide, followed by deposition of 9-A4 matrix Two me-
gions (glass shide and liver tissue) were then selected for
imaging experiments, with and without applving the “in-

(b) In-hexapole CID
~2.2%
<10
z
= L5510 4
=)
&
o 4 - - - -
o 10 mn 30 an
Absolute voltage applied to hexapole [V]
W mirs1a3
15401 1
z
:
s
a A
] 10 20 an an

Abzolute voltage applied to hexapole [V]
W myfz 635,300 m/z 6513

Figurs 6. Barchart showing signal intansities for three differant rmidz values, miz 514.3 (deprotonated TCA), miz 6393 [mixed dimer
of TCA and tauring), and mvz 661.3 (=odiated dmer of TCA and taurng) obtained by direct infusion ESI-FTICR and two differant

approaches for ClD: in-source CID {increasing voltage applied to skimmed) (a) and in-hexapole GID (b)
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hexapole” dissociation method (each regon was composad of
at least 200 single pixels at 70 pm spatial resolution, from
which the avempe mass spectra and FEIVBA values are shown
in Figures S7a, b, and 7d, e, Supplementary Material).
Applying collision energy (30 V) mesulted inoan memease of
the average signal mtensity for [TCA — H] (mz 514.3) by
factors of 2.7 and 1.6 for glass and tissue regions, respectively,
while the sum of avempged intensities from thres heterodimer
sigrals (m= 6393, 6613 and 667.3) decressed. Increasing the
laser enemry might also be considensd o be a potentially useful
alternative for dimer dissociation. As shown by Dresewerd
and coworkers, however, optimal MALDI-MS performance
(=maximum analvie signal intensity at the lowest threshold
laser fluence) can be achieved by utilicing a laser energy
approximately 2-3 times higher thn the ion detection thresh-
old [68], which was also used in the present studv. neresing
the lmer enerpy above this value ¢ result in strong ablation
from the tissue surfice and may lead o ncreased thennal
degmdation of the analyvies, leading to overall analyte signal
deterioration. This was confimmed in our experiments, as shown
in Figure 57¢, f{Supplementary Matenal). Therefore, we con-
sider the “in-hexapole” broadband dissociation approach deve -
oped here as a superior and gentler mams of mereasmg signal
intensities from depmtonated bile acids dunng MALDI-MSL

Conclusions
The primary goal of thisstudy was the veu bation of bile acd

distributions across mouse livers sections on a molecular level.
To our kmowledee, this is the first report on the detection and
identification of tmrine-conjugated bile acids directly from
mouse liver sections. The acquired MALDI-MST data
cornssponded well with the mcro-anatomical features of the
mouse liver biliary tragt obtaimed from histological examina-
tioms. Furthermone, we have demonstrated the potential of the
method for high spatial esolution MALDI imaging at picel
size of 25 pm, which even allows the differentiabion of small
hiliary ducts from blood vesselk and liver parenchymal tissue.
In addition to MALDI-MSL, our mesearch revealed extensive
protom-bound dimer formation between endogenous taunne
and taurine-conjugatad bile acids. Since formation of these
dimens negatively influenced signal intensities of the desirad
[M — H] species, a simple method of broadband dissociation
was proposed that provided mcreased signals of the
depmtonated species. This deliberate PBD dissociation will
be implemented in our fivtune MALDI-MSI studies, in particu-
lar in applications whene the sensitivity of the mahod will be
the hmiting factor; for example, when even higher spatial
resolutions than presented here are reguired (e.z, molecular
mapping of small interlobular bile ducts of diameter of ~ 10 pm
for studving cholestasis models [697), or for bile acid disinbu-
tiomsin the brain at much lower concentration levels than inthe
lrver, when they play important signaling roles in neumlomeal
disease [T0-72]. Other work currently in progress includes a
detailed experimental investigation of the exact structural

|. Azagalinski et al.: Mass Spectral Imaging of Bile Acids in Mouse Liver

factors stabiliang the different protond/cation-bound dimers of
bile aads and amine acids.
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(b)

Figure S1. (a) Home-built robotic sprayer based on the Probot micro fraction collector
platform, syringe pump and micro spraying nozzle, providing a fine and highly reproducible
spray. (b) Images of 9-AA matrix sprayed onto the surface of the control liver section: light
microscope image at 5x magnification (top left) and SEM images at 50x magnification (top
right), 5,000x (bottom left) and 20,000x (bottom right). Scale bars: 100 um (top left and right)
and 1 pm (bottom left and right).
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Figure S2. Light microscope images of the ablated areas of 9-AA matrix deposited onto the
mouse liver section and irradiated with different number of laser shots per pixel: 1000 (a), 500
(b) and 200 (c). Other laser settings were: minimum laser beam focus setting (smallest option
on commercial Bruker solariX 7T instrument); laser power, 10%; repetition rate, 1 kHz. Scale

bar: 50 pm.
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m/z 639.2976 * 0.05 m/z 661.2790  0.05 m/z 677.2551 + 0.05

Figure S3. MS ion images representing spatial distributions of the identified TCA/TMCA-
containing proton-bound dimers at m/z 639.2976 + 0.05, 661.2790 + 0.05, 677.2556 + 0.05,
1035.5672 + 0.05, 1051.5558 £+ 0.05, 1067.5260 + 0.05 in the whole section of mouse liver

(pixel size, 70 um). All ion images were normalized to the 9-AA matrix signal.
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Figure S4. MALDI-FTICR mass spectra acquired after dried-droplet sample preparation using
9-AA matrix and standard mixtures of TCA (a), TCA + taurine (b) and TCA + taurine + KCI

(©).
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Figure S5. CID experiments of m/z selected dimers obtained directly from mouse liver tissue
sections (a-f) or from standard mixture of TCA, taurine and potassium chloride (g-j). (Note:
m/z 123 is an artifact of the FTICR instrument used in the study.)
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Figure S6. Average mass spectra from different selected regions of interest (ROIs): the whole
liver tissue section (22,136 single mass spectra averaged) (a), the gall bladder (125 single mass
spectra averaged) (b), the large bile duct of which MS image is shown in Figure 4c (29 single
mass spectra (c) and the small bile duct of which MS image is shown in Figure 4e (4 single
mass spectra averaged) (d). All mass spectra are obtained from the MS imaging experiment

performed at 70 um spatial resolution.
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ROI PBD,/; 6303 PBD,/; 6613 PBD,/;677.3 PBD,; 1035.6 PBD,/; 10516 PBD,/; 1067.6 PBDyotal
/BA, /5143 / BA,: 5103 / BAny:5103 /BA, 5103 /BA,/5143 /BA,/5103 /BA,/:5103
Whole section 0.032 0.017 0.014 0.001 0.004 0.003 0.071
Gall bladder 0.042 0.030 0.029 0.001 0.004 0.004 0.109
Large bile duct 0.232 0.110 0.093 0.017 0.132 0.059 0.643
Small bile duct 0.406 0.138 0.150 0.009 0.047 0.035 0.784

Table S1. Ratios of average signal intensities of different TCA/TMCA-containing proton-
bound dimers and the average signal intensity of deprotonated TCA/TMCA. The values were

obtained from four different regions of interest (ROIs) — whole liver section, gall bladder, large

bile duct and small bile duct — by averaging mass spectra from 22136, 125, 29 and 4 single

points, respectively (pixel size, 70 um).
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Figure S7. Avarage mass spectra from model MALDI imaging experiments conducted on the
glass slide (a-c) and liver tissue (d-f) regions sprayed homogenously with the equimolar
mixture of TCA and taurine and imaged using three different instrumental settings: no collision
voltage at hexapole (0 V) and laser energy set to the optimum conditions (20%) (a, d); 30 V at
hexapole and laser power 20% (b, e); 0 V at hexapole and doubled laser power (40%) (c, ). All
average mass spectra were obtained from at least 200 single points (pixel size, 70 um). The
PBD/BA values were calculated based on the average sum intensity of all heterodimers

(TCA/taurine) and average intensity of deprotonated TCA.

63



Publication 3

Publication 3

Toward higher sensitivity in quantitative MALDI imaging mass

spectrometry of CNS drugs using a nonpolar matrix

Ignacy Rzagalinski, Borislav Kovacevi¢, Nadine Hainz, Carola Meier, Thomas Tschernig and

Dietrich A. Volmer

Analytical Chemistry (2018), 90, 12592-12600, DOI: 10.1021/acs.analchem.8b02740

Adjacent Brain Sections

H&E stain

Xylazine
MS lon Image

Reproduced with permission of the American Chemical Society (ACS).

64



Publication 3

bl A CLongy s

:mdy't:ical
i
emIStry #, Cite Thiz Anal. Chem. 2018, 90, 12592-12600

Toward Higher Sensitivity in Quantitative MALDI Imaging Mass
Spectrometry of CNS Drugs Using a Nonpolar Matrix
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ABSTRACT: Tissue-specific on suppression is an unavoid-
able matrix effect in MALDI mass spectrometry imaging
(MALDI-MSI), the negative impact of which on predsion and
accuracy in quantitative MALDT-MST can be reduced to some
extent by applying kotope internal standards for normalEation
and matrz-matched calibmtion routines. The detecton
sersitivity still suffers, however, often resulting in significant
loss of dgnal for the investigated analytes. An MSTapplication
considembly affected by this phenomenon is the quantitative
spatial analysis of central nervous system (CMNS) drogs. Most
of these drugs are low molecular weight, lipophilic
compounds, which exhibit ineffident desorption and joniza-
tion during MALDI usng conventional polar addic matrices
(CHCA, DHB). Here, we present the application of the (2-
[ (2E}-3-(4-tert-butylphend - 2-methylprop-Z-enyidene [malononitrile ) matrix for high sensitivity imaging of CNS dmgs in
mouse bran sections. Since DCTH i wally deseribed & an elecron-trmnsfer matrix, we provide a mtionale (Le., cormpitational
calculations of gas-phase proton affinity and ionization energy ) for an additional proton-transfer ionization mechanism with this
matrix Furthermore, we compare the extent of signal suppression for five different CNS drugs when employing DCTE versus
CHCA matrices. The results showed that the sgnal sappression was not only several times lower with DCTE than with CHCA
but also depended on the spedfic tissue investigated Finally, we present the application of DCTE and ulirahigh resolution
Fourier trangormm jon cydotron resonance mass spectrometry to quantitative MALDT imaging of the anesthetic drg xylazine in
mouse brain sections based on a linear matric-matched calibration curve DCTE afforded up to 100-fold dgnal intersity
improvemnent over CHCA when comparing representative sngle MSI pixels and =440-fold improvement for the averaged mass
spectrum of the adjacent tsme sections.
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he Fequency of disorders affecting the central nervous
systemn (CMS) are growing faster than any other disease,
while progress in drug development in this area continues to be
slow. '™ This has many reasons induding the high complexty
of the brain, the Fequent ocourrence of side effects with CNS
drugs, and above all, the prerequisite for drugs to cross the
bloodbran barder (BBB)L™ The htter requiremsent has
limited the cumrent CNS drug portfolio predominantly to a
small group of low molecular weight lipophilic compounds that
can cross the BEB via transcellular passive diffusion (acoording
to Lipinski's mle of five),"” even though new developments in
camrier-mediated transport using Iipc-sfnn:res"." OF NAnopar-
ticles™™ are of great interest and will potentially play a
significant role in the longer pergpective
One of the most essential pleces of information at the early
stages of drug discovery i the drugs and its metabolites’

