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The use of MALDI-MSI in the investigation of psychiatric

and neurodegenerative disorders: A review
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Matrix-assisted laser desorption/ionization mass spectrometry imaging (MALDI-MSI) is a mass
spectrometry technique used for the analysis of macromolecules on an intact tissue of interest,
thereby allowing the assessment of molecular signatures in health and disease in the anatomical
context. MALDI-MSI is increasingly used to investigate neurodegenerative and psychiatric
disorders at the molecular level, including Alzheimer’s disease (AD), Parkinson’s disease (PD),
and schizophrenia (SCZ). These illnesses are characterized by complex neuropathological
processes, and conventional proteomic techniques investigating brain tissue homogenates have
inherent limitations in determining the precise anatomical or cellular location of proteomic
findings. In this article, we review MALDI-MSI studies on neurodegenerative and psychiatric
disorders, and explore whether the technique could accelerate the translation of proteomic
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information into improved understanding and ultimately better therapeutic applications.
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1 Introduction

Neurodegenerative disorders such as Alzheimer’s disease
(AD) and Parkinson’s disease (PD), and psychiatric disorders
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Abbreviations: 6-OHDA, 6-hydroxydopamine; ACh, acteylo-
choline; AD, Alzheimer’s disease; ALS, amyotrophic lateral scle-
rosis; APP, amyloid precursor protein; CSF, cerebrospinal fluid;
DA, dopamine; DHA-PC, docosahexaeonic acid containing phos-
phatidylcholines; DPP-TFB, 2,4-diphenyl-pyranylium tetrafluo-
roborate; FAD, familial Alzheimer’s disease; FFPE, formalin-
fixed paraffin embedded; GABA, y-amino butyric acid; GLU,
glutamate; hSOD1, human superoxide dismutase 1; LBs,
Lewy inclusion bodies; L-DOPA, L-3,4-dihydroxyphenylalanine;
LID, L-DOPA-induced dyskinesia, MAO-B, monoamine oxi-
dase B; MPAQ, 2-methyl-3-phenyl-6-amino-quinoxaline; MPP+,
N-methyl-4-phenylpyridinium; MPTP, 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine; ND, neuropsychiatric disorders; PC, phos-
phatidylcholine; PD, Parkinson’s disease; PEP-19, Purkinje cell
protein 4; SCZ, schizophrenia; SNp¢, substantia nigra pars com-
pacta; SOD, superoxide dismutase; Ubc-T, truncated ubiquitin
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such as schizophrenia (SCZ), are thought to represent the
largest contributor to all-cause disease burden in developed
countries [1]. For many sufferers, these illnesses take a
chronic course and lead to functional cognitive decline and
loss of independence.

Despite decades of scientific inquiry, the molecular mech-
anisms driving the aetiopathology of these devastating disor-
ders remain incompletely understood, and treatments remain
largely non-specific and palliative rather than curative (for ex-
ample, see [2, 3]). One of the reasons for this relative lack of
scientific progress is that the CNS is a most complex struc-
ture, with an extraordinarily high degree of inter-connectivity
and interaction within and between brain regions. Native
and pathological processes in the CNS rely on translocation
and concentration gradient formation of molecules in time.
Therefore, in studying changes of these analytes in the CNS
in relation to psychiatric disorders and neurodegenerative
disorders, it is pivotal to ensure a reliable representation of
their spatio-temporal distribution in health and disease.

Proteomic, metabolomic, and lipidomic techniques offer a
potential avenue towards better understanding of processes
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underpinning disorders of the brain. Through their ability
to simultaneously quantify large numbers of molecules in
a given biological substrate, these techniques can uncover
disease-related pathways and processes previously invisible
to purely hypothesis-driven research. Consequently, a large
number of studies have been undertaken that profile post-
mortem brain tissue, cerebrospinal fluid (CSF), and periph-
eral body fluids such as blood serum or plasma of patients
with neurodegenerative and psychiatric disorders. However,
for post-mortem brain investigations in particular, the chal-
lenge remains that most studies have worked with tissue
homogenates of brain areas of interest, which inherently can-
not provide information of the exact anatomical or cellular
location of the detected molecular abnormalities. Further,
a comparison of common proteomic post-mortem findings
in various neurodegenerative and psychiatric conditions in-
dicates that there is a large overlap in the molecular path-
ways and processes apparently implicated in disease patho-
physiology. For example, aberrant proteins and pathways
involved in oxidative stress, mitochondrial function, energy
metabolism, the cytoskeleton, and the synapse have been re-
ported in PD [4,5], AD [6,7], and in psychotic illnesses includ-
ing schizophrenia and bipolar disorder [8-12]. It is not clear
whether these overlapping findings reflect true mechanistic
commonalities relevant to chronic brain conditions [13, 14],
or whether they are a consequence of “déja vu proteomics”
where similar findings for diverse disorders may be a reflec-
tion of technical shortcomings and biases rather than actual
biological discoveries [15, 16]. Because of these difficulties, it
is of little surprise that the development of clinical diagnostics
based on proteomic findings in neurodegenerative and psy-
chiatric disorders has remained relatively unproductive and
controversial [17].

One established in vitro technique that could contribute
to improving this situation is matrix assisted laser desorp-
tion/ionization mass spectrometry imaging (MALDI-MSI).
MALDI-MSI provides molecular mass determination of ana-
lytes from complex mixtures (e.g. tissue) while keeping their
spatial distribution intact [18]. This allows for the creation
of m/z images, where the location and intensity of distinct
m/z values correspond to morphological and/or patholog-
ical features of the analysed sample (for a recent review
see [19]). This constitutes the advantage of MALDI-MSI in
comparison with “classical” proteomic, metabolomic, and
lipidomic techniques, which normally involve a homogeniza-
tion step and therefore the loss of spatial information within
the analysed samples. Further, MALDI-MSI has the poten-
tial to represent a true -omics technique that is independent
of a priori specified target molecules, in contrast to other in
vitro imaging methods such as antibody-based immunohisto-
chemistry. Additionally, MALDI-MSI can be used to replace
immunohistochemistry-based quantitive analyses of proteins
of interest, providing a faster and reliable method that does
not require stereologic cell counting procedures.

Proteomic investigation of CN'S tissue samples in neurode-
generative and psychiatric disorders by MALDI-MSI has been
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an advancing field over the last decade, and the technique
has been applied to human post-mortem tissue as well as
to established mouse models of these diseases. In this arti-
cle, we review how MALDI-MSI has been used to advance
and complement neuropathological knowledge and previous
proteomic, metabolomic, and lipidomic investigations in the
major neurodegenerative and psychiatric illnesses. We also
point out the potential of MALDI-MSI for future studies.

