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Abstract
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Mass spectrometry imaging (MSI) has emerged as a valuable approach for mapping multiple
molecular species in sections of diverse tissues. It enables simultaneous detection of numerous
compounds (from neurotransmitters to small proteins) in the brain at relatively high lateral
resolution (>5 um) on a routine basis. Matrix-assisted laser desorption/ionization (MALDI)-
MSI and desorption electrospray ionization (DESI)-MSI are the most widely applied MSI
techniques in tissue distribution studies. Recent advances in MSI instruments and software
allow quantitative analysis of large numbers of compounds with high mass accuracy and high
mass resolving power. Thus, in studies this thesis is based upon, MSI technology was used to
address several challenging aspects of neuropharmacology. Restricted passage of potentially
neuroactive substances into the brain, unpredictable multi-target effects, and the complexity
of the central nervous system (CNS) physiology, are major obstacles in the development of
efficient drugs. The simultaneous investigation of drugs’ delivery to the brain and potential
effects on several CNS pathways in specific brain regions is, therefore, highly important.
In addition, localization information is required for more comprehensive insights into CNS
responses to both pharmaceutical agents and biological processes such as aging.

MSI-based analysis of the transport of two selected drugs into the brain demonstrated
effects of efflux membrane proteins on their distributions in the brain. The MDR1 substrate
loperamide was found to localize specifically in the choroid plexus, indicating low brain
entrance. In addition, MSI uncovered drug-drug interactions at the blood-brain barrier
involving MDR1 inhibition. The technology was further used to explore neurochemical
alterations induced by aging and acetylcholinesterase inhibition. First, MSI revealed that
the cholinergic system’s responsivity in the retrosplenial cortex, a post-cingulate cortical
area highly involved in cognition, to acetylcholinesterase inhibition significantly declined
with age. Subsequently, simultaneous investigation of multiple brain metabolic pathways
in specific brain areas with multivariate data analysis techniques demonstrated age-induced
alterations in mitochondrial function, lipid signaling, and acetylcholine metabolism. Finally,
MSI unveiled age-induced alterations in levels and distributions of the monoaminergic
neurotransmitters and their metabolites in particular brain areas such as the ventral pallidum,
caudate putamen, hippocampus, and cortical substructures. Age- and region-specific effects
of acetylcholinesterase inhibition on the neurotransmitter systems were also detected. In
conclusion, the studies provided novel insights into important brain pharmacokinetic and
pharmacodynamic phenomena using advanced MSI techniques, as described and discussed in
this thesis.

Keywords: mass spectrometry imaging, neuropharmacology, blood brain barrier, drug-drug
interactions, aging, tacrine

Theodosia Vallianatou, Department of Pharmaceutical Biosciences, Box 591, Uppsala
University, SE-75124 Uppsala, Sweden.

© Theodosia Vallianatou 2019
ISSN 1651-6192

ISBN 978-91-513-0739-8
urn:nbn:se:uu:diva-392320 (http://urn.kb.se/resolve?urn=urn:nbn:se:uu:diva-392320)



0 0¢ aveééraaroc Biog oU BiwTd¢ AvOPWITW

Plato, Socrates Apology






List of Papers

This thesis is based on the following papers, which are referred to in the text
by the corresponding Roman numerals. For convenience, the studies de-
scribed in Papers [-1V are referred to as Studies [-IV, respectively.

1 Vallianatou T, Strittmatter N, Nilsson A, Shariatgorji M,
Hamm G, Pereira M, Kiéllback P, Svenningsson P, Karlgren M,
Goodwin RJA, Andrén PE (2018) A mass spectrometry imag-
ing approach for investigating how drug-drug interactions influ-
ence drug blood-brain barrier permeability. Neuroimage,
15:808-816

11 Vallianatou T, Shariatgorji M, Nilsson A, Fridjonsdottir E,
Kéllback P, Schintu N, Svenningsson P, Andrén PE (2019) Mo-
lecular imaging identifies age-related attenuation of acetylcho-
line in retrosplenial cortex in response to acetylcholinesterase
inhibition. Neuropsychopharmacology, doi: 10.1038/s41386-
019-0397-5.

III  Vallianatou T, Shariatgorji M, Nilsson A, Karlgren M, Hulme
H, Fridjonsdottir E, Svenningsson P, Andrén PE. Imaging age-
induced perturbations of mitochondrial function, neurotransmis-
sion and lipid signaling in specific brain regions. Submitted

IV Fridjonsdottir E*, Vallianatou T*, Shariatgorji M, Nilsson A,
Odell LR, Svenningsson P, Andrén PE. Imaging aging effects
on the catecholamine, serotonin, and histamine neurotransmitter
systems in specific brain regions. In manuscript

*These authors contributed equally

Reprints were made with permission from the respective publishers.



List of Additional Papers

Nilsson A, Goodwin RJ, Shariatgorji M, Vallianatou T, Webborn PJ, Andrén
PE (2015) Mass spectrometry imaging in drug development. Analytical
Chemistry, 87:1437-1455.

Shariatgorji M, Strittmatter N, Nilsson A, Kéllback P, Alvarsson A, Zhang
X, Vallianatou T, Svenningsson P, Goodwin RJ, Andren PE (2016) Simulta-
neous imaging of multiple neurotransmitters and neuroactive substances in
the brain by desorption electrospray ionization mass spectrometry. Neu-
roimage, 1:129-138

Shariatgorji M, Nilsson A, Fridjonsdottir E, Vallianatou T, Katan L,
Savmarker J, Mantas I, Zhang X, Bezard E, Svenningsson P, Odell L, An-
drén PE (2019) Comprehensive mapping of neurotransmitter networks by
MALDI-MS imaging. Nature Methods, In press



Contents

INETOAUCTION ..ttt 13
Mass Spectrometry IMaging..........cccvveecveeerieerieenciie e eriee e esreeevee e 14
Matrix-assisted laser desorption/ionization .............cccceeeeeveeeeveeenveenne. 14
Desorption electrospray i0nization ...........ccceeeeveerveesieeesieeesveeeveeennns 15
MSI Instrumentation: Mass ANalyzZers .........cccceeeveerienenersieneneennene. 16
Brain Sample Preparation...........ccoceevverieriencieeieeieeeeeeseesee e 17
MSI Data ANalySiS.....c.eerreerieriierienienieniesee e etesreesseesseesseessnessnesnnes 18
Neuroactive molecules in the brain...........coccoeeeeereiieeneieeeecceee 20
Brain pharmacokinetics: drug transport through the brain barriers
and distribution in the CNS ... 20
Brain pharmacodynamics: molecular neuropharmacology and major
NEUTOraNSMILLET SYSEIMIS ...cuvevirereieriieiieierieeeteienieettete et eee e 22
Neuroimaging of age-induced alterations............ccceecveviererrcieenieenenne. 24
AATITIS 1.ttt ettt e h e ettt et ettt e b e bt e bt e saeeeateenteebe e 26
IMETROMS ..ottt ettt et 27
ANIMAal EXPETIMENLS ......veevieeieriieeieeieesieeseesteseesaessesseeseeseesseesseesseens 27
TISSUC PrOCESSING ..eevvveerirerirereeieeieeseesseesseesssesseesssesssessseesseesseesseesssessenes 28
TISSUE SCCHOMNING ...veevvieeiieiieiieiiesiiesieesteereereeseesseesseesseesseesssesssesssens 28
Quantification of drugs and neurotranSmitters ............ccceevvverrverrrernnns 28
Preparation of brain tiSSUE SECHIONS ......c.cccvveerevrerrieeiieeiieeeree e 29
Mass Spectrometry Imaging..........cccveevveeeeiieeiieesieeiee e e esveeevee e 30
Histological staining of tiSSUE SECIONS ........cecueeiureiieeriierieeriieniieeee e 31
Imaging data analysis.......cccecceerierierieriienierie e 31
Statistical ANALYSIS ....veervierrieriierierieeie et et 31
Identification of MEtabolites. ........cceerveruirieriirieieie e 32
Permeability screening study and in vitro transport experiments ............ 32
Results and DISCUSSION .......occueeiierieerieeriiesiesiesiesiieseeeeeeee e eseeesieesaeesaneens 34
MSI of MDR1-mediated efflux effects on drug distribution in the brain
L5210 153 U ) TSRS 34
The highly permeable compound propranolol was distributed
throughout the brain tiSSUC..........cceeevieerierierierieseeree e ere e 35
Specific localization of loperamide in the choroid plexus as an
indicator of limited entry into the brain parenchyma ..........c...c......... 36

MDRI1 inhibition-mediated DDIs at the BBB .........cooovvvvvviviiivieennnnn.n. 37



Region-specific effects of aging and tacrine-induced AChE inhibition

on multiple neurochemical systems (Papers II-IV)........ccccccvvevveeeeinrennnnn. 38
Quantification of ACh brain levels: age-related attenuation in the
retrosplenial cortex in response to tacrine (Paper I)..........ccceevveeennennnee. 39
Quantification of tacrine in mouse brain tissue sections: effects of
aging on brain distribution (Paper IT).........ccccceevieiienieniiiiiereeeeeee 41
Age-induced metabolic alterations in the CNS (Paper III) ...................... 42
Effects of aging and AChE inhibition by tacrine on acetylcholine
and L-carnitine metaboliSm ...........ceciririeiinieeeeee e 43
Age-induced increases in antioxidant and neuroprotective molecules 44
Impact of age on brain lipids ........ccceeeeveenieniiniiiieec e 45
Aging effects on the catecholamine, serotonin, histamine and GABA
neurotransmitter systems in the brain (Paper IV).......ccccooceviviininnnennns 47
CONCIUSIONS ...ttt ettt ettt et 52
Populdrvetenskaplig sammanfattning ...........ccoeccveevververienieneenieeie e, 54
AcKNOWIedZemEntS. .........cooviiieiiieciie et e 56

RETEIEIICES ...ttt e e e e e e e e s esaaaees 58



Abbreviations

3-MT
5-HT
9AA
12-w
14-m
ABC
Acb
ACh
AChE
AD
a-GPC

BBB
BCRP
BCSFB
BNST
CASI
Cb

cc
CDP-choline
Cg
ChAT
CHCA
CNS
COMT
CPu
CSF
Cx

DA
DDI
DESI

3-methoxytyramine

Serotonin

9-aminoacridine

12 weeks

14 months

ATP-binding cassette

Nucleus accumbens
Acetylcholine
Acetylcholinesterase
Alzheimer’s disease
L-a-glycerophosphocholine
Amygdala

Blood-brain barrier

Breast cancer resistance protein
Blood-cerebrospinal fluid barrier
Bed nucleus of stria terminalis
Continuous accumulation of selected ion
Cerebellum

Corpus callosum

Cytidine 5’-diphosphate choline
Cingulate cortex

Choline acetyl transferase
a-cyano-4-hydroxycinnamic acid
Central nervous system
Catechol-O-methyl transferase
Caudate putamen

Cerebrospinal fluid

Cortex

Dopamine

Drug-drug interaction
Desorption electrospray ionization



DHB
DOPAL
DOPEG
DPP-TFB
ER
FMP
FTICR
GABA
H&E
HexCer
Hip

His

Hyp

Lp.