o ACS Publications = 2098 Awesdcan Owmical Sy

distribution in the whole body, which provides insight into the
drug’s toxcity a5 well as its ability to reach the therapeutically
desired organ/tissue or target remaph:;.r.i.""l Measuring the
drugs blood/plasis concentrations does not necessarily
deliver adequate information about its organ/tissue distribu-
tion. This is even relevant for the brain, as it is tightly isolated
by the BEB; the dmug distibution into the cerebrospinal fuid
(CSF) & not a measure of BBB permeabiity into the brain
parenchyma but only through the blood—CSF barrier
(BSCF)L™ Comequently, analytical took are urgently needed
to quantitatively trace the dmgs spatial digdbutions in tissue
secions, particulady bmin sections for CMNS drugs.
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Ower the past decade, mass spectrometry imaging (MSI) has
gained wide acceptance as a lhbel-free maolecular imaging
technique in dmg distibution studies, providing condderable
advantages over radiolabeled methods such as (quantitative )
whole-body automdiography ( (QWEA).""* In addition, MS1
allows for obtaining the information simultaneously from the
parent dmgs and its metabolites a5 well as combining it with
spatiotemporal changes in the metabolomic/lipidomic pro-
files.”” Another important adwantage of MSI & that it can
provide reliable quantitative information on the amount of
drug in the examined sections.”® ™ Of all MSI ioniation
techniques, matrix-assisted laser desorption/ionization
({MALDM) is the most Pnpuh:,\'"\" particulady for imaging
of phammaceuticals ™ A number of recent review artides
have \sguj{l\:mri:aﬂ the state-of-the-art developments of the
topic E-iE
npéllm of the most promising applications for MSI is the
measurement of the spatial distibution of zenobiotics in CNS
tissue.* A number of studies have described CNS spatial
distrbution of different drugs ™55 parcotics, ¥
neurotoxins ™ and positron emission  tomography (PET)
ligands® Two recent studies reported more sophisticated
uses of MALDEMSI, including studying dmg—dmg inter-
actions and their impact on the BEBE permeabiity™ and
amyloid-binding molecules in an experimental model of
Alzheimer’s disease™ Both examples provide an outlock to
the future of MSI in the CNS phamacology field.™

Although (MALTH-)MSI has proved its usefulness in
phamacology, several factors still limit its wider applicability
to CNS drugs, which are predominantly linked to sensitivity
issues. Fimt, MSI is a “sample volume limited” technique, in
which the effective limits of detection and quantification will
strongly depend on the employed pizel size (irmdiated single
spot area). * This is further amplified by the albrementioned
low permeability through the BBB that limits the amount of
drug in the CNS parenchyma Second, (MALDI-)MST suffers
significantly from the presence of tssue-specific ion suppres-
sion that cannot be entirely avoided, since no separation step is
implemented prior to joniation (in contrast to GC/MS or
LC/MS)L* ™ While its negative impact on predsion and
accuracy in quantitative MALDI-MSI can be limited to some
extent by applying isotope intemal standards for nomalization
and matrxmatched calibration routines,'™™ the detection
capabilities still suffer from this phenomenon, offen resulting in
a significant loss of signal for the investigated analytes ™
As a result, MSI of tissue in its native state (in situ) has to rely
on alternative strategies. Among the simple strategies are
changing the polarity of ionization as well 2 surfice chemical
treatments, such as washing the tissue with different solvents,
for improving signal intensities for proteins,” peptides™
]jpjdsf‘ small metabolites™ and dmgs.ﬁ‘ Another approach
relied on usng different salt additives that minimize negtive
ion suppression effects between different dasses of lipids, as
shown by Poplova and Schiller™ or Griffiths and Bunch™ for
MALDIMS as well as by Sugiyama et al.™ for MALDI-MSL
Other methods wsed improved matdx deposition techniques
such as matriz-coating assisted by an electric field (MACEF)™
or matric-spraying by utiliing an ultrasonic atomizing tablet
and a simple mini-humidifier™ Furthemmore, improved
selectivity toward selected compound classes by increasing
ionization efficiency has been demonstrated for MALDI, by
using alternative ionizing agents (eg., ionizing cholesteral in a
form of siver adducts),” applying on-tisue derivatization

reactions’™ or even by dmply wilizing different MALDI
matrices such as, for example, nanopartide-based inorganic
matrices in surface-assisted laser desorption/ionization
(SALDI).™ Surprisingly, despite the intensive research on
new matrices, the most common method for matrix selection is
still the empirical testing of the most popular (or readily
availlable) compounds. Comsequently, despite the aforemen-
tioned physicochemical properties of CMNS dmugs (small
lipophilic molecules with low polar suface area and limited
hydrogen bonding™ "), virtually all MALDI-MSI sudies of
these pharmacenticals use the two most common polar and
acidic matrices, a-cyano-4-hydroxycinnamic acid
(CHCAE'HM&J'"'W' * and 25-dhydroxybenzoic acid
(DHE)_154349,52, 5339434547

In this study, we successfully applied the nonpolar DCTE
( 2-[( 2E)-3-(4-tert-butylphenyl)- 2-methylprop-2-enylidene | -
malononitrile) matric for high sensitivity imaging of CNS
drugs in mouse brain sections. DCTE has been frequently used
as an electron-tramsfer matrix We performed computational
caloubitions of gas-phase proton afinity and ionization energy
to exphin the effident, additional proton-trander joniation
mechanism with this matrix for five selected CNS drugs.
Furthermore, using tisue extinction coefficients (TEC), we
compared the extent of signal suppression for CMNS drugs when
employing DCTE versus CHCA matrices 2 well as tissue-
specific ionization suppression. Finally, we applied DCTB for
highly sersitive, quantitative MALD imaging of the anesthetic
drug wylazine within mouse brain sections using normalization
to an isotope-labeled internal standard and a Hsue matched
calibration curve.

B EXPERIMENTAL SECTION

Chemicals and Reagents. Xylwmine, imipramine, and
clozapine were purchased from Santa Cruz Biotechnology
(Heidelberg, Germany). Ketamine, clonidine, xylazine-ds
(internal standard), a-cyano-4-hydroxycinnamic acid
(CHCA), 2,5-dhydroxyberzoic acid (DHB), trams-2-[3-(4-
tert-butylphenyl )-2-methyl-2-propenylidene jmalononitrile
(DCTE), methanol, acetonitrile, dichloromethane and stand-
ard microscopy glass slides were from Sigma-Aldrich
[ Steinheim, Germany). Rabbit bmin was obtained from a
local butcher store. Purified water was generated by a Millipore
(Bedford, MA, USA) purificaion system.

Animals, Tissue Preparation, and Histological Stain-
ing. CSTBL/6 mice (12 weeks old) were purchased from
Chades River (Sulafeld, Gemany). Xylaine ketamine anes-
theda was performed by injecting the following mixture:
Rompun (0.5 mL), Ketavet (1 mL) and 0.9% NaCl (8.5 mL );
the dose was calculated per body weight (0.1 mL per 10 g of
body weight ). Dieep isoflurane anesthesia (negative control)
was carried out by inhalation of 5% soflurane in ocygen.
Animals were perfused with saline to remove the blood from
the organism Permission for the mouse perfusion was
obtained from the local reseanch ethics committee The organs
were dissected immediately after the sacrifice, snap-frozen in
liquid nitrogen and stored at —80 “C until sample preparation.
The coronal brain-tsue sections were prepared at 14 um
thickness using a Relchert Jung 2800 Frigocut cryostat
micmtome (Leica Microsystems, Wetzlir, Germany), thaw-
mounted onto plain microscope glass slides and dred for 30
min in a vacuum desiccator. The Hssmues were stored at =80 °C
for no longer than 2 days prior to MSL After MALDI-MSL the
glass slides were washed with 70% ethanol to remove the
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matrix. The tissue sections were stained with regressive
hematodin and eosin (HE&E ) and scanned using an Olympus
slide optical microscope with an UPLANSAPO 403/0.90
objective (Olympus, Tokyo, Japan). Rabbit brain (for “unified
brain” preparation) was bomogenized using a Potter-Elvehjem
tissue grinder (Sartorus, Gottingen, Germany), tramsferred
into 15 mL conical centrifge tubes and snap-frozen in liquid
nitrogen. The resulting tisue blocks were sectioned mounted,
and dried at the same conditions a5 the native mowse brain
tissues.

MALDI Matrix and Internal Standard Deposition.
MALDI matrices and internal standard were homogeneowsly
sprayed onto the tissue sections using an antomated home-
built sprayer as previously described”™ Solutions of CHCA (5
mg/mL in ACN/H,0, 70/30 [vw/v] ), DCTB (10 mg/mL in
DCM/ MeOH, 30/%0 [v/v]) and xyboined: (1 pM in
MeDH) were freshly prepared prior to deposition. For TEC
experiments, the mivture of five CNS drugs in MeOH (at
relatively high concentrations of 100 uM, to obtain a signal
from all compounds with both matrices) was sprayed prior to
matrix deposition with increasing flow rate in the following
patterns: two layers at 20 uL/min, two layers at 40 ol /min
and four layers at 60 pL/min. For the fimal imaging
experiments, internal standard (wylamined.) was sprayed
prior to the matrix deposition in dx layers at 20 pL/min.
For both CHCA and DCTE matrices, dx layers were sprayed
with increasing How rate in the following patterns: two layers at
20 pl/min and four byers at 40 pL/min. The estimated
amount of matrix added to the tissue (matix density) was
caloulated at 00167 and 0033 myg/mm® for CHCOA and
DCTE, respectively. In addiion, in-depth viswal inspection of
the obtained MALIM matrx layers was performed using
scanning eledron microscopy (SEM) images, which revealed
excellent homogeneity and reprodudbility 2 well as crystal
sizes down to 1 gm for both CHCA and DCTE matrices
(Figure S-1, SI).