2 MALDI-MSI: the technique in a nutshell

MALDI-MSI is a technique where tissue sections get
mounted onto electrically conductive slides, spray coated with
matrix and rastered by a laser beam to acquire mass spectra
of analytes of interest (most commonly proteins, peptides,
metabolites, small molecules or lipids [20]) (see Fig. 1). This
technique was firstly introduced by Caprioli et al. in 1997
[18]. Depending on the tissue and analyte of interest, differ-
ent matrices and sample preparation steps have to be applied.
Protein imaging is normally being conducted on fresh frozen
tissues, using sinapinic acid as a matrix and only minimal
sample preparation is necessary (for a review see [21]). This
basically also applies for lipid imaging [21]. Peptide imaging
can be conducted on fresh frozen, but most importantly on
formalin-fixed paraffin embedded (FFPE) tissues [22]. The

1-mmn

Figure 1. MALDI-MSI of brain tissue sections following MPTP
treatment. Panels a-b show the photographs of mouse brain
hemispheres from one control and one MPTP treated animal,
respectively, mounted on a gold-coated stainless steel plate
(str = striatum). Panels c-d display the same tissue sections spot-
ted with matrix solution (SA, 50:50:0.1 ACN:H,O:TFA). The di-
ameters of the matrix spots are about 190 um and the distance
from center to center is 280 um. Panels e-f show the ion den-
sity of PEP-19. The distribution and relative intensity difference
between control and MPTP treatment is representative for the
analysed tissue sections. Reprinted with permission from Skold,
K., Svensson, M., Nilsson, A., Zhang, X. et al., Decreased striatal
levels of PEP-19 following MPTP lesion in the mouse. J. Pro-
teome Res. 2006, 5, 262-269. Copyright 2006 American Chemical
Society.
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ability to investigate FFPE tissue makes vast libraries of clin-
ical tissue specimen available for analysis by MALDI-MSI
(reviewed in [23]). However, sample preparation for peptide
imaging from FFPE tissues is complex. Generally, an antigen
retrieval step has to be applied to reverse protein cross-linking
caused by formalin [24] (for a review see [23]), followed by a
tryptic digest. Advantageous is the application of internal cal-
ibrants to increase mass accuracy of detected m/z features, as
this improves matching of peptides between MALDI-MSI and
LC-MS/MS for identification purposes [25]. In recent years,
MALDI-MSI has been extended to the analysis of N-glycans
[26], which enables investigation of differentially expressed
glycan species in relation to tissue type [26-29].

3 Applications of MALDI-MSI in
neurodegenerative and psychiatric
disorders research

MALDI-MSI is an emerging technique and therefore only
a limited number of specialist laboratories apply this tech-
nique. This is evidenced by the small number of studies in
the field of ND research featuring this technology. Further,
ND research faces unique challenges: Human samples of ND
are very rare as they can only be acquired post-mortem; there-
fore animal models have to be applied. This further limits the
number of ND which can be investigated, as development
of animal models of complex psychiatric disorders such as
schizophrenia [30, 31] or depression [32] are a challenging
task [33]. This is reflected in the number of publications
regarding the type of ND, PD being the most studied, fol-
lowed by AD. Apart from MALDI-MSI, other imaging tech-
nologies like laser-ablation inductively coupled plasma MS or
secondary ion MS have been applied in ND, however these
investigations were considered out of scope for this review.
For comprehensive reviews of these technologies for neuro-
science applications see [34] and [35].

3.1 Parkinson’s disease

PD is a neurodegenerative disorder leading to progressive
motor disability through body tremors, slowed movement,
muscle rigidity, and an irregular posture [36]. Genetically,
PD appears to differentiate into rare familial forms that show
associations with autosomal dominant and autosomal reces-
sive loci and into more common ‘idiopathic’ illness types with
a complex polygenetic signature [37]. Neuropathologically,
all forms of PD are characterized by the loss of dopamin-
ergic neurons in the substantia nigra pars compacta (SNpc),
and by the development of intracellular Lewy inclusion bod-
ies (LBs) containing a-synuclein [38]. This is pointing to
an impairment of a selected group of neurons in the han-
dling of abnormally processed cellular proteins and a subse-
quent deposition of those proteins as insoluble and toxic ag-
gregates. Molecular and proteomic investigations of human
SNpc and LBs have, in summary, implicated oxidative stress,

© 2016 The Authors. Proteomics Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.
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mitochondrial dysfunction, protein aggregation, and the
ubiquitin-proteasome system as potential pathways relevant
to PD pathophysiology [5,39-43] (reviewed in [4]). However,
how these candidate cellular processes drive LB development
and dopaminergic degeneration within the relevant brain
areas and neural networks, and how they are affected by
common treatments such as L-3,4-dihydroxyphenylalanine
(L-DOPA), is not well understood. Proteomic studies utilizing
MALDI-MST have begun to provide additional information on
these questions.

3.1.1 Animal models of PD and MALDI-MSI

In proteomic research using MALDI-MSI, a number of PD
animal models have been studied to date. One model in-
vestigated by MALDI-MSI studies uses unilateral injection
of 6-hydroxydopamine (6-OHDA) by stereotaxic surgery into
SNpc, where it causes degeneration of dopaminergic neu-
rons following uptake via dopamine and noradrenaline trans-
porters [44—46]. The toxicity of 6-OHDA is derived from its
oxidation by monoamine oxidase B (MAO-B), which pro-
duces hydrogen peroxide [47]. Further, 6-OHDA undergoes
auto-oxidation, which produces hydrogen peroxide, reactive
oxidative species and catecholamine quinonones [48, 49].
Mitochondrial function is affected as well by 6-OHDA, as
the function of complex I of the electron transport chain is
impaired [45].

Another model of PD investigated by MALDI-MSI
uses systemic administration of 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine (MPTP), which reproduces all clinical
manifestations of PD in primates, however without the devel-
opment of Lewy inclusion bodies (reviewed in [50]). In con-
trast to 6-OHDA, MPTP easily crosses the blood-brain barrier
and is subsequently oxidized in astrocytes [51] into N-methyl-
4-phenylpyridinium (MPP+) by MAO-B [51, 52]. MPP+, as
the actual neurotoxic compound, is accumulated intracellu-
larly by the presynaptic re-uptake system [53, 54], and causes
inhibition of the electron transport by mitochondrial complex
[ and, ultimately, cell death [55, 56].