1.v.

ic

ITO

LC
LC/MS
m/z
MALDI
MAO
MDCK
MDRI1
mfb
MOPEG
MS
MS/MS
MSDB
MSI
MVDA
Nd:YAG
NE
OCTN
OH-tacrine
PALv
PC

PCA

2,5-dihydroxybenzoic acid
3,4-dihydroxyphenylacetaldehyde
3,4-dihydroxyphenylglycol
2,4-diphenyl-pyranylium tetrafluoroborate
Efflux ratio

Fluoromethyl pyridinium

Fourier transform ion cyclotron resonance
y-aminobutyric acid

Hematoxylin and eosin

Hexosylated ceramide

Hippocampus

Histamine

Hypothalamus

Intraperitoneal

Intravenous

Internal capsule

Indium tin oxide

Locus coeruleus

Liquid chromatography/mass spectrometry
Mass-to-charge ratio

Matrix-assisted laser desorption/ionization
Monoaminoxidase

Madin-Darby canine kidney II cells
Multidrug resistance 1 protein

Medial forebrain bundle
3-methoxy-4-hydroxyphenylglycol

Mass spectrometry

Tandem mass spectrometry

Medial septal nucleus/diagonal band
Mass spectrometry imaging

Multivariate data analysis
Neodymium-doped yttrium aluminum garnet
Norepinephrine

Organic cation/carnitine transporter
Hydroxylated tacrine

Ventral pallidum

Phosphatidylcholine

Principal component analysis



PD

PET
PLS-DA

RMS
RS
SC
SIMS
SNc
Str
TFA
Th
TIC
TOF
Tu
uv
VT

Parkinson's disease

Positron emission tomography
Partial least squares-projection to latent structures-
discriminant analysis

Root mean square
Retrosplenial cortex
Somatosensory cortex
Secondary ion mass spectrometry
Substantia nigra pars compacta
Striatum

Trifluoroacetic acid

Thalamus

Total ion count

Time-of-flight

Olfactory tubercle

Ultraviolet

Ventral tegmentum






Introduction

Aging of the global population, and strongly associated increases in numbers
of patients suffering from neurological disorders [1], has led to increasing
demands for novel neuropharmacological therapies. However, the attrition
and failure rates of neuroactive drug development programs are very high,
leading to downsizing of many pharmaceutical companies’ neuroscience
departments [2]. Clearly, therefore, new and more efficient strategies are
required to attenuate the progressively increasing impact of neurological
diseases on global health.

Pharmacological targeting of the central nervous system (CNS) is not a
trivial task due to critical bioavailability and safety aspects [3,4]. The brain
tissue has limited accessibility related to the blood-brain barrier (BBB),
which often severely restricts drugs’ efficacy [4]. Moreover, despite enor-
mous progress and neuropharmacological advances in recent decades, the
complexity of the CNS, which consists of numerous interacting neural net-
works, still limits knowledge of (patho)physiological mechanisms, including
crucial cellular senescence processes [2,5]. In addition, as for any therapeutic
agents, the toxicity of drugs targeting the CNS is a major concern. Thus,
simultaneous investigation of such drugs’ delivery to the brain and their
potential effects on all potentially influenced CNS pathways, i.e., brain
pharmacokinetics and pharmacodynamics, in early stages of drug develop-
ment is highly important.

The increased prevalence of neurological disorders also raises needs for
early detection of biomolecular alterations indicating physiological and
pathological states, including senescence, to enable early prognosis and,
subsequently, effective treatment [2,5]. Similarly, acquisition of detailed
brain tissue localization data for both administered molecules and endoge-
nous compounds is crucial.

A technique that has several major advantages for such applications, and
thus has been increasingly applied in neuropharmacology studies to explore
distributions of drugs and neurotransmitters in the brain, is mass spectrome-
try imaging (MSI) [6-9]. It is a direct technique, i.e., it does not require the
use of antibodies or labeled markers, it allows thousands of molecules to be
simultaneously analyzed at relatively high lateral resolution (>5 um), and it
does not require tedious sample preparation and analysis [10]. MSI can,
therefore, be a valuable approach for addressing the mentioned critical chal-
lenges of neuroscience.
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In the studies underlying this thesis, MSI was used to investigate brain
pharmacokinetic and pharmacodynamic phenomena and detect age-induced
neurochemical alterations. The technique is described in the next paragraphs,
which are followed by a detailed description of the current knowledge of,
and challenges posed by, addressed aspects of neuropharmacology.

Mass Spectrometry Imaging

The most widely applied MSI techniques are matrix-assisted laser desorp-
tion/ionization (MALDI), desorption electrospray ionization (DESI) and
secondary ion mass spectrometry (SIMS) [10]. SIMS-MSI can provide high-
er lateral resolution (often sub-pm) than the other methods. However, the
ionization involved in SIMS is too harsh for many analytes, limiting its ap-
plication to elemental and lipid analyses [10]. DESI-MSI requires much less
sample preparation than MALDI-MSI, but it offers lower lateral resolution.
Both MALDI and DESI-MSI methods have been developed for mapping
brain distributions of endogenous metabolites and drugs [11-14]. In addition,
brain transport and distributions of pharmaceutical molecules have been
investigated by MALDI-MSI [15] as well as brain pharmacokinetics-
pharmacodynamics [16]. DESI-MSI has often demonstrated higher sensitivi-
ty towards certain analytes than MALDI-MSI, and has been applied in in-
creasing numbers of studies on CNS distributions of small molecules
[9,14,17]. In the studies this thesis is based upon, both MALDI- and DESI-
based approaches were applied, hence the techniques are further described
below.

Matrix-assisted laser desorption/ionization

As an ionization technique, MALDI was initially introduced in 1988 [18,19]
and was used for analysis of diverse large, nonvolatile molecules, such as
proteins. As its name indicates, a critical factor for MALDI to work as an ion
source is an appropriate matrix. This refers to presence of a small organic
acid or base in prepared samples that strongly absorbs light at the wave-
length of the applied laser, thereby enabling both desorption and ionization
of targeted analytes. The analyte-matrix mixture is dried before analysis,
leading to crystal formation. During sample analysis, pulses of laser radia-
tion on the crystals cause excitation of the matrix molecules and their subse-
quent desorption from the sample surface and ionization (Figure 1). The
laser wavelength varies from ultraviolet (UV) to infrared, although nitrogen
(337 nm) and neodymium-doped yttrium aluminum garnet (Nd:YAG, 355
nm) UV lasers are most commonly used [20]. Owing to its minimal sample
preparation requirements and high tolerance of potentially interfering spe-
cies, e.g., salts and buffering compounds, the technique soon became a pow-
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erful analytical tool. This led to a pioneering application as a molecular im-
aging method, demonstrating the potential of MALDI-MSI for mapping
distributions of small proteins and peptides in several tissue types [6]. Soon
its use was extended to wide arrays of analytes, including small molecules
such as endogenous metabolites and drugs, quite often simultaneously
[15,21-24]. Nowadays, MALDI-MSI can provide lateral resolution of 1-5
pum [25,26] .
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Figure 1. Schematic diagram of a MALDI ion source operating in positive ion
mode. Laser radiation induces desorption/ionization of the matrix and co-
crystallized analytes (the illustration is kindly provided by Dr. Patrik Kéllback).

Desorption electrospray ionization

DESI is another ionization technique that is applied in MSI tissue distribu-
tion studies, which was introduced in 2004 [27]. In DESI, desorption and
ionization of analyte molecules are facilitated by a high-velocity charged
solvent stream directed onto the sample surface and the generated ions are
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collected in an inlet capillary. During this process, geometric parameters of
the DESI source including distances between the solvent sprayer, sample
surface, and inlet capillary, as well as the corresponding angles should be
optimized. lonization is performed under atmospheric conditions and no
matrix application is required. Recent instrumental advances have improved
the lateral resolution achievable by DESI-MSI [28,29]. Less than 50 pm is
now routinely possible, but this is still lower than the resolution afforded by
MALDI-MSI.

MSI Instrumentation: Mass Analyzers

Between the ion source and detector, the generated ions must be separated
according to their mass-to-charge ratios (m/z) by the analyzer. There are
various types of analyzers, based on different ion separation principles and
functions, including quadrupole, ion trap (together with Orbitrap), time-of-
flight (TOF), Fourier transform ion cyclotron resonance (FTICR), and hybrid
instruments. Each type has specific advantages and limitations. The analyz-
ers used in the MSI experiments included in the studies underlying this the-
sis are described below.

TOF analyzers separate ions after their initial acceleration by an electric
field, according to their velocities when they drift in a free-field region.
Their m/z ratios are determined by measuring the time they take to move
through the free-field region between the source and the detector, since all
ions are accelerated with the same kinetic energy. Owing to their function,
TOF analyzers are suitable for pulsed and soft ionization techniques such as
MALDI. In addition, the high frequencies of mass determinations per unit
time provided by TOF analyzers significantly accelerate sampling speed. On
the other hand, TOF instruments have lower mass resolving power than oth-
er analyzers, and mass shifts may occur during spectra acquisition due to
unevenness of samples’ surfaces.

A recently developed hybrid quadrupole-Orbitrap (Q-Exactive) instru-
ment combines a quadrupole mass filter with an Orbitrap analyzer and
FTICR technology [30]. It can provide high mass resolution (up to 280,000
at m/z 200). However, it has lower sampling speed than TOF analyzers. Alt-
hough it was initially developed for targeted and untargeted liquid chroma-
tography/mass spectrometry (LC/MS) based proteomics, it has been success-
fully coupled to DESI-MSI.

In an ion cyclotron, ions are trapped in a circular trajectory in a magnetic
field. Ions of a specific mass have a characteristic cyclotron frequency. In
FTICR [31] analyzers the detector measures the cyclotron frequency of all
the ions in the trap and uses a Fourier transform to convert these frequencies
into m/z values. FTICR instruments have high mass resolving power, up to
10,000,000. However, they have longer analysis times than TOF instruments
in MSI experiments.

16



Brain Sample Preparation

In MALDI-MSI, the matrix molecules are applied on tissue sections, usually
sectioned at a thickness of 8-14 um and mounted on an indium-tin oxide
(ITO) coated glass slide. There are several matrix application approaches
[32], but a matrix solution is often sprayed on dried tissue samples. A num-
ber of molecules have been used as MALDI matrices, the most widely ap-
plied including benzoic and cinnamic acid derivatives, such as 2,5-
dihydroxybenzoic acid (DHB), a-cyano-4-hydroxycinnamic acid (CHCA),
and sinapinic acid, as well as 9-aminoacridine (9AA), a highly fluorescent
dye. The optimal MALDI matrix strongly depends on properties of the ana-
lytes, for instance whether or not they have charged groups, their molecular
weight, and the ionization mode (positive or negative).

However, some molecules are insufficiently ionized by the regular
MALDI matrices, especially endogenous neurotransmitters, e.g., monoam-
ines, aminoacids and their metabolites. Fortunately, derivatization targeting
specific functional groups of these compounds, such as primary amines
and/or phenols, has led to dramatic improvements in their limits of detection
and, hence, enhancement of their comprehensive mapping in the brain
[11,13,33]. Moreover, the developed derivatizing agents do not require fur-
ther matrix application. The reaction mechanisms involving some of these
derivatization agents, mainly pyrylium salts, such as 2,4-diphenyl-
pyranylium tetrafluoroborate (DPP-TFB) and fluoromethyl pyridinium de-
rivatives, e.g., FMP-10, are illustrated in Figure 2.

Figure 2. Schematic reaction between A) DPP-TFB and primary amines and B) the
FMP-10 reactive matrix and hydroxyl phenols and amines. R1, R2 and R3 denote
variable substituents.

Minimal sample preparation is required for a DESI-MSI analysis, compared

to a corresponding MALDI-MSI analysis, since no matrix application is
required. Nonetheless, the simultaneous mapping of neurotransmitters and
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neuroactive substances in brain tissue has been achieved with a previously
described derivatization approach [14].

Due to the differences in ionization efficiencies towards a wide range of
analytes, these two ionization techniques can be complementary. The com-
mon experimental workflow for both techniques is briefly depicted in Figure
3.

A Brain sectioning
(frozen tissuea) Cryo-microtome section on glass slide

B[ “MALDIMSI r " Destmsi
Matrix application

| Nz ;
Solvent Wy Nebulizer capllary g0 diniar

' |
| |
| I o e Solvent capdlary capillary |
| I 1 \ Desorbed |
4.5V fons
I | ) & I
| | Electrospray™ i L |
I I g i E L s I
| | |

F
3D maoving sample stage

Series of mass spectra ara collected over /

the tissue area (x,y coordinales)

Figure 3. Summary of the experimental workflow of MALDI and DESI-MSI. A)
Sectioning of frozen tissue samples. B) MALDI (left) and DESI (right) MSI analy-
sis. C) Acquisition and visualization of MSI data. For every pixel analyzed, a mass
spectrum is collected. An ion distribution image of the tissue section can then be
obtained for each m/z signal present in the average spectrum.