Limits of Detection and Limits of Quantification.
Limits of detection (LOD) and quantification {LOG) were
adapted from generally accepted guidelines for LC/MS
method development, to suit the quantitative MALDI-MSI
data Since a mass spectrum collected from a sngle MSI pixel
corresponds to a ngle injecton LC/MS run, the sampling of
the entire single calibmation spot provided suffident averaging
of multiple analyte measirements. Here, each calibration area
provided 100—150 lser ablation spots, which far exceeded the
number of technical replicates (=injections) of one calibration
solution in LC/MS. The LOD was obtained from replicate
anmalysis of multiple blank spots (r = 5, of which every spot
contained at least 100 laser shots = single mass spectrum) and
calcubation of the sgandard deviation (SDY). The LOD was
defined as the analyte concentration giving a sigral equal to the
blank sigral plus 33 5D of the blank. The LOQ was defined a=
the lowest concentration of a sample that can be guantified
with acceptable preciion (coeffident of vadation, CV < 20%)
and bias (#20%). CV wa measired within the single
calibration spot (showing dispersion of drsg signal intensity
values of =100 single MSI pivek) and bias was caloulated for
the single spot from the clibration curve

Mass Spectrometry and Data Analysis. MALDI experi-
ments were performed in positive ion mode on a Bruker
(Bremen, Gemnany) 7 T Solaix FTICK mass spectrometer,
equipped with a dual ESI/MALTH jon source and Smartheam
I NdYAG (355 nm) lhser. MALDI imaging data were

collected either in a full scan mode Fom m/z 50 to 1000 (for
TEC experiments) or in CASI (continuows accumubition of
selected jons) mode with a 100 u wide Bolition window, set in
the quadrupole, centered on m/z 225 with a transent length of
L0486 s and resolving power (fwlim ) of ~317 000 at m/z 220
Internal mass calibration was performed using either a series of
peaks originating from the MALDI matrx (TEC experiments)
or a lock mass Fom the internal standard sigral (xylazine
imaging experiments). MSI pixel sze settings were 100 um for
the fimal imaging of xylazine from dosed animals, which assured
dense pivel deposiion and avoided overlap between
neighboring lser spots, and 150 gm for TEC experiments
(to reduce the time of the entire experiment). For all MALDI-
MS and MALDI-MSI experiments, the lser was set to the
“ermall” spot sire and the repetition mte was set to 1 kHz For
experiments pedfommed with CHCA and DHE, the bser power
was set to 20% and the number of laser shots/pixel was set to
200, while for the experiments with DNCTE, the hser power
was set to 13% and the mumber of laser shots/pixel to 50
MALDT experiments with standards were carried out by wsing
dried-droplet sample preparation onto steel MALDT target
phtes (Bruker) and collecting and coadding 16 individual
transients for each mas spectrum from three MALDI spots,
asuning correction for intra and interspot varabilities. All M5/
M5 experiments were pedformed by solbtion of precursor jons
in the external quadmpole (isolation window: 5=10 u) and
accumubation in the hesapole for collision-induced dissociation
(CID) at varying collision energies (1525 V). Data were
processed and analyzed using the Bruker Data Analysis and
Flexlmaging sofware programs for individial mass speatra and
imaging data sets, respectively. For quantitative MALDI
imaging of xybzine, a series of seven different calibration
standard solutions was spotted onto the blank “unified brain”
slices, followed by intermal standard and DCTE matric-
spraying MALDI-MSI experiments were conducted using the
same experimental conditions as for the mative brain tissues.
Fimally, calibration curves were performed by extracting the
imaML™ files from Fleth%ng and processing with the open-
source MSiReader software.

Computational Experiments. Physicochemical proper-
ties (pk, and clogD) of five selected CNS drugs were predicted
with ACTY PhysChem Suite (version 140, Adwanced Chem-
istry Development, Toronto, OM, Canada). Calculations of
gasphase deprotonation enthalpies (DPE) and gas-phase
proton affinities (PA) were performed utlizing the BALYP/
631 1+G(2dip) //BALYP/6-31G(d) level of theory. This
computational model has been confirmed a5 a reliable method
for caloulation of PA and DPE, giving values that were in good
agreement with the experiment ™ However, since the acourmcy
of the BALYP method & not satishetory for caloulation of
ionization energies (IE),™ the MP2/6-31+G(2dip )/ /MP2 /6-
31G(d) approach was applied for this purpose All calculations
were performed with the Gausmian 09 progrm padeage.™

B RESULTS AND DISCUSSION

Rationale for Proton-Transfer MALDI with DCTB
Matrix. DCTE is wel-known for its efficient desorption/
ionization capabiliies at low laser fuences, which has been
linked to its high molar absorption coefficent. * Its application
range is somewhat limited, predominantly dor analysis of
polymers,™ fullerenes,™ organometallics,™ and more recently
nanopartides and manoclsgers™ DCTB's mode of adion in
these applications is that of an aprotic, electron-transfer (ET)
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secondary reaction matrix, delivering primarily radical ions in
positive jom mode, or when purposely forced, cationized
maolecules of the investigated compounds. This mechanism of
action was previously imvestigated in detail by Wyatt et al for
different dasses of compounds. ™

Interestingly, experiments conducted in owr labomtory
revealed that DNCTE appears equally suited as proton-transfer
(PT) matrx, which prompted us to investigate a mechanistic
ratiomale for this additional tander mechanism Since both
current MALDT models (gas-phase protonation and “ludoy
survivor” model) require an excess of protonated matrx jons
for efficient MALDT analyte Pmt-nmtim,w it was important to
study the MALDT mass spectrum of pure DCTH in positive jon
mode (Fgure 1A). The spectrum exhibited two major jons,

1 = H*
M - CHAl™ 353 35428
134 1219

L
[ — HI* isadsss
FELSLLEH

T 10 3w 0 W 1% mr

B
Lempeund L=t Y BT Nylaies  Ketamns
IE =] 939 Ban 786 T3
ALY med] PR BEE 1718 ol

Figure 1. (A} Representative MALDI-FTTCR mass spectrum of pure
DCTH matrix after J:.iﬂ{-t{ru])]et :nu'n])]e preparation. (B) C-m'n]:luta-
tionally derived proton affmities (PA ) and jonization energies ([E ) for
CHCA and DCTB matrices as well as the two CNS drugs (xylazine

which were identified as the protonated molecule [M + H[*
and a mdical cation after methyl loss [M = CH, |*". In addition,
low intensity sigrals from the mdical cation M and a
somewhat unexpected [M — H]* jon were ako observed The
relative intensities of radical versus protomated DCTE signaks
depended on the laser fluence, with the litter more prominent
at lower energies. Furthermore, as the secondary reactions
occuring in the expanding MALD plume are believed to
occwr under thermodynamic rather than kinetic control™ we
alo performed computational aloulations of gas-phase proton
affinities (PA). PA has been shown to determine the resulting
MALDT mass spectra in positive jon mode a5 well as the
ionization effidencies observed for the chemical matrices™
The low proton affinity of DCTE (see Figure 1), which is anly

slightly higher than that of CHCA and significantly lower than
those of the two dmugs gudied here (xylzine and ketamine),
suggests that secondary proton-transfer reactions between
protonated matrix and newtral analyte are thermodyrarmdcally
possible. These fndings were confirmed by analyeing an
equimolar misture of the two dmgs with DCTB, where
protomted ketamine and xylazine sigmals were readily
observed, the latter of which exhibited higher intensity due
to the higher PA. Interestingly, the same experiments
performed with two different MALDT matrices (CHCA versus
DCTE) also revealed jon species of these drugs other than
protonated molecules such as radical ions as well 2 sodium
and/for potassium adducts. Their intendties, however, were
abways significantly lower than those of the protonated
molecules (relative abundances, = 1%). Moreover, the relative
intensity mtio of mdical-to-protonated drug spedes was higher
for DCTE than for CHCA. This suggests a mived mechanism
of DCTB-assisted laser desorption fionization, with the proton
transfer clearly being the dominant pathway. Of note the
additionally calculated IE confirmed the les favorable nature
of potential ET reactions between the radical cation of the
matrix and the neutral analyte Moreover, caloubition of DCTE
gas-phase acidities (deprotonation enthalpy, DPE = 1469 kJ/
mol versus 1382 k] /mal for CHCA and 1448 k] /mol for acetic
add) revesled the addic chamcter of the methd group
attached to the aliphatic chain of DCTE. This finding & in
agreement with NMR data presented by Gabriel et al,™ whao
reported the highly acidic character of this methyl group, in
contrast to the widely accepted aprotic description of DCTE.
These data together with the above-mentioned findings
support an additional proton-tramsfer jonfation mechanism
of DCTE a5 MALIH matrix.

MALDI Matrix-Dependent Tissue-Specific lon Sup-
pression. To asess the wefulness of DCTE & nonpolar
MALA matrix for low molecular weight ipophilic CNS drugs,
we seleded five model compounds (Figure 2), representing
different fields of newropharmacological application: xylazine
(veterinary tranquilizer /anesthetic ), ketamine (drugs of abuse
but aso promigng as rapid and potent antidepressant),
cloridine (anxiety disorder and withdmwal syndrome ther-
apeutic), imipramine (tricydic antidepressant), and clozapine
(atypical antipsychotic treatment for schizophrenia). All
selected compounds have molecular weights in the mnge of
200400 g/maol and are predominantly in their neutral forms
at physiological pH of blood and brain; consequently, the
calculated distribution coeffidents clogD at pH 74 are
between 1 and 3 (Figure 1), this confimming the liphophilic
character at these conditions.

X

XD

Q<

M, = 22033 M, =237.72 M, = 23005 M, = 28021 M, = 32682
pH, = B9 pi =71 pk, =79 G, =92 pk,= T8
clogy 4= 1.06 cloghy g =207 cloghhy =118 clogity 4= .68 cloghhy=21.71

Figure 1. Chemical structures of the five CNS drugs investigated in this study, along with molecular weights and caloulated pK, and clogl) values

(at physiclogical pH of 7.4).