MALDI-MSI studies of PD animal models have addressed
the following research questions: (i) to validate animal mod-
els of PD; (ii) to complement targeted investigations on the
differential expression of PD candidate proteins in different
brain areas of PD rodents [57]; (iii) to identify differential
proteomic effects of L-DOPA in various brain regions of PD
animals [58,59]; (iv) to map changes in neurotransmitters in
PD; (v) to identify the spatial distribution of novel PD drugs
in rodent brain.

(a) Targeted MALDI-MSI for the validation of PD animal
models

Investigating the clinical validity of the MPTP model,

Kadar et al. applied MALDI-MSI to investigate the distribu-
tion of the neurotoxic component MPP+ in mouse brain

www.proteomics-journal.com
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after intranasal application of MPTP [60]. Ion images for the
m/z of 170.1, corresponding to MPP+, recorded with a spa-
tial resolution of 70 wm showed that the compound could be
detected in almost the entire brain 10 min following MPTP
administration, whereas after 90 min MPP+ was found pre-
dominantly concentrated in dopaminergic areas, including
the SNpc, thus strongly supporting intranasal MPTP admin-
istration as a valid model for PD research.

(b) Targeted MALDI-MSI investigations of PD-associated
proteins in animal models

Nilsson et al. addressed the question whether the im-
munophilin protein FKBP-12, a binding partner of the ex-
perimental PD drug FK506 and thought to possess neuro-
protective and neuroregenerative properties in experimental
PD models [61], shows an anatomically differential expres-
sion pattern in the striatum of 6-OHDA unihemispherically
lesioned rat brain [57]. Using MALDI-MSI, the authors re-
ported that FKBP-12 (m/z 11 791) ion intensity was elevated
in the dorsal and medium part of lesioned rat striatum, but
unchanged in the ventral part [57].

Demonstrating similar anatomical differences with re-
gards to striatal protein changes following 6-OHDA le-
sion, Pierson et al. reported increased levels of ubiquitin
(m/z 8565), a protein that accumulates in LBs, in the dor-
sal but not the ventral rat striatum affected by 6-OHDA [59].
The authors speculate that these anatomical differences could
be either due to lower dopaminergic innervation of the ven-
tral striatum, or to lower efficacy of the 6-OHDA lesion in
this area. It is of value to note that in previous studies us-
ing homogenized samples from human SNpc [39] and from
6-OHDA treated rats [62], changes in brain ubiquitin levels
could not be detected, highlighting the potential advantages
of MALDI-MSI over conventional proteomic techniques.

A similar study using MALDI-MSI investigated the ex-
pression levels of Purkinje cell protein 4 (PEP-19), a protein
thought to possess anti-apoptotic properties in neurodegen-
erative disorders [63—65] in the brains of C57BL/6 after subcu-
taneous injection of MPTP [66]. Anatomical and quantitative
analysis of PEP-19 ion intensity by MALDI-MSI (spatial res-
olution = 280 pw.m) revealed that PEP-19 expression is mostly
restricted to the striatum, with a significant decrease in ex-
pression area in case of MPTP treated mice [66] (Fig. 1).

(c) MALDI-MSI experiments to identify differential pro-
teomic effects of L-DOPA on various brain regions of
PD animals

Pierson et al. conducted a MALDI profiling study inves-
tigating the effects L-DOPA on 12 brain regions of inter-
est in 6-OHDA treated rats [58]. Seven m/z features ex-
hibited differential expression (student’s t-test p< 0.05) be-
tween corresponding locations in the two hemispheres in the
L-DOPA treated group but not in the saline control. Five of
these differentially expressed peptides were located to the

© 2016 The Authors. Proteomics Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.
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6-OHDA-lesioned striatum, and three striatal features could
be identified as under-expressed calmodulin and cytochrome
c oxidase subunit VIIa-L and as cytochrome c oxidase. Fur-
ther, an increased ratio of PTM such as acetylations was found
in the striatum of proteins in the dopamine depleted side of
the brain, an effect that was attenuated following L-DOPA
treatment.

Two MALDI-MSI studies have investigated a common and
serious side-effect of L-DOPA treatment seen in PD patients,
L-DOPA-induced dyskinesia (LID). In a targeted approach,
the spatial ion distribution of peptide masses correspond-
ing to endogenous opioid neuropeptides (endogenous dynor-
phins), thought to mediate LID in humans and rodents, was
examined in the brains of 6-OHDA- and L-DOPA treated rats
[67,68]. Both studies applied DHB as matrix using an inkjet
printer on 12 wm brain slices, however the resolution dif-
fered between 250 [68] and 300 pm [67]. Both studies report
the up-regulation of dynorphin B and alpha neoendorphin
in the lesioned striatum [67] and substantia nigra [68] in an-
imals showing high dyskinesia behaviours compared to the
low dyskinesia and saline control groups. Additionally, a lin-
ear correlation between expression levels of the differentially
expressed neuropeptides and the severity of dyskinesia is re-
ported in both studies. In the striatum, substance P was addi-
tionally up-regulated in the high dyskinesia group [67], while
in the substantia nigra Leu-Enk-Arg was increased [68].

(d) MALDI-MSI to map changes in neurotransmitters in PD

A further study by Shariatgorji et al. applied a novel ap-
proach to detect low molecular weight compounds such as
dopamine (DA), y-amino butyric acid (GABA), glutamate
(GLU) and acteylocholine (ACh) in the brains of sham le-
sioned, 6-OHDA lesioned and D;-L-DOPA (after 6-OHDA
lesion) treated rats [69]. The novel approach was to derivatise
primary amines with 2,4-diphenyl-pyranylium tetrafluorob-
orate (DPP-TFB) to enable their ionization by laser energy
without the further assist of a matrix and achieves a remark-
able spatial resolution of 15 wm which achieves visualization
of the nuclei of the facial nerves and pons [69] (Fig. 2). In
6-OHDA lesioned animals, the authors found decreased stri-
atallevels of DA and increased striatal levels of GABA, mirror-
ing findings in humans with PD. This approach was further
investigated using a primate model of MTPT lesion, where
differential distribution of DA, 3-methoxytyramine and
GABA in coronal brain tissue sections were detected [69].
The quantification was achieved by comparing the signal
intensities of analytes of interest with known quantities of
deuterated calibration standards. Additionally, it was shown
that the use of deuterated HCCA matrix can be successfully
applied to overcome masking effects of matrix compounds
with the same m/z as analytes of interest such as ACh, which
lack a primary amine [69].