MSI Data Analysis

As thousands of ions can be simultaneously detected in MSI experiments,
and their distributions can be visualized in pre-defined pixels in images of
sections of tissues, inevitably big data files are generated. In addition, the
complexity of the analyzed samples, presence of interfering molecules and
instrumental artifacts, such as possible mass shifts, can generate biologically
irrelevant variation, “noise”. Therefore, robust and time efficient tools for
processing the acquired data and their biological interpretation are required.
Data processing steps usually include baseline correction/subtraction,
spectrum smoothing and recalibration, and data normalization [34]. Normal-
ization has emerged as a very important element of reliable MSI analysis.
The total ion count (TIC) and root mean square of all data points (RMS) are
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the most widely applied methods for normalization, especially of MALDI-
MSI data. The use of internal standards has been proposed as a reliable nor-
malization approach, but it is not always applicable, particularly for multiple
analytes. Visualization of the MSI data is a very important process, and sev-
eral software packages have been developed for this purpose, both commer-
cial, e.g., flexImaging and SCiLS Lab, and open access, e.g., msiQuant
[35,36], MSiReader, and Cardinal [37]. Staining of the tissue sections (he-
matoxylin and eosin, H&E, or Nissl), either the same sections following the
MSI analysis or using consecutive sections, can significantly aid the delinea-
tion of specific tissue structures, especially in brain imaging. Successful
definition of the brain areas of interest is a crucial step not only for the visual
evaluation and interpretation of the data, but also for further statistical analy-
sis or quantification.

There have been significant advances in MSI techniques for quantifying
drugs and endogenous compounds in tissue sections in recent years. One of
the first applications of quantitative MALDI-MSI was on lung tissue [38].
Since then, intense efforts have been made to optimize the experimental
conditions, minimize error sources, estimate reliable pixel numbers, and
identify appropriate normalization methods to develop and validate robust
MSI methods [35,36,39,40]. The complexity of brains, which include vari-
ous anatomically, functionally and molecularly distinct regions, should also
be considered, especially regarding application of calibration curves. Free
software now available can aid MSI quantification, and is applied on a rou-
tine basis [35,36].

Despite the wide use of univariate statistical methods in most biological
investigations, multivariate analysis can be extremely valuable, especially
for MSI datasets due to their scale and complexity [34,37,41-45]. Multivari-
ate methods, particularly projection-based approaches such as Principal
component analysis (PCA) and partial least squares-projection to latent
structures (PLS), can tolerate big datasets with fewer objects than variables,
as well as missing data [46,47]. They have been widely applied for identify-
ing biomarkers of several (patho)physiological states in metabolomic, prote-
omic and genomic studies [48-50]. Owing to the extraction of orthogonal
components, PCA, an unsupervised statistical method, has high potential
ability for discriminating noise from biologically relevant variance, thereby
revealing the main patterns in the data. However, the supervised extension
methods of PCA, i.e., PLS and PLS-discriminant analysis (PLS-DA), can
lead to overfitted models that fail to predict new data. Therefore, rigorous
model validation approaches should be applied [51,52] and the data should
also be appropriately visualized in MSI analyses.
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Neuroactive molecules in the brain

Brain pharmacokinetics: drug transport through the brain barriers
and distribution in the CNS

To exert any pharmacological effects in the brain, drugs must first enter the
brain parenchyma by passing through the BBB [53]. The BBB is formed by
the tight junctions of endothelial cells that line the wall of brain capillaries.
These junctions limit fenestration, making transcellular diffusion the main
transport pathway, while intercellular and paracellular ways (transcytosis
and pinocytosis) are much less important [53,54]. Maintenance of the BBB
is considered to be aided by the astrocyte end-feet and pericytes encircling
the endothelial cells [54,55]. Notably, however, BBB integrity is not entirely
uniform, with brain capillaries exhibiting a higher degree of permeability in
specific areas adjacent to the ventricles, the so-called circumventricular or-
gans (e.g., area postrema, neurohypophysis), as well as in newly formed
blood vessels within brain tumors [56].

Another important feature of the BBB is the expression of membrane
transporters, which contribute to brain transport of several endogenous and
exogenous compounds [53,54]. Efflux membrane transporters, such as ATP-
binding cassette (ABC) transporters, can further limit entry of molecules into
the brain tissue. P-glycoprotein, also known as multidrug resistance 1 protein
(MDR1) or ATP-binding cassette sub-family B member 1 (ABCB1), is one
of the most important and commonly investigated ABC transporters
[53,54,56,57]. Breast cancer resistance protein (BCRP/ABCG2) has also
been extensively studied [58,59]. On the other hand, endogenous compounds
and nutrients necessary for brain functions are transported into the brain by
members of the solute carriers family, such as glucose transporter 1
(GLUT1), large neutral amino acid transporter (LAT1) and organic cati-
on/carnitine transporter 2 (OCTN2) [53,60]. These transporters have also
been shown to facilitate transport of several drugs into the brain [60,61]. A
number of drug-metabolizing enzymes, such as P450 phase I and phase II
enzymes have also been identified in the BBB [62]. Clearly, therefore the
role of BBB is to protect the CNS from potentially toxic agents, as well as to
maintain its homeostasis [54].

The blood-cerebrospinal fluid barrier (BCSFB), which constitutes a se-
cond interface, is formed by epithelial cells of the choroid plexus facing the
cerebrospinal fluid (CSF) and joined together by tight junctions [53,54].
Notably, unlike the BBB, the choroidal epithelium serves as a barrier while
the choroidal endothelium is fenestrated, allowing small molecules to diffuse
into the interstitial space [63-66]. The choroid plexus is located in the brain
ventricles and secretes the CSF. Some ABC transporters reportedly show
differential expression or membrane localization in the choroid plexus and
BBB, leading to higher concentrations of their substrates in the CSF than in
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brain tissue [56,67]. A graphic illustration of the two barriers is given in
Figure 4.

i -
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Lateral ventricle Choroid plEXUS

Figure 4. Graphic illustration of the brain barriers on a sagittal mouse brain tissue
section. Abbreviations: Aef, astrocyte end foot; CSF, cerebrospinal fluid; EC, epi-
thelial cell; FenCap, fenestrated capillary; Pc, pericyte; TJ, tight junction

Once a drug has entered the brain, its intra-brain distribution is governed by
nonspecific binding, accumulation in particular intracellular compartments
(e.g., basic lipophilic drugs in acidic lysosomes), carrier-mediated cellular
influx/efflux, and interaction with its molecular target [68]. According to the
free drug hypothesis, the concentration of unbound drug is the pharmacolog-
ically relevant concentration as it drives all distribution processes [69].

To date, the gold standard for quantifying BBB permeability and brain
exposure has been in vivo cerebral microdialysis. Although the technique is
accurate, reproducible, and suitable for measuring unbound drug concentra-
tions in the brain [69], it is technically demanding and laborious [70]. A
more high-throughput technique for studying drug distributions in the CNS
is the brain slice method, which indicates the unbound brain volume of dis-
tribution [71]. However, neither approach can provide detailed localization
information. Imaging techniques, such as positron emission tomography
(PET), can provide valuable complementary quantification and localization
information at sub-nM levels [72]. The use of radiolabeled isotopes involved
hinders the differentiation of parent compounds from their metabolites and
the spatial resolution provided by PET remains limited [72,73].

High-throughput methods based on in vitro and in silico tools, have also
been developed for estimating BBB permeability. The most common in vitro
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method is to measure the transendothelial electrical resistance, which indi-
cates the tightness of endothelial junctions [74]. Although screening cell
lines derived from several species are available [74], human immortalized
endothelial cell line (hCMEC/D3) has been widely used as an in vitro human
BBB model [75]. Monolayers of these cells express the characteristic BBB
tight junction proteins, e.g., adheren proteins, claudin-3 and occludins, with
transendothelial electrical resistance measurements being highly dependent
on the co-culture of astrocytes and pericytes [75,76]. h(CMEC/D3 expression
of transporter proteins has further improved the performance of these models
[77]. However, due to high dependence of the measured data on the experi-
mental conditions and model properties, further developments are required
[74]. In silico approaches have indicated molecular and physicochemical
properties related to high or low BBB permeability, as well as structural
features enabling interactions with the major BBB transport proteins [78-81].
Despite the time and cost efficiency provided by these methodologies, they
do not provide important biological information and are mainly applicable in
initial screening of drug libraries.

Membrane transporter-induced drug-drug interactions (DDIs) have also
been examined in a high-throughput manner in vitro [80]. In addition, modi-
fied cell lines with high expression of efflux transporter proteins have been
successfully used in conjunction with transporter inhibitors for rapid exami-
nation of membrane permeability [82,83].

Brain pharmacodynamics: molecular neuropharmacology and
major neurotransmitter systems

Most common drug targets in the CNS include receptors (in cell membranes
or intracellular), enzymes (such as esterases, protein kinases, oxidases, and
phosphatases), and neurotransmitter transporters. Neuroactive drug-target
interactions usually lead to some modification of the neurotransmission pro-
cess, either through a presynaptic effect, involving changes in the synthesis,
storage, release, or termination of the neurotransmitter’s action, or postsyn-
aptic. The major neurotransmitters affected by pathological neural states and
involved in the pharmacology of most clinically used drugs include the cate-
cholamines, e.g., dopamine (DA) and norepinephrine (NE), serotonin (5-
HT), y-aminobutyric acid (GABA), and acetylcholine (ACh).

ACh, the neurotransmitter of the cholinergic system, was the first chemi-
cal neurotransmitter to be identified, in 1921 by the pharmacologist Otto
Loewi [84]. The synthesis, storage, release and metabolism of ACh have
been extensively investigated. ACh is synthesized in the presynaptic termi-
nals via a reversible reaction, catalyzed by choline acetyl transferase
(ChAT), in which an acetyl group is transferred from acetyl-coenzyme A to
choline [85]. There are two types of neurons in the cholinergic system: so-
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called interneurons — local circuit cells occurring in the caudate putamen
(CPu), nucleus accumbens (Acb), olfactory tubercle (Tu), and islands of
Calleja [86,87]— and the projecting cholinergic neurons. The latter are di-
vided into the basal forebrain cholinergic complex — medial septal nucleus,
diagonal band nuclei, substantia innominata, magnocellular preoptic field,
nucleus basalis — and the brainstem cholinergic nuclei (pedunculopontine
nucleus and laterodorsal tegmental nucleus) [88,89]. They both have projec-
tions that extend to all major limbic structures, such as the hippocampus
(Hip) and amygdala (Amy), and to the neocortex [90].

ACh effects are mediated by two types of receptors, the muscarinic and
nicotinic cholinergic receptors [88]. Depending on the type, activation of
cholinergic receptors has been shown to have a positive or negative effect on
DA release [91]. Cholinergic transmission through the hippocampal for-
mation and medial prefrontal cortex is particularly vital for cognitive func-
tion [92]. The actions of ACh are terminated by acetylcholinesterase
(AChE), a highly active enzyme that hydrolyzes ACh into acetate and cho-
line and can be found in the cytoplasm and outer cell membrane. Loss of
cholinergic neurons in the mentioned brain regions is associated with patho-
physiological neurodegenerative states such as dementias, including Alz-
heimer’s disease (AD) [93]. The most widely applied therapeutic regime for
AD is administration of AChE inhibitors to decrease rates of ACh metabo-
lism to choline and thereby increase levels of available ACh in the synapses.