12595

IO Yl P v, 0 T
Al Them. 2004, 00 12500 12600

68



Publication 3

Analytical Chemistry

In the first set of experiments, we conducted MALDI-
FTICR analyses. As can be seen in Figure 34, the CHOA

A

1508430

B DHE WCHCA W DCTE

750EA4B

& <&
& chn"f\gf cvf

S.00E-08 -
3,00E48 -

Q.00E+ID

LSS

Figure 3. Bar chart showing signal intensities for (A) standard
solutions of fve CNS drugs obtained by MALDL-FTICE after dried-
droplet mmple premmtion using DHEB, CHCA, and DCT B matrices;
(B} standard sohitions spiked into mouse brain extract. (Emor burs
m])crumtstauufxl{ dedation, 53 (n= 3); 16 transients from at least 3
different MALDI spots for inter and intraspot variabdity comections
were collected of the individual drug standards (10 pM) with dried-
droplet sample premation. ).

matrix provided the highest signal intensities. The same drugs
mixed with brain estract (obtained from isoflurane-anesthe-
tied mouse according to a modified protocol™) to indicate
the presence of potentially suppresing endogenous com-
pounds exchibited the highest signal intersities when DCTB
matrix was used (Figure 3B). This provided strong evidence
for comsiderably lower signal suppression from endogenous
brain-tissue-related compounds with a nonpolar DCTE matrix
as compared to CHCA and DHBE. DHB gave significantly
lower sigral intensities and also suffered from limitations of
spatial resnlving power due to the large crystals formed during
spraying (see SEM images in Figure 5-1, SIL In all further
experments, we therefore limited all futher comparisons to
CHCA versus DCTH.

To further validate these findings for MALDI-MSI, we
employed the tssie extinction coefficient (TEC) technigue
developed by Stoeckli e al,® which was later expanded by
Hamm et al.” Recently, Taylor et al implemented TECs for
systematic comparison of DEST and MALDI (with CHCA

matrix)-related ion suppression of uniformly deposited
ohmapine from heterogeneous transverse brain sections.™
For the TEC experiments, an equimolar misture of five CHS
drugs was sprayed onto the glass slide containing the three
thaw-mounted negative control (soflurane-anesthetized ) brain
coronal sedtions, followed by MALDEFTICR=MSI (see
Experimental Section). As reference, the off-tissue glass region
of interest was selected and imaged with the same experimental
condiions. The final TEC values were caladated based on the
relationship TEC = Iygpe/Tion where I, are the averaged
amalyte ion currents on tissue and reference areas, TEC = 1
represents no suppression and TEC = 0 corresponds to total
drug signal extinction. The results in Figure 4 show as much as

A
L0
_ BCHCA W DCTE
o
s am .
}
L .
:
5
i | j
fo A M & A &

S

B
Th
o TSzt
wylazine ooz 11
k=tamine 03s ool
clonidine oo o8
imipramine ilis 0158
rlarspins i e

F:isur\e{.ﬂard'txt[.h] and numerical values (B) of tissue extinction
coefficients (TEC) calculated for five CNS drugs based on the
MALDI-FTICR imaging experiments performed with CHCA and
DCTB matrices.

E-iold les suppression with DCTE in comparson to CHCA
and thus provide strong evidence for matrs-dependent, tissue-
specific jonization suppresion. Furthermore, closer inves-
tigation of the jon images of the five CN5 dmgs (Figure 5-2,
SI} revealed a heterogeneous pattern of drug signal
suppresion (white versus gray matter), which was further
underpinned by comparsons of mean mass spectra of the
whole brain sections for the two matrices (see Figure 5-3, SI).

In concludon, while the current results may not provide a
complete explimation of the improved pedformance of DCTE
for MALDT imaging of the investigated CNS drugs from brain
sedtions in comparson to CHCA, some imitial positive
condusions can be dmwn, DCTE cleady showed increased
selectivity toward lipophilic CMNS drgs as well as higher
“resistance” to brain-specific jonization suppresson phenom-
e from endogenows compounds such a5 salts, metabalites,
lipids etc. as compared to CHCA. While the organic solvent
used for dissolving DTCE may provide more effident
extraction of neutral amabytes in comparson to CHCA, this
does not explain the observed differences, because the lower
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Figure 5. Smital distibution of xylazine in mouse brin coronal sections obtained from MALDLEFTICR imaging experiments perdformed on twe
consecutive sections with two different MALDI matrices, CHCA (A} and DCTB (B), along with single MS1 pizel mas spectra extracted from
representative regions of the highest sbundance of xybaine detected with CHCA (C) and DCTB (D). MSI pixel size: 100 pm. Scale bars: 2 mm.

signal suppression levek of DCTE were observed not only
during MALDI-MSI of tisue sectons but also trom MALD-
MS anmalysis of bulk solutions containing the sme interfering
substances from the bmin-tissue extract. Unfortunmately, it was
|'||.l|1].'l|.lii||2||u to fully darify whether the observed effects were
related to favorable desorption and gas-phase protonation of
the investgated amalytes o
plysicochemical processes auch as more effident incorporation
of nomonized ||:|Jup|u|u. ;ilu&i and/or less effident incorpao-
ration of endogenous interfering metabolites/lipids into the
|'||.l|'|_|.'-|.lld| DCTE matrix crystals Further work on this topic &
ongoing in the present authors’ laboratory.

Kylazine Spatial Distribution in Mouse Brain Sections
Using Ultrahigh Resolution FTICR=MSI. The utlity of
DCTE for MALDI-MSI of lbpophilic CNS drugs was
dermonstrated uang nabive brain Hssues of ;ilu&-duied arimals
[single dose anesthesia with a mixture of xylazine/ketamine,
23] F.m.]lulmrlll.ﬂ Section). The intense i&l'ld]'i- detected brom
xylizine were assigned based on accurate mass measurements
and on-tssue collisom-indoced disodaton I:l:'.[n:' expen-
ments by comparion to the drug standard and previously
IEJ."LIItEij |Id$||:llﬂ'ltdbul'l PdttEl'l'l'i- [F%ulr 54, 5[}..”' We then
conducted two MALDI-MSI expedments on consecutive
coronal brain sections at gpatial resolution of 100 gm. As
ilusteated in Figure 5, tissue exmmimed with CHCA matrix
showed vitwally no signals from sylacine, whereas tissue
sprayed with DCTE matrix cleady revealed the spatial
distabution of the drug ( normalized to sotope-labeled intermnal
standard). Since the examined Hssue section cleady shows
amatomical regions in the H&E stain of the brin, the M3 ion
image of evenly sprayed xyhzined; provided additional
evidence for regional ion suppression, with the protomated

whether they result from

wylazine molecule dearly less suppressed in the region of deep
cerebral white matter as compared to the cerebral cortex,
|||:|.'l_|.'-|.l;.d||:|_|.'l|.|.-i. thalamus and IIyPLIHI.dI.dII:IIJil:FIf'IJIt ﬁ}_
Furthermaore, to quantify the differences observed lor the
b isalrices, 1'-||'|$|E ?\-{Slpb\.d Msass ipe;.h'd troin |'E_|.'l|'uiu'|tdh'\re
regions of the highest xylrine abundance were compared,
showing more than 100-fold higher sigmal intensity obtained
with DNCTE over CHCA. Moreover, when the average mass
spedtm whaole
compared, >440-fold sigmal improvement was achieved with
DCTE vesus CHCAL Dl:l].'-ultdnﬂy. the u]bd]l%ll |Ei|.lh-||'|5
power of the Fourier transform ion cydotmon resomance mass
spectrometer used here played a significant role in this
;.|.l||:|_|.'ld.||1'-|.l|'|. since a DCTB-derwed ||'||:E||E|'||'|$ 1o ilél'l.dl Wik
visible only (LO03 u adjacent to protonated xylazine. This
interference had _|.'l|'d;.1‘.|;..1] u|:|_|.'l||;.dh|.l|'|i on the direct on-tissue
quantification of xylzine (see next section). In addiion to
J\."_‘-'Idﬁll'l!. we also u'||:u|'||.l§dtud the MSI data sets for the second
administered anesthetic, ketamine, x well & for potential
metabolites of both ;ilu&-i. Az shown in the previous sechiom,
ketamine exhibited lower jonization efficiency in
comparison to wylazine and was therefore not detected in the
imaging experiments. Equally, we did not observe any of the
reparted biotramstormation products of wylmine™ ar ket

fram the exmmined tissue sections were

minch

armine ™

On-Tissue Quantification of Xylazine Since most
PIUI'II!dLEIJhLdI MALTH-MSI studies require absolute quanb-
fication of the investigated compounds directly from the tissue
surkaces, we ako III!_l.'Il‘EII!EI'ItEij the DCTE matrix for this
purpose. Obtaining reliable quantitative results with MALDI-
MSI requires normalization to |i|.l|:|.l_|.'l|:..1“y- labeled intermnal
standard (xvlizine-d;) and motrbc-matched calibmtion rou-
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A Cerebral cortex

Deep cerebral
wihite marie

- Thalamus

Kylazine-db

17148

-~ Hippocampus

- Hypothalamus

Mon-normalized TiC-normalized

Figure 6. [A) M5 jon image [not normalized
xylazine anesthetized

terated dreg signal. MSI pizel size: 100 jgm (C) MS ion images of the

from soflurane-anesthetized mouse showing superior performan

RMS5-normalized I5-mormalized

of the evenly distributed internal standard (xyazine-d;} on brin coronal section obtained from
mouse; (B} two expanded subregions (hippocampus and deep cerebral white matter ) showing clear evidence for brain

evenly distributed xylazine
of normalization against an isotope

tines. The best results for the latter are usally obtained by
using either the sophisticated “mimetic tissue” model or a
-'r|||:|_|.'llu| “on-tssue” dPPIleLIL.lI Here, we combined both
strategies | the workflow is presented in Figure 5-5, SI). Briefly,
rabhit brain was homogenized and srap-Fozen in liquid
nitrogen for the best possible emulation of the original intact
tissue morphology, & previowly reported by Jadoul et al ™
The ].'llu].‘ld.lud blocks of “unified bran® tissue |:L4.l|'ltd.||'l.||'l$ a
representation of the interfering endogenous compounds from
different anatorical bmin regions) were then it with the
cryomicrotome and served & lage and convenlent blank
sections for the fast “on-tissue” spiking approach.

This d:l.'l].'lluddl 5u|'m|dt|:d lin ear IEI.dhLII'I'i-IIJJ.'I‘i- I::.uulf.uul'lti al
determination, B* = 0L996) over a wide concentration range of
the calibration curve [almost 3 orders of magnitude, see Figure
5-5 H:}. The bmits of detection (LOD, estimated From
multiple blank messurements) and limits of quantification
LOQ, (based on a predsion of the messurements of 20% or
better and calculated bias values for the lowest concentrated
calibration solution within 80— 120%) were (629 and 3.14 ug/
& |ri_|.'-e;.tnruh\r |:d.-i--i-u||:l.||'l$ average brain density of 1027 &
e’ ). Fimally, the aver age absolute concentration af xyhzine
across the mouse brain coromal section dlustrated in Figure 5B
was calculated to be 21.75 + 0.41 [ — The relatively |d.|5u
confidence interval of the mean was calculated based on the
standard deviation of all scars (scan number, n = 4255),

averaged across the whole tissue section; therefore, it reflects
the ||E{u|.l$u|'|ml“.\r of xylaine distribution in the brain secton.