(e) MALDI-MSI experiments to detect the spatial distribu-
tion of novel PD drugs in rodent brain.

www.proteomics-journal.com
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White matter

Normalized intensity

Figure 2. High-resolution MALDI-MS Images of ACh in a Sagittal Rat Brain Section (A-F) MALDI-MS images of ACh in a rodent brain sagittal
tissue section. The relative distribution and abundance of ACh determined by MS imaging are consistent with existing data on the major
cholinergic pathways in the brain (A). ACh-rich structures such as the HIPP, CP, CTX, and even small structures such as the nuclei of the facial
nerves and pons are readily apparent in the MALDI-MS image. High-resolution MALDI-MS images (15 pm spatial resolution) of various
structures in consecutive brain tissue sections were also acquired. Substructures of the hippocampus were delineated by high-resolution
imaging of the distribution of a lipid with m/z721.2 (B). The relative abundance and distribution of ACh in the HIPP (C), a subregion of the
CP indicated by a dashed rectangular border in (A) (D), and CB (E) were determined by high-resolution imaging. The concentration of ACh
in the gray matter of CB is around five times greater than that in the white matter. In the HIPP, high ACh concentrations are apparent in
DG-sg and sp regions (F). MS images were acquired using a MALDI TOF/TOF mass spectrometer. Data are shown using a rainbow scale
and are normalized against the total ion counts; scale bars, 2, 1, and 500 mm; spatial resolutions = 100 and 15 mm. Caudate-putamen,
CP; hippocampus, HIPP; cerebellum, CB; granule cell layer of the dentate gyrus, DG-sg; pyramidal layer of CA1, sp; cerebral cortex, CTX;
piriform area, PIR; striatum (ventral region), STRv; thalamus, TH; subiculum, SUB; stratum lacunosum-moleculare, SIm; stratum radiatum,
Sr; stratum oriens, So; cornu ammonis (field 2), CA2; cornu ammonis (field 3), CA3; polymorph layer of dentate gyrus, PO. Reprinted
from Neuron 84 (2014), Shariatgorji, M., Nilsson, A., Goodwin, R. J., Kallback, P. et al., Direct targeted quantitative molecular imaging of
neurotransmitters in brain tissue sections. Pages 697-707, Copyright 2014, with permission from Elsevier.

MALDI-MSI has been used to investigate the localiza-
tion of novel drugs thought to counteract PD development
or progression in the brain. Quinoxaline derivatives such as
2-Methyl-3-Phenyl-6-Amino-Quinoxaline (MPAQ) reportedly

PD mouse models, future translational opportunities in this
disorder are obvious.

possess such neuroprotective properties for dopaminergic
CNS neurons [70]. A MALDI-MSI experiment in MAPAQ
treated mice was carried out, using a HCCA matrix applied
onto 14 pm thick brain sections, with a distance of 70 pm
between acquisition sites [70]. MPAQ (m/z 237.1) was lo-
calized mainly to striatum and the ventral mesencephalon,
which contains the SNpc [70]. Findings support MAPAQ as
a suitable candidate for neuroprotective therapy in PD.
There is currently no published study investigating PD
in human post-mortem brain using MALDI-MSI, and given
the relatively extensive use of the technique in studies of

© 2016 The Authors. Proteomics Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.

3.2 Alzheimer’s disease

AD is a common neurodegenerative disorder causing pro-
gressive decline of cognitive functions, particularly memory.
Neuropathologically, AD is characterized by the formation of
senile plaques, neurofibrillary tangles, and by synaptic dis-
ruption and neuronal loss. According to the amyloid cascade
hypothesis of pathological origin, aggregation and deposition
of amyloid precursor protein cleavage products (amyloid-p
peptides) are causative for neurotoxicity and subsequently af-
fect the protein tau, which in its hyperphosphorylated form

www.proteomics-journal.com
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is a major constituent of neurofibrillary tangles (reviewed in
[71)).

Similar to the situation in PD research, MALDI-MSI has
been mostly limited to studying mouse models in preclinical
marker research or for drug imaging, and the technique is
yet to realize its full potential in complementing the rich
proteomic literature of 2D gel electrophoresis and LC-MS/MS
(reviewed in [7] and [72]) in post-mortem AD brain.

The following research questions in AD research have been
addressed by MALDI-MSI studies to date: (i) localization of
amyloid-B isoforms; (b) changes in the lipidome related to
AD in humans; (c) changes in the lipidome related to AD in
mouse models and (d) investigation of drug distribution in
the brain.

(a) Localization of amyloid- 8 in mouse models of AD

The general suitability of MALDI-MSI to contribute to AD
research was established by Stoeckli et al., using fresh frozen
brain sections of APP23 transgenic mice [73], a frequently
used AD model based on the overexpression of human amy-
loid precursor protein (APP) exhibiting the Swedish muta-
tion [74, 75]. APP23 mice show first deposits of amyloid-f
plaques in neocortex and hippocampus after 6 months [75].
Further, hyper-phosphorylated tau is located only in con-
gophilic plaques [75]. This mouse model is therefore an ideal
candidate to study over-expression of amyloid-f peptides as
an Alzheimer’s model. Sinapinic acid was used as a matrix to
identify m/z features corresponding to amyloid-B peptides.
By slow crystallization at low temperature, matrix crystals
with a size of up to 200 pm were grown and rastered by a
laser every 100 pm. Subsequently, m/z features of interest
corresponding to amyloid- isoforms (1-37, 1-38, 1-39, 1-40
and 1-42) were compared with sections immunostained with
NT11 antiserum, detecting amyloid-B residue 1-40 [76]. m/z
features of amyloid-B isoforms and immunostaining signals
could be reasonably well spatially matched.

(b) MALDI-MSI of lipids in human AD post-mortem tissue

Although generally applied for protein and peptide analy-
sis, changes in the distribution of lipids can also be detected
by MALDI-MSI. Yuki et al. investigated the distribution of
hydroxylated and non-hydroxylated sulphatide species of the
sphingolipid sulphatide in post-mortem human brain [77].
Reductions of sulphatide, a major component of the myelin
sheath, has been reported as a potential early pathological
characteristic in AD and may be one molecular mechanism
underlying the cortical demyelination and oligodendrocyte
degeneration seen in the disorder [78]. Detected by MALDI-
MSI applying a spatial resolution of 100 pm, the ratio of
hydroxylated to non-hydroxylated sulphatide species differed
most at the border of white to grey matter AD and healthy
control brains, with no detectable differences in species dis-
tribution between the two groups [77]. Whilst in need of
replication, these results suggest that mechanisms other than

© 2016 The Authors. Proteomics Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.
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Figure 3. The distributions and intensities of PC species in coro-
nal sections of non-AD and AD brains as analysed by MALDI-MSI.
Scale bar equivalent to 1 cm. Adapted from Yuki, D., Sugiura, Y.,
Zaima, N., Akatsu, H. et al., DHA-PC and PSD-95 decrease after
loss of synaptophysin and before neuronal loss in patients with
Alzheimer’s disease. Sci Rep 2014, 4, 7130. Under Creative Com-
mons license (CC BY 4.0) (http:/creativecommons.org/licenses/
by/4.0/).

sulphatide species generation through hydroxylation underlie
sulphatide abnormalities in AD.