Historically, the monoaminergic neurotransmitters (DA, NE, 5-HT) have
been of high interest in neuropharmacology and a growing body of recent
evidence indicates there are significant interactions among them. The main
DA pathways in the CNS are the nigrostriatal and mesocorticolimbic path-
ways, with DA projections from the substantia nigra pars compacta (SNc) to
the dorsal striatum (CPu), and from the ventral tegmentum (VT) to prefron-
tal cortex and ventral striatum (Acb and Tu), respectively [94]. The nigro-
striatal pathway is responsible for voluntary motor control and is significant-
ly affected in Parkinson’s disease (PD), in which progressive loss of DA
neurons in the SNc occurs [95]. Hence, current PD treatment approaches
include DA replacement therapies, such as administration of L-DOPA (the
DA precursor) or DA receptor agonists. The mesocorticolimbic pathway is
considered to be related to cognition and reward mechanisms, and involved
in disorders such as schizophrenia and addiction [96]. However, recent stud-
ies have reported significant intermixing of DA neurons projecting to differ-
ent target structures [97]. In addition, there are increasing indications of sig-
nificant DA transmission and neuronal activity in functions of other brain
structures, such as the Hip and specific thalamic nuclei. Interestingly, DA
release from noradrenergic neurons of the locus coeruleus (LC), the major
NE projecting structure, in the dorsal Hip, enhancing spatial learning and
memory, has been recently reported [98].
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NE and 5-HT neurons project more broadly and in less defined pathways
[99]. NE neurons project from the LC to the cortex (Cx), Amy, Hip, thala-
mus (Th), hypothalamus (Hyp), and cerebellum (Cb), but not the striatum
(Str). Important roles of NE in cognition, arousal, attention and behavior
have been established [100]. The 5-HT containing nuclei can be divided into
two groups: the rostral group in the midbrain and rostral pons (caudal linear,
dorsal and medial raphe nuclei), and the caudal group in the caudal pons and
medulla (raphe magnus, obscurus and pallidus and lateral medullary reticular
formation) [101]. Both groups project to the brainstem, i.e., midline thalamic
nuclei and Hyp, while the former exhibits major projections in the forebrain,
including cortical areas, Hip, entorhinal cortex and amygdalar nuclei. The
VT and LC (containing DA and NE releasing neurons, respectively) receive
serotonergic innervation too [102,103]. 5-HT is also a modulator of cogni-
tion, memory, learning and reward.

Unlike ACh, the reuptake via membrane reuptake transporters of mono-
aminergic neurotransmitters released by a neuron, is the major mechanism of
their inactivation in the brain [104]. Inhibition of these transporters is a well-
established approach in the treatment of mood disorders, such as depression,
while many of the neuroleptic drugs act by blocking the monoamine recep-
tors [104].

GABA is the main inhibitory neurotransmitter of the CNS, and it is much
more abundant in the brain than the monoamines (total contents: millimoles
and nanomoles, respectively)[105]. GABA has a primary role in inhibitory
control of the dopaminergic system [106]. Inhibitory GABAergic outputs
originating in the CPu terminate in the internal part of the globus pallidus
and substantia nigra pars reticulata.

This brief overview clearly shows that there are essential interactions
among the neurotransmitters, and they exert highly region-specific effects.
Both of these features add to the complexity of the CNS. Current methods
for identifying and mapping their pathways and distributions are usually
based on indirect analyses, involving detection of enzymatic markers, such
as ChAT or AChE for the cholinergic system.

Neuroimaging of age-induced alterations

The discovery of neuropathological anatomic landmarks, for instance the
accumulation of beta-amyloid plaques in AD and Lewy bodies in PD, has
enabled great advances in the diagnosis of neurodegenerative diseases.
However, the etiopathogenesis of most neurological conditions remains un-
known.

Since aging is widely considered the major risk factor for neurodegenera-
tive diseases such as AD and PD [107,108], the delineation of cellular senes-
cence mechanisms can offer important insights into degeneration. Most ap-
proaches are based on untargeted metabolomic analyses using LC/MS to
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identify and quantify small molecules affected by aging in large pools of
endogenous metabolites [109]. However, this technology cannot provide
detailed brain localization information, which is essential for understanding
neuronal senescence. In addition, it is important to incorporate neuroimaging
approaches in drug discovery and development [110].

Magnetic resonance spectroscopy, a non-invasive imaging technique, has
been applied in studies of both normal human brain aging and neuropatho-
logical conditions [111,112]. However, it provides limited spatial resolution
(usually around 0.25 cm®) [112,113], and the range of the investigated brain
metabolites is relatively narrow, including highly abundant CNS molecules
such as N-acetylaspartate, choline, and creatine [111,112]. Nonetheless, the
ability to detect a broad spectrum of molecules simultaneously is important
since brain aging is a multifactorial process affecting levels of a wide range
of biomolecules that play crucial roles in neuronal signaling, including neu-
rotransmitters [114,115], transporters [116,117], receptors [118,119], and
metabolizing enzymes [120].

Age-induced alterations have been detected in multiple neurotransmitter
systems. The cholinergic system has been extensively studied in relation to
aging [93,121]. Dopaminergic alterations triggered by aging have been
linked to motor symptoms [122], the reward system [123], working memory,
and cognitive functions [124,125]. In addition, age-related decline in the
activity of noradrenergic neurons in the rat LC has been associated with
cognitive age-related decline [124,126], deterioration of serotonergic neuro-
transmission with development of age-related depression [127], and decreas-
es in histamine (His) receptors with impairment of attention and cognition
[128]. Moreover, age-induced changes in critical metabolic processes, in-
cluding mitochondrial function and lipid signaling, have been reported, alt-
hough much remains to unveil.

As described in the previous paragraph, each neurotransmitter is involved
in different pathways, located in numerous brain areas and interconnected
with each other. Detailed analysis of neurochemicals’ distributions in
healthy physiological states and changes in their distributions in pathological
states is, therefore, crucial.
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A1ims

In the studies this thesis is based upon (reported in four appended papers,
designated Papers I-1V), we exploited the advantages and improvements of
MSI in neuropharmacology aiming to:
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establish an MSI approach for assessing the BBB permeability
and brain localization of several well-characterized pharmaceuti-
cal compounds and investigate potential DDIs at the BBB (Paper
D;

investigate how normal aging affects the levels and responsivity
of the cholinergic system to AChE inhibition by tacrine, and the
brain distribution and metabolism of the drug (Paper II);

detect age-induced modifications and perturbations in multiple
metabolic pathways in the brain, including mitochondrial func-
tion, neurotransmission, and lipid signaling, as well as responses
of these systems to AChE inhibition (Paper III);

further investigate region-specific responses of multiple neuro-
transmitter systems, such as the dopaminergic, noradrenergic,
serotonergic, GABAergic, and histaminergic systems, to aging
and AChE inhibition (Paper IV).



Methods

Animal experiments

All experiments complied with European Council Directive (86/609/EEC)
and were approved by the local Animal Ethics Committee (approval nos.
N40/13 and N275-15). Efforts were made to minimize the number of ani-
mals used and their suffering. All mice were housed under controlled tem-
perature and humidity, with 12 h light/12 h dark cycles and ad libitum feed-
ing.

Adult male C57Bl/6J or Swiss mice, approximately 4 months old (aver-
age body weights 24.8+1.4 g and 43.9+£2.3 g, respectively), supplied by
Janvier labs, Scand-LAS Turku, Finland, were used in Study 1. Propranolol
(n=3) and loperamide (n=3) were administered intraperitoneally (i.p.) at
doses of 10 and 5 mg/kg, respectively. In a co-administration experiment, six
animals were pre-treated with a 5 mg/kg intravenous injection (i.v.) of elac-
ridar 30 min before administration of either propranolol (»=3) or loperamide
(n=3), both of which were administered via the same route and at the same
dose as when administered alone. Control animals were injected with an
equivalent amount of vehicle solvent (saline and 5% Tween 80 in experi-
ments with propranolol and loperamide, respectively). In both dosing regi-
mens, i.e., with and without elacridar, animals were sacrificed by decapita-
tion 30 min and 1 h after the administration of propranolol and loperamide,
respectively.

Male C57BL/6J mice, aged 12 weeks (12-w, n=8) and 14 months (14-m,
n=8), also supplied by Janvier labs, Scand-LAS Turku, Finland, were used in
Studies II-IV. Tacrine, dissolved in saline, was administered i.p. at a dose of
10 mg/kg to both 12-w and 14-m mice. Control 12-w and 14-m animals were
injected with an equivalent amount of vehicle. All animals were euthanized
by decapitation 30 min after the injection.

In both experiments, brains were then rapidly dissected out, snap-frozen
in dry-ice cooled isopentane, and stored at —80 °C.
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Tissue processing

Tissue sectioning

All brain tissue samples sectioned at -20 °C using a cryostat-microtome
(CM3050S in Study I and CM1900 UV in Studies II-IV, both supplied by
Leica Microsystems, Wetzlar, Germany) after equilibration at this tempera-
ture. Brain tissue sections, coronal and sagittal, were cut at a thickness of 14
um (Study I) or 12 um (Studies II-1V) and subsequently thaw-mounted either
on SuperFrost glass slides (Menzel-Glaser, Braunschweig, Germany) for
DESI-MSI analysis (Study I) or conductive ITO-coated glass slides (Bruker
Daltonics, Bremen, Germany) for MALDI-MSI experiments. Multiple coro-
nal and sagittal brain levels were collected for comprehensive analysis of the
tissue distribution of analytes in several brain structures [129]. The slides
were stored at —80 °C and the sections were desiccated at room temperature
for 15 min prior to analysis. Slides were imaged optically using a photo
scanner (Epson Perfection V500, Japan).

Quantification of drugs and neurotransmitters

Calibration curve application

For the quantification of propranolol and loperamide in brain tissue, six
standard solutions of each compound were prepared in 50% methanol and
spotted (at 100 nL per spot), together with a blank, on control mouse brain
sections using an automated spotter (Preddator, Redd& Whyte Limited, Suf-
folk, UK). The concentration ranges for propranolol and loperamide were
19.8 uM-0.6 uM and 1.35 pM-0.04 uM, respectively, with a dilution factor
of two (Study I).

For the quantification of ACh levels in brain tissue, six standard solutions
of deuterated ACh (ACh-d,) (2.00, 1.50, 1, 0.50, 0.25, and 0.125 uM) were
prepared in 50% methanol with 0.2% trifluoroacetic acid (TFA) and spotted
(at 50 nL per spot), together with a blank (50% methanol, 0.2% TFA) on
control (12-w and 14-m) coronal mouse brain sections using a CHIP-1000
chemical inkjet printer (Shimadzu Corporation, Tokyo, Japan) (Study II).

Tacrine concentrations in brain tissue were estimated using a series of
five standard solutions (5.00, 2.50, 1.25, 0.63 and 0.31 uM) manually spot-
ted (at 0.1 pL per spot) on control brain tissue (Study II).

Spots for the standard calibration were preferably applied to the cortical
area, to keep tissue matrix suppression effects as constant as possible.

Internal standard application

Internal standard solutions of deuterated analogues of the analytes, applied
with an automatic sprayer (TM-sprayer, HTX-Technologies LLC, Chapel
Hill, NC), were used for data normalization. Concentrations were adjusted
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depending on estimated analyte concentrations in the tissue. Propranolol-d;
(3.00 uM) and loperamide-ds (0.08 uM), dissolved in 50% acetonitrile with
0.2% TFA, were the internal standards used for analyzing samples from
mice that had been administered propranolol and loperamide, respectively
(Study I). Solutions of the deuterated standards were sprayed in six passes at
80 °C., ACh-dy (0.367 pM) solutions in 50% acetonitrile and 0.2% TFA,
applied in six passes at 90 °C, were used as the internal standard for the
MALDI-MSI analysis of ACh (Studies II and III).

Owing to its structural similarity, 9-aminoacridine (9AA) was used as the
internal standard for the MALDI-MSI analysis of tacrine and its hydroxylat-
ed metabolites and 9AA solutions (1.464 uM) in 50% acetonitrile with 0.2%
TFA were sprayed in six passes at 90 °C (Study II).

In every application of internal standard, a solvent flow of 70 pL/min,
nozzle velocity of 1100 mm/min, and track spacing of 2.0 mm were used.