B CONCLUSIONS

The prmary aim of this study wa the application of the
nonpolar DCTE compound as MALDT matriz for high
sergitivity imaging of CNS drogs in mouse bein sections.
Based on five selected newropharmaceuticals, which all fulfilled
the requiremnents for crossing the blood=brain barier via
transcellular passive diffusion (ie., Lipinski's rule of five), we
demonstrated that DCTE can be successhully used bor highly
sergitive MALDI mass spectral imaging of these compounds
from murine bran sedions using an u|h'd|u$|| resolubon
Fourier transform jon oyclotron resonance (FTICR) platform.
We _|.'l|1.l'\.-1d|:d a theoretical and n.pm'lll:lul'ltd mbonale for an
additional proton-transfer ionization mechanism of the DCTE
maltris, even Hn.luéh DCTE is wsually considered an electron-
tmnsfer matric. We also investigated tisue-spedfic ion
suppression lor DCTE vesus the conventonal J.'ILIId.I and
addic CHCA mutriv, based on tissue extinction coefficients
I:'T'El:'.:'. These EJ\.PEI'III:IEI'IL'i- showed multifold lower -i|§'|d|
suppresion for the dmgs uang DCTE & opposed to CHCAL
Furthemnore, we d_|.'l_|.‘l|m;.1 DCTE for quanttabive mmaging of a
commonly used veternary anesthetic drug, xdaine, from
mouse coronal brain secions. Compared to CHCA, the data
showed significant ggnal intensgty improvernents by as much
as 100-fold tor representative single MSI pizels of two serial
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sections and more than 440-fold for an average mass spectrum
from the whole adjacent Hssue sections Finally, the application
of tssue-matched standardization allowed for emcellent
linearity of the calibration curve over a wide concentration
range with sitisfactory precigon

The use of the DCTE matriv was not without challenges,
however, including difficulties linked to the low melting point
[ ~130 versus ~249 °C for CHCA), Le, limited stability under
high vamum conditions (which was overcome by normal-
ization to homogeneowsly sprayed intemnal standard) and the
“volcano” type ablation profiles, which can comstitute a
challenge for higher gpatial resolutions than wed here We
did not observe any formation of adducts between DCTE and
drugs as previoudy described by Lou et al™

Our future work will focus on improving the DCTE matrix
solubility and stability under high vacumm condiions. Other
work currently in progress includes a detailed investigation of
the tismie-spedfic joniation suppression of different drug
when using difierent MALDT matdces, which will further
improve the detection capabilities of MALDIMSI for other
phamaceutical drugs.
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Figure S-1. (A) Home-built robotic sprayer based on the Probot micro fraction collector
platform, syringe pump and micro spraying nozzle, providing a fine and highly reproducible
spray. (B) SEM images of different MALDI matrices: CHCA (left), DHB (middle) and DCTB
(right) sprayed onto the surface of the control brain section. Magnification: 200x; scale bars:
100 pm.
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CHCA DCTB

Xylazine
my/z 221.11070+ 0.001

Ketamine
m/z 238.09932 + 0.001

Clonidine
m/z 230.02463 % 0.001

Imipramine
m/z 281.20122 £ 0.001

Clozapine
m/z 327.13710% 0.001

Figure S-2. MS ion images (non-normalized) of five investigated CNS drugs (xylazine,
ketamine, clonidine, imipramine and clozapine) acquired from MALDI-FTICR imaging TEC
experiments of mouse brain coronal sections (optical images above) performed with two
different MALDI matrices: CHCA (A) and DCTB (B). Pixel size: 150 um; scale bars: 5 mm.
(Note: different scales of the color schemes were used here in to expose the heterogeneity of
tissue-specific ion suppression. For quantitative comparison of the averaged intensities obtained
from CNS drugs with two different matrices, see the graphs presented in Figures 3 and 4 in the
main text.)
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Figure S-3. Mean mass spectra obtained from MALDI-FTICR imaging TEC experiments of
mouse brain coronal sections performed with two different MALDI matrices: CHCA (A) and
DCTB (B) within the range from m/z 700 to 1000. As can be seen, several prominent signals
were detected exclusively with CHCA matrix in the region between m/z 900 and 1000 and they
were tentatively assigned to the sodiated or potassiated phosphatidylinositols based on accurate
mass measurement and matching to the METLIN database (http://metlin.scripps.edu).

77



Publication 3

A H
] y
Y" ; 221.11070
73] r
[ j -
a -
E
;
7] 164.05298
T 147.09176
| ) |
AL AL AL AL R L L L A L B R N L B L AU S RN L R L L R AL A FL R RN L R A S RN R L R
B 130 140 150 160 170 180 190 200 20 220 Mz
. 221.11070
£ ]
7]
[
.
E 164.05275
] 147.09163
130 140 150 160 170 180 190 200 210 20 mz

Figure S-4. Collision-induced dissociation mass spectra of protonated xylazine obtained with
MALDI-FTICR from drug standard after dried-droplet sample preparation (A) and from on-
tissue (mouse brain) MALDI-FTICR (B). The proposed fragmentation pattern is shown in the
upper spectrum. Quadrupole isolation window: 10 u; hexapole collision energy: 20 V.
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Figure S-5. (A) Workflow of “unified” mimetic brain/on-tissue mixed approach. (B) MS ion
image of xylazine (m/z221.11070 £ 0.001) calibration spots (0.2 or 0.4 uL), deposited manually
on top of the “unified” brain tissue section. (C) On-tissue calibration curve (the error bars
indicate the 95% confidence limits of the mean.) used to calculate average xylazine
concentration across the brain tissue section illustrated in Figure 5-B. Coefficient of
determination (R% = 0.996) illustrates linear relationship between tissue drug concentration and
signal response (xylazine/xylazine-de(1S)). Limit of detection (LOD) was estimated here from
multiple blank spot measurements, as the analyte concentration giving a signal equal to the
blank signal plus 3 standard deviations of the blank. Limit of quantification (LOQ) was here
considered being the lowest calibration standard (spot) fulfilling acceptance criteria of precision
better than 20% of coefficient of variation (intra-calibration spot precision) and back-calculated
bias within £20% (80-120%). (D) Two additional example calibration curves (created from
separate spiked “unified” brain section).
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Abstract

Multiple sclerosis (MS) 15 an immune-mediated neurodegenerative disease of the central nervous system (CNS). One of the most
promising recent medications for MS 15 tenflunomide. Its primary mechamsm ofaction 1s linked to effects on the penpheral immune
system by inhibiting dihydroorotate dehydrogenase (DHODH)-catalyzed de novo pynmidine synthess and reducing the expansion
of lymphocytes in the penpheral mmune system. Some m vitro studies suggested, however, that it can also have a direct effect on
the CNS compartment. This potential alternative mode of action depends on the drug’s capacity to traverse the blood-bran bamer
(BBB) and to exert an effect on the complex network of brain biochemical pathways. In this paper. we demonstrate the application
of high-resolution/high-accuracy mamx-assisted laser desorpion/ionization Founer-ransform ion eyclotron resonance mass spec-
trometry for molecular imaging ofthe mouse brain coronal sections from animals treated with tenflunomide. Specifically, in orderto
assess the effect of tenflunormde on the mouse CNS compartment. we mvestigated the feasibality of tenflunomide to fraverse the
BBB. Secondly, we systematically evaluated the spatial and semi-quantitative brain metabolic profiles of 24 different endogenous
compounds after 4-day tenfhimomide administration. Even though the drug was not detected in the examined cerebral sections
(despite the high detection sensitivity of the developed method), in-depth study of the endogenous metabolic compartment revealed
noticeable alterations as a result of teriflmomide admmistration compared to the control animals. The observed differences.
particularly for purme and pynimadine micleotides as well as for glutathione and carbohydrate metabolism mtermediates, shed some
light on the potential impact of ter fhmomide on the mouse brain metabolic networks.

Keywords Massspectrometry imaging - MALDI - FTICR - Tenflinomide - Multiple sclerosis - Metabolomic maging

Introduction

Multiple sclerosis (MS) 15 a multifactonial, immumne-mediated
demyehnating and neurodegenerative disease of the central

Electronic supplementary material The onlmne version of this articks
thitps:dotorg' 10, 1007 /5002 16-4018-1 444 5) contains supplementary
muatenial, which is available to authonzed users.
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nervous system (CWNS). It is characterized by blood-bramn bar-
rier (BBB) disruption, followed by the mfilration of immune
cells into the CNS and nerve fibers demyelination and axonal
loss of the bram and spmal cord [ 1, 2]. In most cases, multiple
sclerosis has a relapang-remitting cowrse (RRMS), which s
considered to mamly reflect inflammatory processes. It can,
however, successively develop into a secondary progresave
form of disease (SPMS). thought to represent a degenerative
process that leads to lasting neurological mparment [3. 4].
The multiple sclerosis disease process consists of loss of my-
ehin, disappearance of ohgodendrocyte, and eventually fonma-
tiom of lesions scattered throughout the whole CNS including
both white and gray matter regions [5]. Although the molec-
ular mechanism underlymg the pathology remams unclear,
several promising oral disease modifymg therapies (DMT)
have been approved in recent years by regulatory agencies
[6]. Three immunomodulatory low molecular weight

‘a Springer
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drugs—dimethyl fumarate, fngolimod, and teriflunomide
(TRF+—have generated significant interest as they have
shown benefit in clinical mals and offer the convemence of
oral admmistation over the first-ling imjectable medications
{&.g., miberferon) [7, 8].

Tenflunomide 15 an active metabaolite of leflunomide, an
immunis uppressive drug previously approved for teatment
of theumatoid arthritis [9]. Although TEF has been shown o
ameliomate the disease course in experimental autoimmune
encephalomyelitis (EAE)—an animal model of multple
scleross—as well as in human clinical trhals, the molecular
mechanism underlying its therapeutic effect have not been
fully elucidated vet [10, 11]. The primary mode of adion of
TRF is linked to the peripheml immune system By selective
mnd reversible inhibition of mitochondrial enzvme
dihvdroorotate dehyvdrogenase (DHODH ) teriflunomide hm-
ders the de novoe pyrimiding synthesis and raduces the number
of highly prob ferative hmphocytes (activated T and B cells)
in the penphenl immune system, thus lowering their expan-
sion and infil ration nto the CWS [12, 13]. Several in vitroand
in vive studies, however, have shoown DHODH-independent
functions of teriflunomide, ncluding its potential for
inhibiting Janus tyrosine kinases (Jak | and Jak3) [14] as well
a5 oyvelooxy genase-2 (COX-2)-catalviesd formation of prosta-
glandin B2 (PGE2), a well-known lipid (neurolinflammatory
mediator [15]. Furthemmone, TRF was shown to block tumaor
necrosis factor-oo (TWF-ockindouced nuclear factor-kappa B
(NF-kB) activation, a proinflammatory signaling pathway,
which s also observed in the pathogenesis of multiple sclero-
sis [16]. Since the MS disease course is demonstrated by not
only the peripheral but alse the neuwroimmune system (e,
glial cells ncluding microglia and astrocyies) activation
[17]. all the alternative TRF actions directly within the central
nervous syikem are curently of great mtersst. The potential
teriflunomide effect directly on the CNS compartment (2.2,
meducing neuroinflammation or inducing neuroprotection),
however, will depend on the dug's capability to tavemse the
BBE and/or to mnterfere with the complex biochermical nsi-
work of bruin metabolic pathways, Surpnsingly, despite the
mumerus shudies dedicated to teriflunommide action, its direct
effiect on the CNS metabolomic profile has not been o date
investigated, which prompied us toinvestigate this as the main
ohjective of the present study.