In a subsequent study, the authors investigated the distri-
bution of species of docosahexaeonic acid containing phos-
phatidylcholines (DHA-PC) in AD patients brains compared
to normal controls (spatial resolution = 50 wm) [79]. Re-
duced levels of DHA-PCs, which are major brain lipid con-
stituents regulating membrane fluidity, had previously been
reported in AD cerebral tissue [80]. Lower relative intensi-
ties of DHA-PC (16:0/22:6) and (18:0/22:6) in grey matter
in brains affected by AD was detected in the temporal, pari-
etal and frontal lobe, while relative intensities of DHA-PC
(16:0/16:0) were not changed (Fig. 3). Further, a correlation
of reduced DHA-PC (18:0/22:6) with the disease duration
in AD as well as earlier age of death was identified [79]. It
was speculated by the authors that the lower intensity of
DHA-PCin AD patients brain influences neuronal cell death,
as cleavage products of DHA-PC can act as anti-apoptotic
factors [81].

(c) Detection of lipid changes in mouse models of AD

A further study by Hong et al. investigated changes in phos-
pholipids in 5XFAD mice [82]. These mice are a very rapid
on-set Familial Alzheimer’s disease (FAD) model exhibit-
ing three mutations in amyloid precursor protein (Swedish,
Florida and London) and two mutations in presenilinl
(M146L and L286V) [83]. The rapid on-set is reflected in the
large deposits of AB-42, overexpression of p25 and neuronal
loss these mice show after 2 months [83]. MALDI-MSI was
conducted on fresh frozen brain slices of three mice at age
of 3 and 9 months and compared against age matched con-
trol mice. As matrix a 1:1 mixture of HCCA and DHB was
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applied and spectra were acquired in both positive and neg-
ative ion mode with a lateral resolution of 150 wm. Brain
regions first to accumulate amyloid plaques showed marked
decrease in phospholipid abundance of PC32:0 in frontal cor-
texand, PC32:0, SMd34:1 and PC34:1 in the subiculum, while
LPC16:0 was increased in both frontal cortex and subiculum
of 9 months of SXFAD mice [82]. However, a co-localization
of these features with amyloid plaques was not shown.

(d) MALDI-MSI experiments to detect the spatial distribu-
tion of novel AD drugs in transgenic rodent brain

As described previously, MALDI-MSI is a powerful ap-
proach to test the localization of low molecular weight com-
pounds that have possible therapeutic potential. Spatial distri-
bution of Clioquinol, a “metal attenuating compound” with
proposed therapeutic properties in AD, was investigated in
the brains of treated TgCRND8 mice [84]. These mice exhibit
the Swedish and Indiana mutation of the amyloid precursor
protein 695, accumulate cerebral amyloid-f plaques and show
marked working memory deficits at a young age, thereby rep-
resenting a suitable model of early onset AD [85]. Clioquinol,
in this model, reverses the behavioural deficits and reduces
amyloid-B plaque burden in the cortex and hippocampus.
MALDI-MSI visualization of the clioquinol diagnostic signal
using a HCCA matrix that was air-brushed onto 10 wm brain
sections; data was acquired with a resolution of 250 pm in re-
flectron positive mode. Detection of the clioquinol signal (m/z
305.9) revealed that the drug was enriched specifically in the
cortex and hippocampus [84], two brain areas prominently
involved in the cognitive function affected by AD pathology.
Hence the authors interpreted these findings as support for
the potential of metal attenuating agents in AD therapy, and
for the role of biometals such as zinc, copper, and iron such
in the formation of amyloid-B plaques. The study thus com-
plements previous findings that these ions are enriched in
plaques in human AD brain as well as in AD mouse models
[86-89].

3.3 Schizophrenia

Only one pilot MALDI-MSI study to date has examined post-
mortem brain tissue of patients with schizophrenia [90].
In a two-step approach, the authors first characterized and
compared lipid species in homogenized brain tissue of a
schizophrenia case and healthy control. Subsequently, lipid
species differentially expressed in the homogenized control
and diseased brains were screened for in the mass spectra
obtained from a MALDI-MSI experiment imaging the pre-
frontal cortex. The authors reported abnormal distributions
of a phosphatidylcholine (PC) molecular species particularly
in the cortical layer of the frontal cortex in schizophrenia,
compared to a matched healthy control brain. Additionally, a
PC containing arachidonic acid was increased in the frontal
cortex of the schizophrenia patient.
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Whilst itis difficult to draw scientific conclusions from this
experiment, due to an experimental sample size of two and
several potential confounders that had not been controlled
for, the study complements previous findings that implicate
abnormal brain lipid compositions in schizophrenia [91, 92].
The demonstrated ability of MALDI-MSTI to detect such lipid
changes in an anatomical context represents a major techno-
logical advance.

3.4 Amyotrophic lateral sclerosis (ALS)

ALS is a fatal progressive, degenerative motor neuron disease
(reviewed in [93]). The origin of the disease is unknown and
current consensus is that underlying genetic causes are due
to rare traits leading to a common disease pathomechnism
[93]. Common mutations encountered in familial ALS affect
superoxide dismutase (SOD)1 [94], which gave the incentive
for Acquadro et al. to investigate the effects of mutant human
SOD1 (G93A hSOD1), wild type human SOD1 (hSOD1), and
murine SOD1 in the brain of transgenic and non-transgenic
mice [95]. Applying MALDI-MSI, G93A hSOD1 was detected
to be restricted to facial nuclei, while hSOD1 and murine
SOD1 showed no preferential localization. Within the facial
nuclei, 40S ribosomal protein S19 was detected to be up-
regulated in G93A hSOD1 compared to hSOD1 and non-
transgenic mice [95]. This protein is of special interest, as
it has been shown to interact with fibroblast growth factor
2 [96,97], which is involved in motor neuron development,
maintenance and repair [98, 99].