Preparation of brain tissue sections

Matrix application

Before MALDI-MSI data acquisition, a matrix solution was applied (using
the previously described automatic sprayer) to the dried brain tissue sections
after the internal standard application, when performed.

The MALDI matrix selection was based on examination of the ioniza-
tion/desorption efficiency (signal-to-noise ratio and presence of interfering
peaks) of the analytes using different matrices in both positive and negative
ion modes. DHB dissolved in 70% acetonitrile with 0.2% TFA at 35 mg/mL,
was used as the matrix for MALDI-MSI of sphingomyelin species in the
choroid plexus (Study I). A slightly different DHB solution (35 mg/mL in
50% acetonitrile/water with 0.2% TFA) was used for the MALDI-MSI of
tacrine and its hydroxylated metabolites (Study II), and in the untargeted
analysis (Study III). The DHB matrix solutions were applied with the TM-
sprayer at 95 °C, in six passes at a solvent flow of 70 uL/min. The nozzle
velocity was 1100 mm/min and track spacing 2.0 or 3.0 mm.

Deuterated CHCA (CHCA-d,) [12] was used as the matrix for the MSI
analysis of ACh brain levels and distributions (Studies II and III) and untar-
geted analysis (Study III). A 5 mg/mL solution of CHCA-d,, dissolved in
50% acetonitrile with 0.2% TFA, was applied using the same method as for
the internal standard application.

On-tissue derivatization

On-tissue chemical derivatization with DPP-TFB (Study III) and FMP-10
(Studies III and IV) was performed according to protocols developed in our
lab [11,33]. Briefly, DPP-TFB (1.3 mg/ml) was dissolved in 75% methanol
and alkalified with 3.5 pl of triethylamine. FMP-10 was dissolved in 70%
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acetonitrile to a concentration of 4.4 mM. Both matrices were sprayed on
mouse brain tissue sections using the TM-sprayer at 80 °C in 30 passes with
a flow rate of 80 pL/min, nozzle velocity of 1100 mm/min and track spacing
of 2.0 mm. In DPP-TFB derivatization, after matrix application the samples
were incubated for 15 min (dried under a nitrogen stream every 5 min) in a
chamber saturated with the vapor arising from a 50% methanol solution.

Mass Spectrometry Imaging

A modified DESI source (Prosolia OmniSpray 2D, Indianapolis, IN, USA)
mounted on an Orbitrap mass spectrometer (Q-Exactive, Thermo Scientific,
Bremen, Germany) was used to acquire DESI-MSI data [27,130] (Study I).
Geometric parameters of the DESI source and other relevant instrument pa-
rameters were optimized and adjusted to collect a maximum number of ions
while avoiding detector saturation. Positive ionization mode was used for the
DESI-MSI with propranolol and loperamide, while negative ionization mode
was used for elacridar analysis. MS/MS spectra of loperamide and elacridar
were acquired using a 2.0 Da isolation window (1.0 Da around target
mass).

MALDI-MSI of the sphingomyelin species was performed using a
MALDI-TOF/TOF (ultrafleXtreme and rapifleX, Bruker Daltonics) mass
spectrometer in positive ionization mode (Study I). The laser power was
optimized at the start of each run. On-tissue MS/MS fragmentation experi-
ments were performed using MALDI-TOF/TOF in positive ionization mode
with a 6.0 Da isolation window (£3.0 Da around target mass).

In Studies II-IV, all MALDI-MSI experiments were performed using a
MALDI- FTICR mass spectrometer (Solarix XR 7T- 2w, Bruker Daltonics)
in positive ionization mode with a Smartbeam II 2 kHz Nd:YAG laser.
Overall, the instrument was tuned for small molecules (m/z 86-1000), while
the transfer optics parameters were set according to the m/z range of target
analytes. Continuous accumulation of selected ion (CASI) was used in some
analyses of selected analytes, such as ACh and tacrine, to improve the limit
of detection. On-tissue MALDI-MS/MS fragmentation experiments were
performed by isolating the precursor ion in a window of 1-18 Da, depending
on the analyte, allowing the target ions to be selected in the quadrupole and
accumulated in the collision cell. In certain cases, wider mass windows al-
lowed better sensitivity. The collision energy voltages ranged from 10 to
35.0 V, depending on the precursor ion.
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Histological staining of tissue sections

Mouse brain tissue sections on the same slide were histologically stained
after MSI analysis to assist delineation of brain structures. For this, digital
images of H&E stained sections were captured using a slide scanner (Nano-
Zoomer 2.0, Hamamatsu, Japan) and Aperio ImageScope v12.2.2.5015
software (Leica) following DESI-MSI (Study I). In Studies II-IV, digital
images of Nissl stained sections were captured using a photo scanner (Epson
Perfection V500) after MALDI-MSI analysis.

Imaging data analysis

DESI-MSI data processing and visualization (Study ) as well as quantifica-
tion analysis (Studies I and II) were performed using mslQuant software
(developed in-house) after converting the imzML data into the appropriate
format [35,36].

MALDI-MSI data were visualized using flexImaging (v.5.0, Bruker Dal-
tonics) and further analyzed by SCiLS Lab (v. 2019a Pro, Bruker Daltonics)
(Studies II-1V).

The MSI data were normalized using a deuterated internal standard, when
available. Normalization with respect to the RMS of all data points and TIC
was applied to full mass range FTICR and TOF/TOF MALDI-MSI data,
respectively. However, no normalization was applied to DESI-MSI data and
CASI-acquired MALDI-MSI data with no internal standard.

Brain structures were annotated using a mouse brain atlas [129], assisted
by the H&E or Nissl staining. Normalized average ion intensities were ex-
tracted from each defined region of interest in SCiLS Lab and subsequently
log-transformed for further statistical analysis.

Statistical analysis

In Studies I-IV, univariate and multivariate statistical methods were used
depending on the question addressed and nature of the data. Normality
(Shapiro-Wilk) and homogeneity (Levene’s) tests were initially applied. To
examine the effect of elacridar administration on brain transport of proprano-
lol and loperamide, a one-sample t-test, with the significance threshold set to
P <0.05, was applied (SPSS, v. 22.0, IBM, Armonk, NY, USA) (Study I).
Two-way ANOVA with the significance level (a) set at 0.05 and Tukey’s
post hoc testing was applied to assess effects of tacrine administration and
age, expressed as binary (2-level) factors, on ACh levels (Study II).
Multivariate data analysis (MVDA, with SIMCA v.13.0 software, Sarto-
rius Stedim Biotech, Umeda, Sweden) was mainly used to detect significant
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changes in levels of small metabolites and neurotransmitters in multiple
brain structures associated with aging and/or tacrine administration (Studies
IIT and IV). PCA was initially applied to obtain an overview of the data and
identify possible outliers. Subsequently, four age- and treatment-associated
classes of samples were defined: 12-w and 14-m control (saline-injected)
mice, and 12-w and 14-m tacrine (tacrine-administered) animals. PLS-DA
was then used to reveal specific differences among the groups. Well-
established validation procedures were applied to evaluate the results
[52,131] as well as two-way ANOVA with Tukey’s post hoc analysis.

Identification of metabolites

Biologically significant detected ions were primarily annotated by database
searches, based on the mass accuracy obtained by FTICR MS analysis
(www.hmdb.ca, www.lipidmaps.org, metaspace2020.cu). Subsequently,
standards were used to confirm the identifications, when available. MALDI-
MS/MS was performed on-tissue and the derived product ions were com-
pared to product ion spectra of standards or previously published data and, in
samples subjected to MS/MSI analyses, their brain tissue distributions of the
product ions were compared to distributions of the parent molecules. The
presence of primary amine and/or phenolic groups, confirmed by their spe-
cific derivatization by DPP-TFB and/or FMP-10, also aided the identifica-
tion of particular molecules.

Permeability screening study and in vitro transport
experiments

In vitro permeability and transport experiments were carried out to explain
and confirm MSI data. Effects of elacridar on transport of propranolol and
loperamide were further examined in Madin-Darby canine kidney II cells
(MDCK) with canine MDR1 transporter knockout (MDCKMPR'9) [82,83]
and MDCK cells overexpressing human MDRI1 transporter (hMDRI1) with
¢cMDR1 knockout (MDCK-hMDR 1) (Study I). The interaction and
active uptake of tacrine and its hydroxylated metabolite with the novel or-
ganic cation/carnitine transporters 1 and 2 (OCTN1, OCTN2) were assessed
by inhibition and uptake experiments with human embryonic kidney 293
(HEK293) Flp-In cells stably overexpressing OCTN1 or OCTN2 transport-
ers (kindly provided by Prof. Kathleen Giacomini, University of California,
San Francisco). Total protein content was measured using a protein assay
reagent kit (Pierce BCA Protein Assay Kit, Biotechnology, Rockford, IL)
according to the manufacturer’s instructions and the resulting protein con-
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centrations were used for normalization of the cellular uptake. A LC-MS/MS
instrument (Acquity UPLC-TQ MS, Waters Corp., Milford, MA) was used
to measure intracellular levels of compounds used in the tests.

33



Results and Discussion

In the studies underlying this thesis, the brain tissue distributions of in vivo
administered compounds (propranolol, loperamide and elacridar in Study I
and tacrine in Studies II and III), as well as endogenous small molecules
present in the CNS (neurotransmitters and their metabolites, amino acids,
lipids, metabolic intermediates, dipeptides in Studies III and IV) were inves-
tigated by MSI. Chemical structures of the administered compounds and the
major investigated neurotransmitters are shown in Figure 5.

Figure 5. Chemical structures of representative analytes investigated in the present
thesis.

MSI of MDR 1-mediated efflux effects on drug
distribution in the brain (Paper I)

Brain transport of pharmaceutical molecules, a crucial factor to consider in
the drug development process, was the focus of Paper 1. In the reported
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study, a DESI-MSI approach was developed to assess the BBB transport and
brain localization of molecules with different BBB permeability profiles. In
addition, the impact of MDR1-mediated DDIs on their distributions in brain
tissues was investigated. Two marketed drugs, propranolol and loperamide,
were used as model compounds and were administered to mice, either with
or without co-administration of elacridar, a well-studied MDRI1 inhibitor
[132]. Membrane transport of propranolol has been shown to be primarily
dominated by passive diffusion [57,133], whereas loperamide, a MDR1 sub-
strate, has displayed restricted entry into the brain [57,134]. DESI-MSI was
used to determine distributions and concentrations of propranolol and
loperamide in several brain areas and estimate effects of MDR1 inhibition on
their brain transport. The results were further supported by application of a
recently developed permeability screening technique with a MDRI1
(ABCBI1) knockout MDCK cell line overexpressing human MDRI1
[82,83,135].

The highly permeable compound propranolol was distributed
throughout the brain tissue

Propranolol readily entered into the brain, within 30 min after its i.p. admin-
istration. The concentration of propranolol (m/z 260.1643) in brain tissue
sections was highest in the grey matter (Cx, Hip, CPu, Th, and Hyp) and
considerably lower in white matter areas (e.g., corpus callosum, cc and in-
ternal capsule, ic), as illustrated by DESI-MSI of a sagittal mouse brain tis-
sue section at 100 um lateral resolution (Figure 6). This was also verified by
quantification of brain levels of propranolol in the main representative fore-
brain regions (Cx, CPu, and Hip), Th, Hyp, and white matter (cc, ic) (Figure
6C). Propranolol’s high membrane permeability was corroborated by exper-
iments with the recently developed modified MDCK cell lines overexpress-
ing human MDR1 (hMDR1) transporter. The average efflux ratio (ER) ob-
tained in these experiments was 0.9 + 0.1, significantly lower than the ER >
2 threshold, indicating no significant transporter involvement in its transport
across the membrane.
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Figure 6. Brain distribution of propranolol after i.p. administration. A) DESI-MSI of
propranolol (m/z 260.1643, scaled to 30% of max intensity) on a sagittal mouse
brain section at a lateral resolution of 100 um. B) The tissue section was subsequent-
ly washed and stained by H&E, and relevant brain structures of interest were anno-
tated. The Cx and CPu are illustrated using white dashed lines. C) Absolute concen-
tration of propranolol in specific brain regions. Error bars show the standard error of
the mean (n=3).