Metabolomics, in particular mass spectrometric-based
metabolomics, has gained significant popalanty in recent
weears and has been applied to studying various central nervous
system diseases [18-20] Multiple sderosis and the EAE an-
imal model were subject o expenmental analyvtical studies
conducted predominantly by gas chromatogmphy-mass spec-
tometry (GC-MS), liquid chromatogmphy-mass spectrome-
try (LC-MS), and nuclear magnetic resonance (NMER) tech-
niques [21, 22]. The vast majority of these studies were aimed
at wentifving biomarkers of the onset or progresson of the

ﬂ Springes

disemse and were mainly applied to cerebrospimal flud (CSF)
samples [23-25]. Matabolomics approaches, however, can al-
s0 be utilized to monitoring endogenous metabolism alter-
ations a8 a result of drg administmtion. This stmtegy (temmed
phamacometabolomics) provides a smapshot of the response
ofa certain (personaliced) phenotype to the treatment and can
be applied to stdy both the disemsed and healthy species [26,
27]. While the first approach can be used for monitoring drg
efficacy, the latter, when translated into a larger scale and
proper biochemical interpretation, delivers addibonal msight
inte inderstanding the action of the drug at the molecular
lewel,

In recent years, mass spedrometry imaging (MSI), in par-
ticular ina combination with matnx-ssisted laser desorption/
vonization (MALDT), has gained acceptance in tissue-basad
metabol omics research [28-30]. Firstly, it permits to link gual-
itative molscular information of compounds o their spatial
localization and distribution within the investigated section
(2D MST) or even the whole organ (3D MET) [31, 32], since
MET relies on in situ analysis of chemicl compounds directly
from the surface of biological tissue slices. Secondly,
(MALDI-MST can provide relisble (semi-lguantitative infor-
mation on the invest gated compounds, if proper nomnaliza-
tion and calibration routines are apphed [33, 34]. Furthermore,
MET allows for simultaneous monitoring the spatial distribu-
tions of drug and endopgenous metabolites from a single tissue
section as wel as for spatial correbtion with pathologically
changed areas revealed by histological staiming (e.g., bram
lesions m Alzheimer’s or multiple sclerosis diseases). As a
conssguence, mass spectrometry imaging has recently be-
come an important analytical tool for neumscience research
[35, 36] and has been successfully applied to study different
neumpathological conditions, includimg Alzheimer’s disease
[37. 3B]. traumatic brain injury [39, 4], amyotrophic lateral
sclemsis [41, 42], and. more recently, multiple sclerosis [43].
Furthermore, MSI was also emploved to investigate tissue
metabolomic changes in response o administmtion of xeno-
biotics. For example, metabolic response was studied by Jones
et al. in a mouse tumor xenogmfl modd afler treatment with
the sphingosie- |-phosphate/ceramide pathway targeting
drugs, as well as by Sun et al. in hng sections afler pifenidone
administration [44]. Furthennore, different research groups
have discoverad considerble changes of brain lipid spatal
profiles as a result of narcotics administration [45-47] or
chronic ethanol consumption [48]. Finally, Hanrieder et al.
described substant al metabolism changes in rat hippocampus
resulting from the exposure to an environmental neurolxin
revealed by molecular imagng at high spatial resolutions
using tme-of-flight secondary ion mass spectrometry (TOF-
SIMS) [49].

In the present study, we employved MALDI mass spectral
imaging using a high-resolution'hi gh-accuracy Fourier-
transform ion evelotron mesonance (FTICR) platform for
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assessment of the molecubr effects of the penphemnl immuno-
modulatory dmug teriflunomide on the mowse bam compan-
ment. Firstly, we examinad the potential penstration of the
drug into the central nervous system. Secomdly, we mvest gt-
ed spatial and molecular changes ofmouse bmin metabolomic
profile after 4-day dug administration,

Materials and methods
Chemicals and reagents

Teriflunomide (TRF). 9-aminoacridine (9-A4), o-cvano-4-
hydmxyveinnamic acid (CHCA), 1.5-dizminonaphthal ene
(1.5-DAN), 2-mercaptobenzothiazole (MBT) 6-aza-2-
thiothymine (ATT), 3-aminogqumoline (3-0A), 1.8-
hisidimethylamino naphthalens (DMAN ), ethmol, methanol,
acewnitrle, and stndrd microscopic plass shides were pur-
chased from Sigma-Aldrich (Steinheim, Germany).
Teriflunomide-dy (intemal standard, 1S) was oblained from
Biozol GmbH (Eching, Germany). Purified water was gensr-
ated by a Millipore (Bedfond, MA, TUSA) punification system.

Animals and tissue preparation

All animal expenments were performead in accordance with
intemational regulations and permission from the local re-
search ethics committes (Landesamnt fiir Vierbrawcherschute
Saarland, TVV 23/2013). C57TBL/6 mice were purchased
from Charles River (Sulzfeld, Germany). Teriflunomide
(TREF) was suspended in 0.9% sodium chloride (NaCl) and
administered to mice by oml gavage at a dose of 10 mg'ke
body weight daily during a 4-day treatment. Control (vehicle)
animals received only NaCl The dose of 10 mekg body
weight was chosen hased on the EAE animal model in the
original work by Ringheim et al [10], which is far lower than
the lethal doses (200 mg'ke for mice) described in the assess-
ment report on Aubagio (rade name of teriflumomide) by the
European Malicmes Agency [50]. The mice were eutharnized
afler 24 h following the final drug administration. The onzans
wene dissected immediatey after the sacrifice, snap-foeen in
liguid nitmygen and stored at— 80 *C untd sample preparation.
The 1 2-pm-thick coronal brain sections fom both vehicle and
TRF mice wens cut at comparable stereotactic coondinates (~
Bregma + 0.2/0.3 mm) [51] using a Reichert Jung 2800
Frigocut cryvostat micmtome (Leica Micmosystems, Wetelar,
Germany ). Sections fom vehicle and TEF animals were
thaw-mounied onto the same plaim microscope glass shides
(o mirmmizs signal variations resulting from sample prepam-
tiom process) and dried for 30 min in a vacuum desiceator.
Tissuss on glass slides were siored at — 80 °C for no longer
than 2 days prior o mass spectrometry imaging expaiments,

MALDI matrix selection and automated spraying

Electrospray (ESIFFTICR. expenments of tenflunomide stan-
dards revealed primary formation of depmtonated molscules
for TRF: therefore, different matrices fir efficient negative ion
formation were tested for the MALDI-FTICR expenments
afler driad-dmoplet sample preparation. CHCA and ATT ma-
trices were prepansd at 10 mg/mL in acetonitrilewater {70730
[wv]k 9-AA and DMAN wens preparsd at 10 mg/mL: MBT
wits prepared at 25 mg/ml in ethanolwate (70030 [wiv]); and
1,5-DAN and 3-0A were dissolved in methanolwater (7030
[wiwv]iat 15 and 10 mg'mL, respectively. For MSI experiments
of endogenous molscuks, 9-aminoacridine (9-AA) was cho-
ser as MALDI matrix because of its ability to efficiently ion-
i low molecular weight metabolites from the tissue surfaces
[29, 52, 53] For imaging expenments, a feshly prepared
solution of 9-AA (5 mg'mL n ethanolwater, 7030 [wiv])
wits homogenously spraved onto the tisswe sections using an
automated home-built spraver as previously described [54].
which provided homogenous, reproducible matnx deposition
as well as small crystal sizes (see Electronic Supplementary
Material (ESM) Fig S10 Seven lavers of 9-AA were deposit-
ed with increasing flow rate in the ©llowing pattems: two
layers at 20 pl/min and five layers at40 pLimin. From these
experiments, the sstimated amownt of matnx added to the
tissue (= matrix density) was caleulated at 00201 rng,.i'mmz.
Prior to matrix deposition, 1S solution (1 pM teriflunomi de-d,
in ethanol'water, 7030 [wv]) was spraved with mereasing
flow rate in the following pattern: 1 laver at 10 pl'min, |
laryer at 20 plfmin, and 2 layvers at 30 pL'min,

Mass spectrometry and data analysis

ESIL MALDL and MALDI imaging experiments were per-
formed in negative ion mode on a Bruker (Bremen,
Germany) 7 Tesla Solarix FTICR mass spectrometer,
equipped with a dual ESI'MALDI ion source and
Smartheam 1T Nd:YAG (355 nm) laser. MALDI imaging
data were collected either in full scan mode from mz 30
to LIOD (for mmaging of endogenous metabolites) or
CASI (continuous accumulation of selected ions) mode
with a quadrupole isolation window fom 20 o 200 u
(for enhanced sensitivity in tapested drog imaging exper-
iments), with a transient length of ~0.5 5 and resolving
power (FWHM) of ~ 114,000 at m/z 300, Internal mass
calibration was performed using either a series of peaks
originating from the MALDI matrix and endogenous
compounds (for metabolomic imaging) or a lock-mass ap-
proach with peaks from the internal standard (for drug
imaging experiments). For all MALDI imagmg measure-
ments, the laser focus was set o the “small™ setting, laser
power to 20%, number of laser shots/'pixel to 200, and
repetition rate to | kHe, MST pixel size was set to
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70 pwm, assuring a dense array of laser ablation spots
while avoiding ovedap (see ESM Fig. 52). MALDI ex-
periments with standands were carried out by using dried-
droplet sample preparation and spotting onto steel
MALDT tamzet plates (Bruker). EST was performed wsing
direct nfusion with the instrument’s syringe pump at
2 plimun, All MSMS experiments were performed by
isolation of precursor wons in the external quadrupole (so-
latiom window, 5—10 w) and accumulation in the hexapole
for collision-induced dissociation (CTD) at varying colli-
sion energies (collision offset voltages, 10-30 V). Data
were processed and analveed using the Bruker Data
Analysis and FlexImaging softwans for single mass spec-
tra and imaging data sets, respectively. To obtain the av-
erage tissue intensities of endogenous brain metabolites,
the imeML [55] files were extracted from FlexImaging
and analyvesd with the open-source MSiReader software
[56]. Mass spectral intempretations were conducted using
the METLIN (hitp:/metlin.scripps.edu) [57] and HMDEB
(httpedhttps Swewow hmdb.oca) [58] databases to match the
accurate masses of the precumsor wons. Furthermors, the
identified metabolites were assessed with existing
biochemical pathways described in the KEEGG atlas of
metabolic pathways (hitps:/www. genome. jp'lkegp/
pathway htm#metabolism) [59]. MS ion images of the
endogenous metabolites were normalized to the
deprotomated 9-AA signal, which was shown to be an
efficient normal ization routing when isotope-labeled inter-
nal standards are not fasible [34]. This strategy was cho-
sen here owver the more common RMS and TIC ap-
proaches smee both RMS and TIC can induce unrealistic
enhancements of ion signal values when applied to highly
heterogeneous tissues (g, bram). The procedurs com-
plies well with histological structures as previously de-
scribed by Deminger et al. [60].