The only study, published to date in the field of neu-
rodegenerative disorders, that employed MALDI-MSI tech-
nology for hypothesis-free profiling of human post-mortem
tissue, investigated human spinal tissue from patients with
ALS [100]. Here, post-mortem spinal cord sections of four
ALS patients and three healthy controls were analysed with
a spatial resolution of 350 wm for global differential protein
expression. A truncated form of ubiquitin (Ubc-T) and an
unidentified m/z feature of 8429 were found to be under-
expressed in ALS spinal cord compared to healthy controls.
The authors additionally describe that full-length ubiquitin
localizes to the dorsal horn of human spinal cord, while the
truncated form Ubc-T is evenly distributed throughout the
grey matter, pointing to a region-specific defect of specific
ubiquitin isoforms in ALS. This finding, specific to a distinct
protein isoform in a distinct anatomical region, represents a
major advance towards the understanding of potential ubiq-
uitin pathology in the disease, and highlights the opportuni-
ties of MALDI-MSI investigations in neurodegenerative and
psychiatric disorders.

4 Concluding remarks

Over the last decade, biomedical research into neurodegen-
erative and psychiatric disorders has gradually begun to
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integrate MALDI-MSI into studies aiming at the targeted de-
tection of proteins, lipids, neuropeptides, and small molecule
therapeutics in human and animal CNS tissue. Our review
of published studies indicates that the technique is still at an
early stage in the neurosciences, and that its full potential
remains to be realized for neurodegenerative and psychiatric
disorders. Nevertheless, a small number of research groups
have made considerable inroads into the investigation of dis-
orders of the brain using MALDI-MSI, particularly in the
fields of PD and AD. Our overview of the current literature
highlights the opportunities for this novel technology in neu-
roscience research.

In the targeted studies summarized in this article inves-
tigating expression levels of selected proteins, lipids and
drugs in human or animal brain, MALDI-MST has provided a
considerable methodological advantage over conventional
quantitative techniques. Examining protein, lipid or drug
distribution in intact tissues by immunohistochemistry or
radiography for radiolabelled drugs are time consuming (ad-
ditionally to their synthesis), require stereological counting of
immunolabelled structures for proteins, and have a limited
dynamic range. Further, metabolites of radiolabelled drugs
might escape detection. Additionally, mass spectrometry can
distinguish between metabolic fragments, conjugated pro-
teins and post-translational modifications, an ability that im-
munological techniques generally do not possess.

While other state-of-the-art proteomic methods like LC-
MS/MS of homogenized tissues can identify thousands of
proteins and are capable to detect significant differential ex-
pression in hundreds of them, MALDI-MSI can only provide
this for a couple of hundred proteins/peptides. However,
being able to accurately access the proteome in a spatially re-
solved point of the investigated tissue is a major advantage, al-
lowing identification and quantification of changes in minis-
cule, restricted parts of tissue/cells corresponding to disease.
This stands in contrast to classical proteomic methods
applying tissue homogeniation, which can only detect gross
changes, affecting large parts of the tissue which avoid nor-
malization of expression changes by the unaffected parts of
the sample. Although smaller affected areas can be sampled
by e.g. laser micro-dissection, the resolution of this method
is limited by the protein amount that can be extracted for sub-
sequent analysis. Therefore, MALDI-MSI offers the unique
chance to identify molecular mechanisms of changes in early
stages of disease, where only small parts of tissue are affected,
while avoiding protein/peptide losses due to extensive sam-
ple preparation applied in non in-situ methods. This renders
MALDI-MSI a prime methodology to be used in neuroscience
notonly in a targeted fashion, but as a true —omics technology.

It is important to mention that there have been consider-
able barriers towards a more widespread use of MALDI-MSI
in neurology and psychiatry. Firstly, the technology is ex-
pensive and extremely labour and computationally intense,
thereby severely limiting experimental sample sizes that can
be assessed. In the studies published to date, experimen-
tal groups routinely consist of one to five specimen, which

© 2016 The Authors. Proteomics Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.

Proteomics 2016, 16, 1747-1758

is hardly enough to serve as a representative model of the
clinical population. Secondly, the technique requires consid-
erable expert knowledge and access to state of the art MS
instruments; both are not routinely available to biomedical
researchers. Thirdly, as mentioned above, the depth of the
coverage of the proteome reflecting disease is limited com-
pared to other —omics technologies. As fourth consideration,
MALDI-MSI investigations have focused on the analysis of
fresh frozen brain tissue, which is however hard to preserve
and is therefore difficult to obtain from human brain banks.
Lastly, animal model systems can ultimately only be approx-
imations of human neurodegenerative and psychiatric dis-
eases in terms of their genetic complexity and subsequent
consequences in terms of transcriptomics, peptidomics, pro-
teomics, lipidomics and resulting morphological changes.
Therefore, special care and critical consideration have to be
taken into account when drawing conclusions from these
models.

A major step towards the expansion of sample sizes and
the increased use of post-mortem human tissue is the appli-
cability of MALDI-MS to FFPE brain tissues for detection of
differential protein expression by MALDI-MSI [22], which has
long faced considerable technical difficulties. Proof of prin-
ciple was demonstrated by Stauber et al., who investigated
FFPE brain samples stored for 9 years at room temperature
[22]. Specimens were dewaxed, and 10 pm sections were di-
gested using trypsin and analysed. m/z features correspond-
ing to morphological brain structures could be successfully
extracted. Recently, this approach saw a major extension as
access to metabolites in FFPE tissues was demonstrated by
Buck et al. [101]. As the vast majority of human brain tissue
specimen is stored by FFPE, this opens up medical research
archives for the investigation by MALDI-MSI and dramati-
cally increasing the number of samples available for analysis.
Further, with the gradual increase in spatial resolution offered
MALDI-MSI, which now are typically around 50 pm for pep-
tides from on-tissue digests and down to 5 pm for analytes
not requiring preliminary preparation, such as lipids, neu-
ropeptides and drug compounds ( [21]), single cell layers can
be visualised and limited subcellular information produced.

In conclusion, we identified a range of studies using
MALDI-MSI technology in the fields of AD, PD, schizophre-
nia, and ALS research, with other neurodegenerative and psy-
chiatric disorders (such as depression) completely untapped.
Whilst sample sizes have been small and the focus of many
investigations has been on proving the technique’s applica-
bility to neurological and psychiatric research questions, this
body of literature clearly demonstrates the potential of MS
imaging for future research programmes. Applied to vali-
dated animal models of neurodegenerative and psychiatric
disorders as well as to human samples, the technique should
provide a much needed extension of the neuropathological
toolbox.

Peter Hoffmann, Bernhard T. Baune, Klaus Oliver Schubert
and Florian Weiland declare no conflict of interest.

www.proteomics-journal.com



Proteomics 2016, 16, 1747-1758

5

(1

[2

[3

[4

[5

[6

[7

[8

[9

(10l

(111

2]

(13l

[14]

© 2016 The Authors. Proteomics Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.