Specific localization of loperamide in the choroid plexus as an
indicator of limited entry into the brain parenchyma

Unlike propranolol, the only brain regions containing loperamide (m/z
477.2304) following its administration were the ventricles, according to DE-
SI-MSI of coronal mouse brain tissue sections at 100 um lateral resolution
(Figure 7A). Higher lateral resolution DESI-MSI analysis (75 pm) revealed
its specific localization in the choroid plexus, which constitutes the BCSFB
(Figure 7B) and, to a much lower extent (approximately four-fold lower),
surrounding ependymal cells and ventricular interior. This finding was fur-
ther confirmed by the spatial co-localization of loperamide with the sphin-
gomyelin species SM(d18:1/22:0), a lipid found to be specifically localized
in the choroid plexus by a recent MSI study [136] (Figure 7C). In addition,
the lack of spatial correlation between loperamide and heme, a marker of
blood vessels [15,137], in the ventricular areas indicates that loperamide
may have penetrated the fenestrated microvessels of the highly vascularized
choroid plexus and passed into the epithelial cells.

The specific localization of a loperamide N-dealkylated metabolite, N-
desmethyl loperamide, in the choroid plexus has also been reported in a pre-
vious PET study of human subjects following loperamide administration
[138]. In addition, differences in expression patterns of the ABC transporters
MDR1 and BCRP between the BCSFB and BBB may lead to higher concen-
trations of their substrates in the CSF than in brain tissue [56,67]. Finally,
the average ER of loperamide in the transport experiments with the MDCK
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cell line was around 40 = 4.0, significantly higher than the ER > 2 threshold,
indicating involvement of an efflux transporter.
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Figure 7. Localization of loperamide in the choroid plexus of the brain ventricles. A)
DESI-MSI of loperamide (m/z 477.2304, scaled to 30% of max intensity) shows
distribution in the lateral and dorsal third ventricles of coronal brain sections, col-
lected at three different brain levels (100 pm lateral resolution). B) DESI-MS/MSI
of loperamide (m/z 266.1643, scaled to 30% of max intensity, 75 pm lateral resolu-
tion) distribution overlaid with the subsequently H&E stained image using the image
fusion function implemented in the msIQuant software [35]. The choroid plexus is
annotated with arrows. C) Overlaid DESI-MSI distribution data of loperamide
(green, m/z 477.2) and the potassium adduct of SM(d18:1/22:0) (red, m/z 825.6) on a
sagittal brain section at 100 um lateral resolution. Abbreviations: 3V, third ventricle;
4V, fourth ventricle; D3V, dorsal third ventricle; LV, lateral ventricles; cc, corpus
callosum.

MDRI1 inhibition-mediated DDIs at the BBB

The evaluation of DDIs during early stages of drug development is highly
recommended [58]. The MDRI transporter inhibitor elacridar was consid-
ered suitable for investigating MDR1 transporter-mediated DDIs, since it has
shown weak interference with the major CYP isoforms involved in metabo-
lism of loperamide and propranolol [139-141]. In Study I, elacridar was ad-
ministered at a transporter inhibitory dose (5 mg/kg i.v.), which has been
considered to increase the brain uptake of compounds that are MDR1 sub-
strates [142].

Co-administration of elacridar did not significantly affect the brain distri-
bution of propranolol, as illustrated by the coronal brain tissue sections (Fig-
ure 8A, B). On the contrary, and most importantly, MDR1 inhibition by
elacridar notably increased levels of loperamide in various brain grey matter
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structures (Cx, Hip, CPu, and Cb), about 3-fold, while maintaining relatively
high abundance within the ventricles (Figure 8C, D).

The classification of loperamide as a MDR1 substrate and propranolol as
a non-substrate was further corroborated by ERs obtained in experiments
with the MDCK cell line in the presence of elacridar, as the ER of
loperamide was close to zero with elacridar co-administration while the ER
for propranolol was unaffected (Figure 8E).

Overall, this study illustrated the potential of MSI as an innovative imag-
ing technique for characterizing distributions of drug molecules with varying
BBB permeability in the brain. Most importantly, it demonstrated its ap-
plicability in DDI investigations.
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Figure 8. Impact of elacridar co-administration on the brain distribution of pro-
pranolol and loperamide. A, B) DESI-MSI of propranolol (m/z 260.1643, scaled to
70% of max intensity) in coronal mouse brain sections without and with the co-
administration of elacridar, respectively, at a lateral resolution of 100 um. C, D)
DESI-MS/MS imaging of loperamide (m/z 266.1537, scaled to 10% of max intensi-
ty) in sagittal mouse brain sections without and with the co-administration of elacri-
dar, respectively, at a lateral resolution of 100 pm. E) ERs for propranolol and
loperamide in the MDCK™™PR?C and MDCK-hMDR 1MPRO ¢ells with or without
addition of the MDR1 inhibitor elacridar. The dashed line indicates an ER of 1. Data
are presented as mean standard deviation for one representative experiment per-
formed in triplicates.

Region-specific effects of aging and tacrine-induced
AChE inhibition on multiple neurochemical systems
(Papers II-1V)

As aging causes neurochemical alterations in the brain that are often related
to changes in memory and cognitive performance, we investigated effects of
normal aging on the neurotransmitters involved in several intellectual and
emotional functions. Firstly, we focused on the cholinergic system, degener-
ation of which is observed in AD and related dementias [143]. These neuro-
logical dysfunctions are mainly treated with AChE inhibitors that increase
availability of ACh in synapses [144].
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Responses of the cholinergic system, expressed as changes in levels of
ACh in multiple brain areas, to aging and administration of tacrine, a well-
established AChE inhibitor, were investigated in Paper II. Metabolism of
ACh, and thus choline, is associated with multiple metabolic pathways, for
instance phospholipid synthesis and lipid signaling. Therefore, an untargeted
approach towards numerous CNS metabolic pathways was subsequently
applied (Paper III). In addition, since the monoaminergic systems (DA, NE,
and 5-HT) are regulated by cholinergic modulation and strong interconnec-
tions among several neurotransmitters and their metabolites have been de-
tected (including for instance GABA and His), these systems were also in-
vestigated (Paper IV). These studies are described in more detail in the fol-
lowing sections.

Quantification of ACh brain levels: age-related
attenuation in the retrosplenial cortex in response to
tacrine (Paper II)

The cholinergic system is an essential component of cognitive health and it
is severely degenerated in AD and related dementias [92,145,146]. There-
fore, as the neurotransmitter of the cholinergic system, ACh has received a
notable scientific attention.

In Study II, a molecular specific MALDI-MSI approach was developed
for the quantitative imaging of ACh in multiple brain areas of mice sampled
at two ages, 12 weeks and 14 months (designated 12-w and 14-m, respec-
tively), with and without the AChE inhibitor tacrine (designated tacrine and
control, respectively).

MALDI-MSI analysis of ACh (m/z 146.1176) in sagittal and coronal
mouse brain sections demonstrated the neurotransmitter’s presence in brain
areas with major cholinergic neurons projecting to the forebrain and mid-
brain (mesopontine nuclei), as well as locations of interneurons (Str) and
areas that receive cholinergic innervation (cortical areas and Hip) (Figure 9).
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Figure 9. Brain distribution of ACh in sagittal and coronal mouse brain tissue sec-
tions. A) MALDI-MSI of ACh (m/z 146.1176, scaled to 60% of max intensity and
normalized to the internal standard) in a representative sagittal mouse brain section
(lateral 1.7 mm) of a 14-m tacrine-administered animal at a lateral resolution of 60
um. B) The tissue section was subsequently washed and subjected to Nissl staining
and brain regions of interest were annotated. C) MALDI-MSI of ACh in representa-
tive coronal brain sections (0.98 mm from bregma) from 12-w and 14-m controls
and tacrine-administered animals (images scaled to 40% of max intensity). Abbrevi-
ations: Acb, nucleus accumbens; AN amygdalar nuclei, Cb, cerebellum; CPu, cau-
date putamen; DB, nucleus of diagonal band; GP, globus pallidus; M, motor cortex;
MN, mesopontine nuclei; Pir, piriform cortex; SC; somatosensory cortex; Th, thal-
amus; Tu, olfactory tubercle; cc, corpus callosum; fi, fimbria of hippocampus; ic,
internal capsule; mfb, medial forebrain bundle; LV, lateral ventricles; 4V, fourth
ventricle.

Tacrine administration significantly increased the ACh levels in cortical
areas, striatum (CPu and Acb), basal forebrain (medial septum nucleus and
diagonal band, MSDB) and Hip (hippocampus proper and dentate gyrus,),
according to two-way ANOVA (P<0.05). Most importantly, a significant
age-specific response to tacrine was detected in the retrosplenial cortex (RS).
In this post-cingulate brain region, AChE inhibition led to higher ACh levels
in 12-w than in 14-m mice (Figure 10), indicating that aged mice were less
responsive than younger animals to tacrine in this area.

RS is a substantial transit region between the Hip and cingulate cortex
(Cg), receiving cholinergic input from the MSDB [147,148]. It has been
shown to play complementary roles with the Hip in cognitive function and
spatial navigation [147]. The RS is reportedly one of the first brain regions
to show pathological effects in early onset of AD and mild cognitive im-
pairment [149-152]. It is, therefore, highly important to detect changes in
cholinergic responsivity in this brain area in early stages of aging, as in
Study II.
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Figure 10. Age-related decrease of ACh concentration in RS in response to AChE
inhibition. A, B) MALDI-MSI of ACh distribution in the RS of 12-w and 14-m
tacrine-dosed animals (100 um lateral resolution, images scaled to 40% of max in-
tensity), respectively. The MALDI-MS and Nissl stained images are overlaid using
the image fusion function implemented in msIQuant software for better delineation
of the brain structures. C) The tissue section was washed and subjected to Nissl
staining; brain structures of interest are annotated. The RS is highlighted by white
dashed lines. D) Dot plot of the log ion intensities of ACh in the RS between the
different groups. Error bars show 95% confidence interval (n=4). *P<0.05,
**p<0.01. Abbreviations: DG, dentate gyrus; HP, hippocampal proper; RS, retro-
splenial cortex.

No significant age-related differences in the ACh brain levels of control
animals were observed in this study. Results of previous studies on the im-
pact of normal aging on the cholinergic system have been conflicting, par-
tially due to differences in experimental species, ages of the animals, and
experimental procedures [93,121,153,154]. In addition, some studies indi-
cate that cholinergic dysfunction is associated with pathological rather than
normal aging [93,154].

ACh concentrations were measured in coronal brain sections. The average
ACh concentrations in the investigated brain areas (Cx, CPu, and Hip) of 12-
w control, 14-m control, 12-w tacrine and 14-m tacrine mice were 8.11
(£1.40), 7.80 (£1.04), 18.20 (£5.34), and 11.52 (£3.00) pmol/mg tissue, re-
spectively.

Generally, the MALDI-MSI technique presented in Paper II provided ro-
bust measurements of ACh levels and distributions in mouse brain sections,
together with new insights into effects of the AChE inhibitory drug tacrine
and aging, especially in the RS area.