Histological staining and optical microscopy

Cilass shides wens nnsed with ethanol (705 whv) for removal of
the matrix after MSL Staining was performed with hematox-
wlin and eosin (H&E) by dipping the slides imto ethanol (1009
wie — 20°C: 5 min), then deionized water (2 min), immersion
in Ehrlich’s hematoscylin {Carl Roth, Kardsmuhe, Germany) for
5 min, wishing with deimized water, and bluimg (ap water,
10 min). Eosin (Cad Roth) staining (10 83 of slides was
followed by washing with deionized water and dipping into
ethanol (809 wh, 3 min), ethanol (90% v, 6 min), and etha-
nol (10, 2 = 5 min) and then exposing them to thres differ-
ent xvlens (VWE, Dammstadt, Germany) soaks (5 min each).
Coverslips were placed onto the shides using mounting medi-
um Roti-Hetokitt (Cad Roth GmbH, Kadsmhbe, Gemany).
Stained tissue sections were digitized with a Zeiss Axio

&) Springes

ScanZl slide scammer (Carl Zeiss Microscopy GmbH, Jena,

Gemmany).

Results and discussion
Capacity to traverse BBB

Method development for on-tissue tedflunomide detection
Tenflunomide (Fig. 1a) was the subject of seveml LC-MS
quantification studies, ndicating strong signals under
electmspray womzalion n negative wn mode [61, 62]. Our
preliminary direct infusion ESI-FFTICR experiments con-
firmed this prefemed mode and we theresfore conduded a sys-
tematic investigation of a series of negative ion mode MALDI
matrices. Seven different compounds (CHCA, 9-AA 1.5-
DAN, ATT, 3-0QA, MBET. and DMAN) wers investigated with
MALDIFTICR after dried-droplet sample preparation, where
equal volumes of the drug standand solution (7.4 phd) and
MALDI matrix solutions (for concentrations and sol vents,
see the “Materials and methods™ ssction) were mixed and
manua Iy deposited onto the sted tarpet plates. Colledion of
16 ndividual transients from three MALDT spots allowed for
intra- and inter-spot variability correction and revealed
deprotonated TRF (theorstical myz at 269.054336) for six of
the ssven matness (with the exception of DMAN, whers no
signal was obtainad). The intensities obtained with 9-A4 were
superior o the other five matrices, as seen in Fig. Ih.
Thensfore, A4 was further utilized for method development
for on-tissue tenflunomide detection (hased on the drug stan-
dard spiked on top of the control mouse brain ssction and then
sprayed with the matrix) with different FTICR settings (i.e.,
full scan versus CASI modes ). OF note, different settings of
the quadrupole isolation window (between 20 and 200 u) were
tested, of which the highest intensity from deprotonated
ten flunomide was obtained with a window siee of 100 0.
Finally, to fully illustmte deection capabilities of the devel-
oped method, we performed imaging expenment of a control
meruse brin section with a manualy spotted (0.5 pl) series of
teriflunomide solutions (184, 36.8, 7.40, and 148 pM).
Figure |¢ shows M3 ion images resulting from these experi-
ments (all spots are indicated with the exact amount of depos-
ited drug) and a representative single MSI pixel mass spec-
trum obtained from one of the spots at 740 pbd. Further quan-
titatpve analyses of the obtmned data using MSiReader (hasad
on imeML files extracted from the instrument vendor imagng
software) penerated a linear relationship between the calculat-
ed tissue drug concentration and the normalized drug signal
intensities from the spots (coefficient of determination, B =
0.999) over a comeentmbon rangs excesding two onders of
magnitude (see ESM Fig. 53). Mmual inspection of several
representative single pixels mass spectra from the lowest con-
centration spot (which corresponded to the tissue drog

84



Publication 4

Spatial and maleaular changes of mouse brain metbolism in response to immunomodulatory treatment with.

ol

Teriflunamidea {TRF)
M, =270.2
ak, = 5.2

5

b

LE+1D

&

£

Intensity

Lo

I;IEI:'HZI 263 270 275
Fig. 1 a Chemical structure, molecular weight, and pf; of teri flumomi de
{TRF). b Bar graph showing average sigmal intensities from deprotonated
teriflmomide (74 ph) obtained with MALDE FTICR afler dried-droplet
sample preparation with sx different negative ion MALDI matrices. Ermor
bars rq:-rﬁcmsmmh.rd &-Hialiﬁ-u. SD = 3]. [4 Siuﬂu‘.‘ MSI ]:li.m‘.'| MaEs
spectrum (' 260-280) obtained from MALDI-FTICR imaging
experiment conducted in CAS] mode (quadrupole isoltion window,
10 u) of the control mouse brain section after manually spoted
(0.5 pL) drug standard solutions of four different concenirations:
184 pM, 368 ph, 740 pM, and 1 48 pM (2D ion image is on wpper
rightl. The shown mas spectrum was exported from the representati ve
sngle pixel of 2 T.4-pM spot

mE

concentmtion of 1105 pg'p as caleulated from M SiReader
based on 2 measured spot area of 1.46 mor’, tissue thickness
of 12 pm, and assumed average bran density of 1,027 glent®
[63T) revenled the drug signal-to-noise ratio (SM) within the
mnge of 10 @0 20, These analviical figures of meri demon-
strate that teriflunomide, when present inthe mouse bmin at or
above the mentioned concentmtion level, can be successfully
detected and quantified with the present method divectly from

the lissue sections.

M5 of brain sectiors from drug-treated animals The above-
desoribed highly sesitive MSI method was applied to in st
imaging of bmin coronal sections from mouse that had under-
pone a 4-day teriffunomide meatment. Unfortunately, no dmg

signal was detected in any of the tested native tissues. n ad-
dition to the parent drug, we did not detect any of the previ-
ously described metabolites (despite most of them having
acidic character for deprotomation). This includes the only
known plasma metabolite, 4-tri fluoro-methylaniline (4-
TFMA), as well as the major urine metabolite, 4-TFMA
oxarilic aad [64]. These negative fndings might result from
the previously reported strong protein binding of
teriflunomide (== 90%) in plasma and, consequently, s limited
volume of distibution [62, 65]. In addition, teriflunomide and
its parent drug leflunomide have besn shown to express high
affimty to the breast cancer resistance protein (BCRP), which
i5 a membrans efflux tmnsporter abundantly expressed on the
endothelial cells layer of the BBB [66]. It is also worth
pointing out that even disruption of the BEE (evident in both
multiple sclemsis and EAE) does not necessarily increass the
penetration ofsmall moleculs diugs imto the CNS as shown by
Cheng et al. [67]. Indead. additional MALDI-MSI experi-
ments of brain sections obtained fom EAE mice treated with
TRF did not reveal signaks from the drg, thus confinming the
above-mentionad fndings,

The effect of teriflunomide on the mouse brain
metabolism

Even though terifluncmide signal was not deected fom the
native tissuss, we investigated the drog’s indrect & fect on the
metabol sm in the brain. To do that, we performed MALDI-
FTICR imaging experiments on bmin coronal sections from
the mice treated with the drog for 4 days and companed the
results with vehicle treatad species. High-resolutionhigh mass
acuracy M3 expenments wene parformed for putative iden-
tification of m'z values fom sevemnl representative single MSI
pixels (of different anatomical regions of bmin), followed by a
search of two metabolomics databases (METLIN and
HMDE) with the mass incertainty setto + 2 ppm. From these
expenments, we annotated and tentatively identified 24 com-
pounds (Fig 2). Ofnote, all putatively ammotated mouss brain
metaboltes exhibited relative mass emors of <=1 ppm at cal-
culated resolving powers (FWHM) between 60,000 and
300,000, depending on m/z range.

Purine and pyrdimidine nudeotide metabolism The first mves-
tigated biochamnical route was nucleotide metabolism, includ-
ing both purme and pyrimidine nucleotides. This pathway 15
of importance in MS disease pathology because
teriflmomide’s major mode of action is linked to the nhibi-
tion of the de novo pyrimiding synthesis, specifically its
blocking of the dihvdroorotate to orotate enzyvmatic
(DHODH-c b bred) conversion. In addition, it s widely ac-
capted that both purinergic and pyrimidinenzic signaling path-
ways play a key role in both neurotransmission and
neuromadulation mechanisms [68, 69] Moreover, seveml
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studies sugpest that alterations in puring and pyrimiding me-
tabolism can be imvolved n developimg different CNS dys-
functions, including neurom flarmmation and neumdepenen-
tiom conditions, both occuming in multiple sclerosis course
[70.71]

In our MALDI-MS] experiments, we detected both purine
(AMP, cAMP, ADP, IMP, GMP, and GDP) and pyvrimidine
rucleotides (CMP, UMP, and UDP) the full names and ob-
served adducts of which along with their theoretical miz
values are sunmarieed in Fig. 3a. Figure 3b shows MS ion
images of spatial distributions of all nucleotide derivatives
detected dunng MALDEMSI We did not observe any sigr
icant di fferences of their spatial distbotions betwesn TRF
and vehicle sections. The bar graph in Fig Jc compares aver-
age intensities obtamed for brain coronal sections from vehi-
cle versus drug-treated mice. The mean abundances for all
metaholites wens obtmned using the MSiReader software by