References

Wittchen, H. U., Jacobi, F, Rehm, J., Gustavsson, A. et al.,
The size and burden of mental disorders and other disor-
ders of the brain in Europe 2010. Eur. Neuropsychophar-
macol. 2011, 21, 655-679.

Sperling, R. A., Aisen, P. S., Beckett, L. A., Bennett, D. A.
et al., Toward defining the preclinical stages of Alzheimer’s
disease: recommendations from the National Institute on
Aging-Alzheimer’s Association workgroups on diagnostic
guidelines for Alzheimer's disease. Alzheimers Dement.
2011, 7, 280-292.

Ehret, M. J., Chamberlin, K. W., Current practices in the
treatment of Alzheimer disease: where is the evidence after
the phase lll trials? Clin. Ther. 2015, 37, 1604-1616.

Licker, V., Kovari, E., Hochstrasser, D. F, Burkhard, P. R.,
Proteomics in human Parkinson'’s disease research. J. Pro-
teomics 2009, 73, 10-29.

Licker, V., Turck, N., Kovari, E., Burkhardt, K. et al., Pro-
teomic analysis of human substantia nigra identifies novel
candidates involved in Parkinson’s disease pathogenesis.
Proteomics 2014, 14, 784-794.

Swomley, A. M., Forster, S., Keeney, J. T., Triplett, J. et al.,
Abeta, oxidative stress in Alzheimer disease: evidence
based on proteomics studies. Biochim. Biophys. Acta 2014,
1842, 1248-1257.

Brinkmalm, A., Portelius, E., Ohrfelt, A., Brinkmalm, G. etal.,
Explorative and targeted neuroproteomics in Alzheimer’s
disease. Biochim. Biophys. Acta 2015, 1854, 769-
778.

English, J. A., Pennington, K., Dunn, M. J., Cotter, D. R., The
neuroproteomics of schizophrenia. Biol. Psychiatry 2011,
69, 163-172.

English, J. A., Fan, Y., Focking, M., Lopez, L. M. et al., Re-
duced protein synthesis in schizophrenia patient-derived
olfactory cells. Transl. Psychiatry 2015, 5, e663.

Focking, M., Chen, W. Q., Dicker, P, Dunn, M. J. et al., Pro-
teomic analysis of human hippocampus shows differential
protein expression in the different hippocampal subfields.
Proteomics 2012, 12, 2477-2481.

Schubert, K. O., Focking, M., Prehn, J. H., Cotter, D. R.,
Hypothesis review: are clathrin-mediated endocytosis and
clathrin-dependent membrane and protein trafficking core
pathophysiological processes in schizophrenia and bipolar
disorder? Mol. Psychiatry 2012, 17, 669-681.

Schubert, K. O., Focking, M., Cotter, D. R., Proteomic
pathway analysis of the hippocampus in schizophrenia
and bipolar affective disorder implicates 14-3-3 signal-
ing, aryl hydrocarbon receptor signaling, and glucose
metabolism: potential roles in GABAergic interneuron
pathology. Schizophr. Res. 2015, 167, 64-72.

Barnham, K. J., Masters, C. L., Bush, A. |., Neurodegener-
ative diseases and oxidative stress. Nat. Rev. Drug Discov.
2004, 3, 205-214.

Morris, G., Berk, M., The many roads to mitochondrial dys-
function in neuroimmune and neuropsychiatric disorders.
BMC Med. 2015, 13, 1-24.

[15]

[16]

(171

(18]

(19l

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

1755

Petrak, J., lvanek, R., Toman, O., Cmejla, R. et al., Deja vu in
proteomics. A hit parade of repeatedly identified differen-
tially expressed proteins. Proteomics 2008, 8, 1744-1749.

Wang, P, Bouwman, FE G., Mariman, E. C., Generally de-
tected proteins in comparative proteomics—a matter of cel-
lular stress response? Proteomics 2009, 9, 2955-2966.

Chan, M. K., Cooper, J. D., Bahn, S., Commercialisation of
biomarker tests for mental ilinesses: advances and obsta-
cles. Trends Biotechnol. 2015, 33, 712-723.

Caprioli, R. M., Farmer, T. B., Gile, J., Molecular imaging
of biological samples: localization of peptides and proteins
using MALDI-TOF MS. Anal. Chem. 1997, 69, 4751-4760.

Aichler, M., Walch, A., MALDI imaging mass spectrometry:
current frontiers and perspectives in pathology research
and practice. Lab. Invest. 2015, 95, 422-431.

Schwamborn, K., Caprioli, R. M., Molecular imaging by
mass spectrometry — looking beyond classical histology.
Nat. Rev. Cancer 2010, 10, 639-646.

Rompp, A., Spengler, B., Mass spectrometry imaging with
high resolution in mass and space. Histochem. Cell. Biol.
2013, 139, 759-783.

Stauber, J., Lemaire, R., Franck, J., Bonnel, D. et al.,
MALDI imaging of formalin-fixed paraffin-embedded tis-
sues: application to model animals of Parkinson disease
for biomarker hunting. J. Proteome Res. 2008, 7, 969-978.

Gustafsson, O. J., Arentz, G., Hoffmann, P, Proteomic devel-
opments in the analysis of formalin-fixed tissue. Biochim.
Biophys. Acta 2015, 1854, 559-580.

Gustafsson, J. O., Oehler, M. K., McColl, S. R., Hoffmann, P,
Citric acid antigen retrieval (CAAR) for tryptic peptide imag-
ing directly on archived formalin-fixed paraffin-embedded
tissue. J. Proteome Res. 2010, 9, 4315-4328.

Gustafsson, J. O., Eddes, J. S., Meding, S., Koudelka,
T. et al., Internal calibrants allow high accuracy peptide
matching between MALDI imaging MS and LC-MS/MS. J.
Proteomics 2012, 75, 5093-5105.

Powers, T. W., Jones, E. E., Betesh, L. R., Romano, P.R. etal.,
Matrix assisted laser desorption ionization imaging mass
spectrometry workflow for spatial profiling analysis of N-
linked glycan expression in tissues. Anal. Chem. 2013, 85,
9799-9806.

Powers, T. W., Holst, S., Wuhrer, M., Mehta, A. S., Drake,
R. R., Two-dimensional N-glycan distribution mapping of
hepatocellular carcinoma tissues by MALDI-imaging mass
spectrometry. Biomolecules 2015, 5, 2554-2572.