Quantification of tacrine in mouse brain tissue sections:
effects of aging on brain distribution (Paper II)

For the MALDI-MSI and quantification of tacrine, 9AA was selected as the
internal standard due to its structural similarity to tacrine. Tacrine (m/z
199.123) was widely distributed throughout the brain 30 min following its
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administration, indicating high BBB transport [155,156], with similar locali-
zation in the grey matter in both 12-w and 14-m animals (Figure 11). Con-
centrations of tacrine in coronal mouse brain sections of tacrine-administered
12-w and 14-m mice were found to be very similar (6.21 £+ 0.34 and 6.02 +
0.57 pmol/ mg tissue, respectively). In contrast, MSI of the hydroxylated
tacrine metabolites [157,158] (1-OH-tacrine, 2-OH-tacrine and/or 4-OH-
tacrine, m/z 215.1178) in the same experiments showed that they were more
abundant in the ventricular areas (lateral and fourth ventricles) and (especial-
ly) choroid plexus, than in grey and white matter areas, indicating lower
rates of BBB transport. The brain abundance of OH-tacrine was significantly
lower in the 14-m mice than in the younger animals (P<0.05). This may be
associated to age-related reduction in drug-metabolizing enzyme activity,
especially of the CYP1A2 isoform, which catalyzes transformation of tacrine
to OH-tacrine [159].

This analysis highlighted MSI’s potential utility for multimolecular detec-
tion and concomitant investigation of both neuroactive compounds and their
molecular targets.
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Figure 11. . Brain distribution of tacrine and its hydroxylated metabolites after i.p.
administration (10 mg/kg). Sagittal brain tissue sections imaged by MALDI-MS
showing tacrine (m/z 199.123) in 12-w and 14-m mice, respectively (upper panels,
35% of max intensity). Sagittal brain tissue sections imaged by MALDI-MS show-
ing OH-tacrine (m/z 215.118) in 12-w and 14-m mice, respectively (lower panels,
20% of max intensity). Both analytes were imaged at a lateral resolution of 80 um.

Age-induced metabolic alterations in the CNS (Paper
I11)

Paper III reports use of the combination of MALDI-FTICR-MSI and MVDA
for identifying age-related CNS molecules in pools of thousands of com-
pounds in multiple brain structures, such as Cx, RS, Hip, Str, cc, and medial
forebrain bundle (mfb). The analysis was performed at relatively high lateral
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and mass resolution, in a time-efficient manner. At the same time, effects of
the AChE-inhibiting drug tacrine were also examined, in attempts to obtain
comprehensive insights into the investigated CNS systems.

Effects of aging and AChE inhibition by tacrine on acetylcholine
and L-carnitine metabolism

As reported in Paper 11, an age-dependent response of the cholinergic system
was detected in the RS, with young (12-w) animals exhibiting significantly
higher tacrine-induced elevation of ACh than older (14-m) animals. In Study
111, further molecular alterations in the ACh metabolic pathway were detect-
ed. Specifically, cytidine 5'-diphosphocholine (CDP-choline) and L-a-
glycerylphosphorylcholine (a-GPC), intermediate molecules of the choline
pathway that are abundant in the brain, were decreased by tacrine admin-
istration in all examined brain structures (Figure 12 A-C). Moreover, a-GPC
levels in the RS decreased in an age-dependent fashion, as the reduction was
significantly stronger in 14-m animals than in the 12-w group.

Betaine, the final metabolite of choline metabolism, which has osmo-
protective properties [160], was abundant in the thalamus and cerebellum
and its levels were significantly elevated by aging and AChE inhibition in
cortical areas and the Hip (P<0.01). Choline and its metabolic intermediates
are not only vital precursors of the neurotransmitter ACh, they also play key
roles in phospholipid synthesis and cell signaling. Thus, inhibiting AChE
clearly has pleiotropic effects on cellular metabolism and neurotransmission.

The L-carnitine pathway is reportedly closely connected to ACh synthesis
and metabolism, mainly through acetyl-L-carnitine’s role as a potential ace-
tyl donor [161]. L-carnitine was significantly elevated by aging (Figure 12
D) in control animals in the mfb and Str (P<0.05). RS was the only exam-
ined brain area where L-carnitine was significantly elevated by tacrine, par-
ticularly in the 14-m animals (P<0.05). Levels of acylcarnitines with both
short fatty acid chains (acetyl-L-carnitine, propionyl-L-carnitine, butyryl-L-
carnitine, hydroxybutyryl-L-carnitine, and glutaryl-L-carnitine) and long
fatty acid chains (OH-undecanoyl-L-carnitine, palmitoyl-L-carnitine, and C-
18-L-carnitine) were also elevated by aging, especially in the Str and Hip.
However, in contrast to their precursor, a tacrine-induced decline in their
levels was observed, especially in the mfb, as illustrated for acetyl-L-
carnitine (Figure 12D). Age-induced elevation of L-carnitine and acyl-
carnitines can be considered an indicator of mitochondrial dysfunction, a key
factor of cellular senescence.

Tacrine is reportedly a possible substrate of OCTN2 as it inhibits
OCTN2-mediated uptake of L-carnitine and acetyl-L-carnitine [162,163].
Therefore, we examined in vitro whether effects of tacrine and 1-OH-tacrine
on the carnitine pathway could be at least partially explained by their inter-
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action with OCTN1 and OCTN2. Experiments showed that both tacrine and
OH-tacrine significantly inhibited OCTN1/OCTN2-mediated uptake of quin-
idine (a known substrate of these transporters). Uptake experiments further
showed that tacrine is a substrate of both OCTN transporters, whereas OH-
tacrine is only a substrate of the OCTNI1 transporter since uptake of both
compounds was significantly reduced in the presence of the control inhibitor
verapamil. It seems likely, therefore, that tacrine may interfere with the brain
or cellular uptake transport mechanism of L-carnitine and acetyl-L-carnitine,
leading to altered levels in the brain tissue.
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Figure 12. Effects of aging and tacrine administration in the ACh and L-carnitine
pathways. A) Dot plot of the log ion intensities of CDP-choline in the Str of the
different animal groups. B, C) Dot plots of the log ion intensities of a-GPC in the
RS and Hip, respectively, of the different animal groups. Error bars show 95% con-
fidence interval (n=4). *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001. D) MAL-
DI-MSI of L-carnitine (m/z 162.112) and acetyl-L-carnitine (m/z 204.123) in coronal
mouse brain tissue sections (0.26 mm from bregma) of 12-w and 14-m control and
tacrine administered animals, at a lateral resolution of 100 um. The data are normal-
ized to the RMS (images were scaled to 100% of maximum intensity).

Age-induced increases in antioxidant and neuroprotective
molecules

L-carnitine and acetyl-L-carnitine, brain levels of which increased with age,
have been described as neuroprotective factors [161,164-168]. Importantly,
however, other molecules with well-established antioxidant and geroprotec-
tive properties (carnosine and a-tocopherol), [169-171] also exhibited age-
related elevation in the brain (Figure 13). We found that levels of the dipep-
tide carnosine (B-alanyl-L-histidine) and an analog, homocarnosine, in-
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creased with age in all investigated brain areas. o-tocopherol was significant-
ly elevated in the hippocampal area of the older animals and exhibited age-
induced elevation in the first and sixth cortical layers and Str. Since early
aging was considered in this study, these findings may be related to a protec-
tive cellular response to elevated oxidative products connected to cellular
damage. Tacrine administration did not seem to have any effect on levels of
these molecules (P>0.2).
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Figure 13. Effects of aging on the neuroprotective/antioxidant molecules carnosine
and a-tocopherol. A) MALDI-MSI of carnosine and a-tocopherol in mouse brain
tissue sections (-1.1 to -1.60 mm from bregma) from 12-w and 14-m control and
tacrine administered animals at a lateral resolution of 80 um (scaled to 50% of max-
imum intensity). B) Example of a brain tissue section which was washed and stained
with the Nissl method after MALDI-MSI. C) Chemical structures of carnosine and
a-tocopherol. D) Dot plot of log ion intensities of carnosine in Hip. E) Dot plot of
log ion intensities of a-tocopherol in Hip. Error bars show 95% confidence interval
(n=4). *P<0.05, **P<0.01, ***P<0.001.

Impact of age on brain lipids

Aging significantly affected lipids in all considered brain structures. Levels
of certain phosphatidylcholine (PC) species were lower in 14-m animals,
whereas levels of hexosylated (glucosylated and/or galactosylated)
ceramides (HexCers), also known as cerebrosides, were substantially higher
than in the younger animals (Figure 14A, B). Sphingosine (d18:1), a
ceramide precursor, was significantly lower in 14-m animals, confirming
age-induced metabolic disturbances of this pathway (Figure 14 C).

These MSI data are important since lipid signaling is reportedly involved
in cellular senescence and neurodegeneration [172,173]. Reductions in levels
of PC species in plasma of AD patients have been reported, suggesting that
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an increase in rates of phospholipase A2-mediated PC hydrolysis is the caus-
ative factor [173]. The significantly age-disrupted sphingolipid metabolism
identified and imaged in Study IIl may serve as a valuable indicator of ag-
ing. Sphingolipids are bioactive lipids that play crucial roles in apoptotic
processes and inflammation [174]. Elevated levels of ceramides (basic struc-
tural elements of all sphingolipids) and HexCers have been discovered in
senescence rodent models and AD patient samples [172-175].
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Figure 14. Effects of aging on brain lipid species. A) MALDI-MSI of PC(40:1) (m/z
882.6309) and HexCer(t41:1) (m/z 836.654) in coronal mouse brain tissue sections
(0.26 mm from bregma) at a lateral resolution of 100 um (scaled to 100% of maxi-
mum intensity). B) MALDI-MSI of HexCer(t41:1) (scaled to 60% of maximum
intensity) in sagittal control mouse brain tissue sections at a lateral resolution of 100
pm. C) Dot plot of the log ion intensities of sphingosine (d18:1) extracted from
whole sagittal mouse brain tissue sections derivatized with DPP-TFB. Error bars
show 95% confidence interval (n=3). **P<0.01.

In summary, MSI combined with MVDA analysis demonstrated metabolic
disturbances, such as mitochondrial dysfunction and abnormal lipid signal-
ing, which are strongly associated with aging. Observed age-associated in-
creases in levels of multiple endogenous antioxidants suggest that mice of
the studied ages may have compensatory mechanisms that mitigate cellular
damage caused by these perturbations. The applied technology provided
detailed insights into early stage mechanisms of normal brain aging, which
are important for understanding the aging process.
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Aging effects on the catecholamine, serotonin,
histamine and GABA neurotransmitter systems in the
brain (Paper IV)

A recently developed derivatization method for the MSI of primary amines
and phenols [33] was implemented in Study IV to investigate age-induced
alterations in brain levels of DA, NE, 5-HT, GABA, His, and several of their
metabolites.

MALDI-MSI of sagittal and coronal mouse brain tissue sections revealed
strong localization of DA and its main CNS metabolites in the CPu, the input
structure of the nigrostriatal dopaminergic pathway. DA levels were signifi-
cantly lower in the ventral pallidum (PALv) (P<0.05) of the 14-m control
animals than in 12-w controls (Figure 15A, B). However, no age-related
difference in its levels was observed after tacrine administration. Levels of
3-methoxytyramine (3-MT), the DA metabolite formed by catalytic action of
catechol-O-methyl transferase (COMT), were decreased by aging in the
PALv, CPu, and bed nucleus of stria terminalis (BNST) (P<0.05) (Figure
15). A significant tacrine-induced decrease in 3-MT levels was detected in
the CPu in animals of both ages (P<0.01) (Figure 15A, D). Interestingly,
however, in the PALv tacrine only significantly reduced 3-MT levels
(P<0.01) in the 12-w group (Figure 15A, C). Since 3-MT has been consid-
ered a marker for DA release [176], its age and tacrine-induced decrease
may indicate a decline in dopaminergic transmission. Levels of 3.4-
dihydroxyphenylacetaldehyde (DOPAL), the metabolite of DA formed by
action of monoaminoxidase MAO-A/B, were significantly elevated in CPu
in older animals of both treatment groups (Figure 15A, E). This finding may
be related to previously reported age-induced elevation of the brain concen-
tration of MAO-B, but not MAO-A [177]. Increases in DOPAL, as a product
of an oxidation reaction occurring in the brain, can be considered an indica-
tor of increased oxidative processes during aging, which may participate in a
compensatory mechanism involving increases in levels of endogenous anti-
oxidants suggested in Paper I11.
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Figure 15. Effects of aging and tacrine administration on the dopaminergic metabol-
ic pathway. A) MALDI-MSI of DA and its major brain metabolites 3-MT and DO-
PAL in coronal mouse brain tissue sections (0.26 mm from bregma) at a lateral
resolution of 100 um (scaled to 60% of maximum intensity). B) Dot plot of log ion
intensities of DA in the PALv. C, D) Dot plots of log ion intensities of 3-MT in the
PALv and CPu, respectively. E) Dot plot of log ion intensities of DOPAL in the
CPu. Error bars show 95% confidence interval (n=4). *P<0.05, **P<0.01,
***P<(0.001, ****P<0.0001.
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Broader distributions in the brain and limited localization in the CPu were
observed for NE and its major metabolites, 3,4-dihydroxyphenylglycol
(DOPEG) and 3-methoxy-4-hydroxyphenylglycol (MOPEG). Higher NE
levels in the somatosensory cortex (SC) and Hip were detected in 14-m mice
of both treatment groups than in the corresponding younger animals
(P<0.05), clearly indicating an age-dependent increase that was not affected
by tacrine administration (Figure 16A-C). Interestingly, while no age-related
differences in DOPEG levels were found in the control mice, levels of
MOPEQG, (a NE metabolite that is further downstream), were significantly
lower in the BNST, PALv and Th of 14-m animals than in the 12-w group
(P<0.05) (Figure 16 D-G), suggesting an age-associated decrease in NE
turnover. Tacrine administration induced significant increases in levels of
both metabolites in several NE-containing regions, such as the motor cortex
(M), SC, and piriform, but significant reductions in NE levels in the SC and
Hip.