ﬂ Springt:'

setting the mass emor threshold to + 2 ppmg the standand de-
viation bars shown in the gmph represent the heterogenesity of
the mespective compound’s spatial distnbution across the en-
tre examined ssction. From nine detecied nucleotides, cAMP
and GD'P were elevated in TRF versus vehicle mice, while the
remainng compounds showed lower abundance, Essentially,
the average abindmees of almost all compounds were aliered
by = 100%, while some (IMP, GMP, and ADP) decresed by
more than 20%. Interpretation of these data is particularly
interesting for adenine and umeil derivatives, smee their po-
tential role in nevromflammation and neurodegensration pro-
ceases has been broadly discussed in recent vears, Whilke the
main fimction of cyclic AMP (cAMP, increased in our exper-
iments afler TRF treatment) is widely accepted to suppress
neuroinflammation [72], the other nucleotides” function in
multiple sclemsis pathology remains elusive dus to the multi-
facsted role of these moleculss m immune responsas [73].
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Mometheless, some evidence has been provided that while ad-
erine nuclssside (adenosing) have mamly ant-inflammatory
fundions [74], the extracellularly releassd adenine and uracil
nucleotides (ADP, ATP, UDP, and UTP) serve rather as
damage-associated molecular patterns (DAMP), activating
promnflammatory mechanisms (e.g., microghal activation)
[75-77]. In light of these findings, the noticeably decreased
brain levels of uradl (UDP, UMP) and adenine (ADP, AMP)
nucleotides in response o eriflunomide administration might
sugpest an additional anti-inflammatory and mmunosuppres-
sive CNS effect of the drg along with its beneficial action in
the peripheml immune system

Amino add metabolism We also mvestigated the effect of
tenflunomide on the metabohism of amimoe aciuds in the boin,
for two reasons . Firstly, most amimo acid neurotmnsmitlers are
thought to play key mles in newrom flammation and neurode-
genemtion [78]. Saondly, seveml amine adds were investi-
gated in metabolomics studies as potential biomarkers of mul-
tipls sclerosis diseass onset or progression [21, 22] For ex-
ample, a metabolomics study of CSF samples from an EAE rat

GOP CHMP UMF UDP

mndel revealad elevated levels of taurime, which 15 a well-
known anti-inflammatory amd antioxddant agent [23]. as wdl
a5 plutmic acd, which is known for its excitotoxida ty in brain
neurons [24], Furthermore, a nuclear magnetic resonance

(MR study by Lute #t al. revealed increased amounts of

glutarmine in CSF samples of multipls sclerosis patients with
active inflammatory brain plagues [79]. Glutamine is a pre-
cursor of glutamic acid in brain. Moreover, an in vive human
brain study conducted with magnetic resonance spectroscopy
(MES) by Vingara et al. revealed decreased levels of N-
acetylaspartic acid (NAA) n the brin cormelated well with
neurological impairment of multiple sclerosis patients. The

authors supgested NAA as a potential biomarker of

neuroaxonal damage progression [B0]. Finally, glutathione
(both in reduced, GSH, and oxadized GSSG, states) s one
the most imponant endogenous antiosddant agents. Tt was pre-
viously described to be significantly impaired dunng the mul-
tiple sderosis course [R1].

In our experiments, we detected and tentatively identi-
fied seven amine acids and two peptide metabolites. All
species were observed as deprotonated molecules (Fig. 4).
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Fig. 4 MALDI-FTICR imaging a
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The visual inspection of most of the molecular images did
not provide any indication for significant changes in ami-
no acids” spatial distribution acress the examined mouse
brain coronal ssctions from TRF versus vehicle animals.
Two glutathione compounds, however, showed clearly
asymmetncal distribution in the TRF section as compared
tor the non-treated mouse. Furthermore, the comparison of
average ntensities (Fig. 4¢) revealed some alterations in
mesponss o drug treatment, vet most of the compounds
(seven of mne detected compounds) were altered by less
than 10%. Larger changes were observed only for
phosphoaspartic acid (increase by 15%) and. in particular,
for glutathions in its reduced form (GSH), which de-
creased by almost 20% i TRF sections. In conclusion,
despite the small overall changes of teriflunomide-
induced changss in the amino acid brain metabolism (ex-
cept for glutathione) as comparsd o nueleotides shown
ghove, the experiments clearly illustrated drug effects,
such as the mereased levels of taurme (nvolved in neu-
roprotection) with simultaneous elevated levels of
glutamic acid (involved in excitotoxicity) at the same time
and decreased amount of the internal antioxidant
glutathione,

‘ﬂ S'_.‘lru'lgl’.":

C5A NAA P-Asp GSH G556

Cathohydrate metabolism Finally, the last grmoup of com-
pounds investigated in our MSI experiments wen: metab-
olites involved in carbohydrate biochemical routes.
Alemtions in glucose and energy metabolism pathways
were previously observed in multiple sclerosis patients
[B2, B3], We detected three compounds involved in the
glycolysis/gluconeogenesis cycle as well as three nucleo-
tide sugars, all of which were detected as deprotonated
molecules (Fig. 5a). Their MS dion images (Fig. 5b) did
not reveal significant changes of spatial distributions
across the examined brain coronal sections from TRF ver-
sus control animals. The bar graph (Fig. 5¢) illustmting
average intensities, however, shows considerable down-
regulation (= 30%) for glucose-6-phosphate (GOF) and
UDP-glucose. As the latter molecule i a sugar conjugate
of the uracil nucleotide, its decreased abundance might be
linked to the lower UDP levels detected in drog-treated
animals (see above). UDP-glucose along with UDP-N-
acetvlglucosaming (for which almost no change was ob-
served here) has been reported o be involved in multiple
biochemical pathways [77] This includes bmin glycogen
synthesis, which requires ensymatically catalyieed forma-
tion of UDP-glucose from UTP and glucose-6-phosphate
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(G6F) [84). Interestingly, GOP was also downnegulated in
the bmim sections of the drog-treated animals in our ex-
periments. In addition to patticipating in brain energy me-
tabolism, UDP-glucose was postulated to play a role as
extracellular signaling molscule in the central nervous
system (similar o adenine and wracil nucleotides, see
above) since G protein-coupled receptors for UDP-
glucose were identified to be expressed in a wide vanety
of different brain regions [85, 86]. In particular, UDP-
glucose was recently descobed to induce inflammatory
effects in microglia, which might suggest an important
role in neuroinflammation [87]. While a part of the
UDP-glucose pool might be epimerized o UDP-galac-
tose, separation of the two isomens was not possible with
the current mstrumentation. Smce this eneyvmatically cat-
alyzed epimerization takes place under very specific phys-
inlogical circumstanees (e.g., for lactose synthesis during

brzast-feeding) [77]. we assumed UDP-glucose as the ma-
jor nucleotide sugar contributing o the signal at the the-
oretical m/z of 56504774, In contrast o the downmegulat-
ed metabolites, another sugar nucleotide, cyelic ADP-
ribose (cADP-R). significantly increased (=20%) in
TRF-treated animals vemsus contml. cADP-ribose is an
important intracellular calcium-releasing second messen-
per, which s parbcularly known for its crucial role n
regulating inflammation and innate mmung responses
[88, 89]. The elevated levels of this sugar nucleotide in
msponse to TRF administration might suggest a mle in
NS inflammation.

& ¢‘F& Jﬁl* &f’ &
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Conclusions

The aim of this paper was the investigation of the impact of
immunomodulatory treatment with teriflunomide on the cen-
tml nervous system’s metabolic profile of mice. Spacifically,
FTICR imaging mass spectrometry was utilized o assess
tenflunomide’s capacity o cross the blood-bram bamier as
well as to visualize potential alterations of spatial and quanti-
tatve profiles of bram metabolites in response o drog admin-
istmtion. Firstly, in accordance with previously reported re-
sults, our experiments confirmed the himited access of
teriflmomide imto the CNS. This was seen from the lack of
drug signal in coronal bmin tissue sections from animals afler
4-day treatment at relatively high doses, even though the de-
vieloped method exhibitad excdlent signal response in spiked
tEsue experiments. Despite the drug’s absence in the boin,
however, further in-depth investigation of the spatial profiles
of 24 endopgenous metabolites from three different classes
(nucleotides, amino adds, and carbehydrates) was perfommed
based on tentative identifications by high resolving power/
accurale mass measurements (uncertainty < 1 ppm) via
FTICE. Intersstingly, some of metabolites exhibited notice-
able downregulation (=>20%) in brain sections from
ten flunomide-treated mice when compared to vehicle ani-
mals. The most significant changes wene seen for adenime
and uraal nucleotidss as well as glutathione (GSH) and two
carbohydmte intermediates, glucose-6-phosphate (GAF) and
UDP-glucose. Even though the mechanism by which
teriflunmmide exerts its action in the CNS is not fully
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understood. our findings might support a mechanism that in-
volves an indirect pathway, as the dmg seemed incapable o
crss the BBE. Such a potential mechanism, which imvolves
circulating drg-induced modulation of some peripheral mol-
ecules, which could then interact with the cells lining the BBB
and finally activate CH3 cells, was recently proposed by
Moore et al. for mouse bram changes induced by stimulation
with bacterial endotoxin lipopolysaccharide (LPS) [90]. In
surmmary, we belisve that the resul s of our expenments dem-
onstrated the potential of our method for future MALDI-MST
investigations of a larger number of halthy or EAE animals,
post-mortern human bram samples, or humm CSF samples
from teriflnomide-treated MS patients.
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Fig. S1. (a) Home-built robotic MALDI matrix sprayer based on the Probot fraction collector
platform, micro spraying nozzle and syringe pump (left panel). The constructed device provided
a fine and highly reproducible spray (zoomed micro nozzle in the right panel). (b, ¢) SEM
images of 9-AA matrix sprayed onto the surface of the control brain section using two different
instruments: home-built sprayer (b) and commercially available ImagePrep (c). Magnification:
200x (left panels); 5000x (right panels). Scale bars: 100 um (left panels); 1 um (right panels).
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Fig. S2. Microscopic images of mouse brain coronal section sprayed with 9-AA matrix (a) with
two smaller regions processed at the typical MALDI imaging settings at the raster width of 100
um. Laser focus: “small”, laser power: 20%, repetition rate: 1 kHz and two different settings of
laser shots number/pixel: 500 (b) or 200 (c). The latter setting (200 laser shots/pixel at 70 um
pixel size) were selected to provide optimal conditions for all imaging experiments in the
current study. Scale bars: 1000 pm (a); 100 um (b, c).
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Fig. S3. (a) Linear relationship (coefficient of determination, R? = 0.999) between calculated
tissue concentration of teriflunomide spiked on the top of control mouse brain section and
normalized mean abundance. Error bars indicate 95% confidence intervals of the mean. (b)
Corresponding MS ion image obtained from the control mouse brain section after manually
spotted (0.5 pL) drug standard solutions of four different concentrations: 184 uM, 36.8 uM,
7.40 uM and 1.48 uM. (Note: this is enlarged version of the 2D ion image showed in Fig. 1c¢).
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