In addition, DOPEG levels were higher in the Cg, SC, and M in 14-m ta-
crine administered animals than in the corresponding younger group
(P<0.09). MOPEG levels were also significantly lower in the 14-m tacrine
than in the 12-w tacrine group in the Th (P<0.05), but not in other areas such
as the BNST and PALv, as observed in the control animals. These results
indicate that AChE inhibition led to a significant increase in turnover of NE,
which may be best explained by increased NE release from noradrenergic
neurons [178,179].
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Figure 16. Effects of aging and tacrine administration on the noradrenergic metabol-
ic pathway. A) MALDI-MSI of NE in coronal mouse brain tissue sections (-1.06
mm to-1.60 mm from bregma) at a lateral resolution of 80 pm (scaled to 40% of
maximum intensity). B, C) Dot plots of the log ion intensities of NE in the Hip and
S, respectively. D, E, F) Dot plots of log ion intensities of MOPEG in the PALv,
BNST and Th, respectively. G) Dot plot of log ion intensity of DOPEG in the S.
Error bars show 95% confidence interval (n=4). ¥*P<0.05, **P<0.01, ***P<0.001,
***%P<0.0001.

In accordance with previous reports [180] 5-HT was localized in the PALv,
Tu, BNST, lateral septum, Hyp, insular cortex, and ventral part of the CPu.
In the control animals, 5-HT was significantly decreased by age (P<0.05) in
the Th, but no age-related difference in its levels was observed after tacrine
administration (Figure 17).
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Figure 17. Effects of aging and tacrine administration on 5-HT. A) MALDI-MSI of
5-HT in coronal mouse brain tissue sections (-1.06 mm to -1.60 mm from bregma) at
a lateral resolution of 80 um (scaled to 50% of maximum intensity). B, C) Dot plots
of log ion intensities of 5-HT in the Amy and Th, respectively. Error bars show 95%
confidence interval (n=4). *P<0.05, **P<0.01.

His was localized mainly in the Hyp, BNST, PALv, Tu, and LS, but was less
abundant in the CPu and cortex area [181]. No age-related differences in His
levels between the 12-w and 14-m control groups were detected. However,
after tacrine treatment, they were significantly higher in the Cg, CPu, and
PALv (P<0.05) in the older animals than in the younger animals. This indi-
cates an age-related response of the histaminergic system to tacrine, possibly
connected to previously reported age-related reductions in activity of hista-
mine-n-methyl transferase, the major His metabolizing enzyme, which has
also been identified as a tacrine target [182].It should also be noted that no
significant alterations were observed in the GABAergic system.

To summarize, in Study IV normal aging-induced modifications in the
DA metabolic pathway were detected, mainly in the PALv and CPu, which
are mainly innervated from the mesolimbic and nigrostriatal pathways, re-
spectively [97,183]. These findings have possible implications for the reward
and motor system. Age-related changes in the NE pathway were detected in
the Hip, a brain area strongly associated with cognitive performance [184].
Age-dependent effects of AChE inhibition were especially detected in the
PALv, a structure containing cholinergic neurons and involved in reward-
related responses [89,103].
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Conclusions

In the studies this thesis is based, a comprehensive approach to improve
understanding of critical issues in neuropharmacology was attempted by
applying MSI technology. Complementary advantages of, and recent devel-
opments in, the two most widely applied MSI techniques in quantitative
tissue distribution studies, MALDI and DESI, were exploited. Brain
transport of pharmaceutical agents, a “bottleneck” in CNS drug develop-
ment, was one of the foci. Roles of both passive diffusion and transport-
mediated efflux in distributions of two drugs in the brain were demonstrated
visually and quantitatively. Use of a MDR1 substrate drug with limited brain
entrance (loperamide) aided illustration of the differences between uptake in
the brain parenchyma and specific localization in the choroidal epithelium.
Phenomena even in small structures like the choroid plexus were well illus-
trated by the combination of DESI and MALDI-MSI. However, further im-
provements of the lateral resolution of DESI-MSI could enhance understand-
ing of the impact of MDR1-mediated transport in this area. Future applica-
tions of the technique in BBB studies would benefit from simultaneous
quantitative MSI analysis of plasma samples for measuring brain to plasma
ratios (K,).

Drug-target interactions in the CNS, specifically tacrine-induced AChE
inhibition, were investigated by MALDI-MSI. The technique enabled detec-
tion of a “cascade” of neurochemical alterations induced by the drug in mul-
tiple brain areas, including changes in levels and distributions of not only
neurotransmitters (ACh, DA metabolites, and NE) but also metabolic inter-
mediates (e.g., CDP-choline) that had not been previously reported. Addi-
tional insights into the mechanisms involved, e.g., multi-target binding of the
drug per se or ACh-induced alterations, could be obtained using a comple-
mentary approach, such as cholinergic receptor binding analysis.

Importantly, MSI allowed investigation of age-induced alterations in the
CNS. Several region-specific metabolic and neurotransmitter changes were
detected between brains of mice of two representative ages. Including sam-
ples of other ages could improve understanding of the underlying mecha-
nisms in future studies. The analysis described here involved both targeted
and untargeted approaches, showing the high potential of the technology for
combination with robust statistical tools like MVDA techniques. In the pre-
sented studies, projection-based dimensional reduction methods (PCA and
PLS-DA) were used to analyze large MALDI-MSI datasets, successfully
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providing insights into multiple CNS systems modified by age in numerous
brain areas. This approach assisted discrimination of experimental noise
from biologically relevant information and showed the relative contributions
of specific systems and brain structures in the detected age-related differ-
ences. Advanced multiway-decomposition methods, expanding PCA capaci-
ties could also be applied, while the data processing process could be further
automated by building complete software packages providing pre-
processing, data analysis, and evaluation in one platform. In addition, further
instrumental advances combining high lateral and high mass resolution in a
time-efficient manner would be highly valuable.

In summary, this thesis demonstrates:

e The potential utility of MSI in BBB transport studies, particularly
DDIs involving MDR1 inhibition;

e Brain pharmacodynamic phenomena, with the simultaneous imaging
of drug and endogenous molecular target distributions;

e Age-specific cholinergic responses in the RS, an enigmatic cortical
area of increasing interest that is involved in important cognitive
functions;

e Mitochondrial alterations induced by aging, expressed as perturba-
tions of the L-carnitine metabolic pathway, especially in the Hip and
Str;

e Region-specific changes in neurotransmitter release and metabolism
triggered by aging;

e Age-dependent responses of several endogenous neurotransmitters
and metabolites, e.g., 3-MT and His, to AChE inhibition.
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Populéarvetenskaplig sammanfattning

Avbildande masspektrometri (MSI) dr en analysteknik som mdjliggor kart-
laggning av en stor méngd molekyler i biologiska vavnadssnitt samtidigt, till
exempel i hjdrnan. Flera olika sorts substanser och kroppsegna dmnen kan
detekteras och avbildas, sdsom ldkemedel, neurotransmittorer, lipider, pepti-
der och sma proteiner. Matrix-assisted laser desorption ionization (MALDI)
och desorption electrospray ionization (DESI) dr de mest tillimpade MSI-
teknikerna. Bada teknikerna kréver relativt enkla provupparbetningar. Kraft-
fulla MSI-instrument med hdg massnoggrannhet, massupplosning och lateral
upplosning (>5 pm) kan kvantifiera och identifiera olika &mnen pa ett snitt
av en hjarna. Tekniken kan generera mycket stora dataméngder som hanteras
med snabba och kraftfulla mjukvaror.

I foreliggande avhandling anvénds MSI for att adressera utmanande pro-
blem inom omradet neurofarmakologi. Likemedel som &r aktiva i centrala
nervsystemet ir extra svara att utveckla pa grund av att ménga av dem har
svart att passera genom blodhjarnbarridren. Att samtidigt undersoka distri-
bution och koncentration av ett ldkemedel i hjarnan och dess potentiella ef-
fekter pa flera signalvégar i olika hjarnregioner dr darfor av stor betydelse
for att forstd hur ett likemedel fungerar.

I den forsta delen av avhandlingen si anvinds MSI for att studera olika
lakemedels formaga att passera blodhjarnbarridren. I blodhjdrnbarridren
finns det specifika transportproteiner, exempelvis MDR1, som pumpar ut
frimmande &mnen fran hjdrnan for att skydda den. Ett av de studerade like-
medlen, loperamid, dr substrat for MDR1 transportéren. Med MSI analys
pavisades en begrdnsad distribution till hjirnan av loperamid. Likemedlet
avbildades framforallt i choroid plexus, en hjirnregion som producerar cere-
brospinalvitska. Koncentrationen av loperamid i hjarnan kunde dock 6kas
betydligt genom att samtidigt administrera ett ldkemedel som fungerar som
MDRI1-himmare. Med MALDI- och DESI-teknikerna kunde ldkemedlen
samtidigt avbildas i de olika experimenten och resultaten visar att MSI ar ett
nytt och viktigt verktyg for att studera interaktioner mellan likemedel och
deras upptag 1 hjarnan.

I den andra delen av avhandlingen s& utnyttjades MSI tekniken for under-
sokning av farmakodynamiska likemedelsaspekter, med fokus pd hamning
av acetylkolinesteras (enzymet som bryter ner acetylkolin) och hur dess ef-
fekter paverkas av normalt &ldrande. MSI analyser visar att effekten av ace-
tylkolinesterasinhibering minskar signifikant med élder i ett litet omrade i
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hjarnbarken (retrosplenial cortex). Hjarnregionen har stor betydelse vid in-
larning och navigering. Genom att anvdnda multivariata dataanalyser pévi-
sades forandringar av flera metaboliska végar i specifika hjairnomrdden som
beror pd normalt &ldrande. Fordndringar av mitokondriell funktion, fettsyra-
signalering och acetylkolinmetabolism pavisades. Dessutom upptécktes &l-
dersberoendenivaforandringar av monoaminerga neurotransmittorer och
deras metaboliter, sérskilt i hjairmomraden som ventrala pallidum, caudatus-
putamen, hippocampus och kortikala understrukturer. Aven acetylkolineste-
rashdmning inducerade alders- och regionsspecifika fordndringar pa neuro-
transmittorsystemen.

Sammanfattningsvis s& visar studierna i avhandlingen hur MALDI- och
DESI-MSI teknologin kan anvéndas for att utféra omfattande och avance-
rade farmakokinetiska och farmakodynamiska studier 1 hjarnan.
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