Powers, T. W., Neely, B. A., Shao, Y., Tang, H. et al.,
MALDI imaging mass spectrometry profiling of N-glycans
in formalin-fixed paraffin embedded clinical tissue blocks
and tissue microarrays. PLoS One 2014, 9, e106255.

Gustafsson, O. J., Briggs, M. T,, Condina, M. R., Winder-
baum, L. J. et al., MALDI imaging mass spectrometry
of N-linked glycans on formalin-fixed paraffin-embedded
murine kidney. Anal. Bioanal. Chem. 2015, 407, 2127-
2139.

Powell, C. M., Miyakawa, T., Schizophrenia-relevant behav-
joral testing in rodent models: a uniquely human disorder?
Biol. Psychiatry 2006, 59, 1198-1207.

www.proteomics-journal.com



1756

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

© 2016 The Authors. Proteomics Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.

K. O. Schubert et al.

Jones, C. A., Watson, D. J., Fone, K. C., Animal models of
schizophrenia. Br. J. Pharmacol. 2011, 164, 1162-1194.

Krishnan, V., Nestler, E. J., Animal models of depression:
molecular perspectives. Curr. Top. Behav. Neurosci. 2011,
7,121-147.

Salgado, J. V., Sandner, G., A critical overview of ani-
mal models of psychiatric disorders: challenges and per-
spectives. Rev. Bras. Psiquiatr. 2013, 35(Suppl 2), S77-
S81.

Hanrieder, J., Malmberg, P, Ewing, A. G., Spatial neuropro-
teomics using imaging mass spectrometry. Biochim. Bio-
phys. Acta 2015, 1854, 718-731.

Shariatgorji, M., Svenningsson, P, Andren, P. E., Mass
spectrometry imaging, an emerging technology in neu-
ropsychopharmacology. Neuropsychopharmacology 2014,
39, 34-49.

Olanow, C. W., Stern, M. B., Sethi, K., The scientific and
clinical basis for the treatment of Parkinson disease (2009).
Neurology 2009, 72, S1-S136.

Houlden, H., Singleton, A. B., The genetics and neu-
ropathology of Parkinson’s disease. Acta Neuropathol.
2012, 124, 325-338.

Spillantini, M. G., Schmidt, M. L., Lee, V. M., Trojanowski,
J. Q. et al., Alpha-synuclein in Lewy bodies. Nature 1997,
388, 839-840.

Basso, M., Giraudo, S., Corpillo, D., Bergamasco, B. et al.,
Proteome analysis of human substantia nigra in Parkinson’s
disease. Proteomics 2004, 4, 3943-3952.

Jin, J., Hulette, C., Wang, Y., Zhang, T. et al., Proteomic
identification of a stress protein, mortalin/mthsp70/GRP75:
relevance to Parkinson disease. Mol. Cell. Proteomics 2006,
5, 1193-1204.

Werner, C. J., Heyny-von Haussen, R., Mall, G., Wolf, S.,
Proteome analysis of human substantia nigra in Parkinson’s
disease. Proteome Sci. 2008, 6, 1-14.

Henchcliffe, C., Dodel, R., Beal, M. F, Biomarkers of Parkin-
son’s disease and dementia with Lewy bodies. Prog. Neu-
robiol. 2011, 95, 601-613.

Shevchenko, G., Konzer, A., Musunuri, S., Bergquist, J.,
Neuroproteomics tools in clinical practice. Biochim. Bio-
phys. Acta 2015, 1854, 705-717.

Oiwa, Y. Sanchez-Pernaute, R., Harvey-White, J.,
Bankiewicz, K. S., Progressive and extensive dopaminergic
degeneration induced by convection-enhanced delivery of
6-hydroxydopamine into the rat striatum: a novel rodent
model of Parkinson disease. J. Neurosurg. 2003, 98,
136-144.

Glinka, Y.Y., Youdim, M. B., Inhibition of mitochondrial com-
plexes | and IV by 6-hydroxydopamine. Eur. J. Pharmacol.
1995, 292, 329-332.

Cohen, G., Heikkila, R. E., The generation of hydrogen
peroxide, superoxide radical, and hydroxyl radical by
6-hydroxydopamine, dialuric acid, and related cytotoxic
agents. J. Biol. Chem. 1974, 249, 2447-2452.

Cohen, G., Oxy-radical toxicity in catecholamine neurons.
Neurotoxicology 1984, 5, 77-82.

[48]

[49]

[50]

[561]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

Proteomics 2016, 16, 1747-1758

Padiglia, A., Medda, R., Lorrai, A., Biggio, G. et al., Modula-
tion of 6-hydroxydopamine oxidation by various proteins.
Biochem. Pharmacol. 1997, 53, 1065-1068.

Palumbo, A., Napolitano, A., Barone, P, d’Ischia, M., Nitrite-
and peroxide-dependent oxidation pathways of dopamine:
6-nitrodopamine and 6-hydroxydopamine formation as po-
tential contributory mechanisms of oxidative stress- and ni-
tric oxide-induced neurotoxicity in neuronal degeneration.
Chem. Res. Toxicol. 1999, 12, 1213-1222.

Smeyne, R. J., Jackson-Lewis, V., The MPTP model of
Parkinson’s disease. Mol. Brain Res. 2005, 134, 57-66.

Ransom, B. R., Kunis, D. M., Irwin, I., Langston, J. W., Astro-
cytes convert the parkinsonism inducing neurotoxin, MPTP,
to its active metabolite, MPP+. Neurosci. Lett. 1987, 75,
323-328.

Chiba, K., Trevor, A., Castagnoli, N., Jr., Metabolism of
the neurotoxic tertiary amine, MPTP, by brain monoamine
oxidase. Biochem. Biophys. Res. Commun. 1984, 120, 574-
578.

Gainetdinov, R. R., Fumagalli, F, Jones, S. R., Caron, M.
G., Dopamine transporter is required for in vivo MPTP neu-
rotoxicity: evidence from mice lacking the transporter. J.
Neurochem. 1997, 69, 1322-1325.

Javitch, J. A., D’Amato, R. J., Strittmatter, S. M., Snyder, S.
H., Parkinsonism-inducing neurotoxin, N-methyl-4-phenyl-
1,2,3,6 -tetrahydropyridine: uptake of the metabolite N-
methyl-4-phenylpyridine by dopamine neurons explains
selective toxicity. Proc. Natl. Acad. Sci. U. S. A. 1985, 82,
2173-21717.

Nicklas, W. J., Vyas, ., Heikkila, R. E., Inhibition of
NADH-linked oxidation in brain mitochondria by 1-methyl-
4-phenyl-pyridine, a metabolite of the neurotoxin, 1-
methyl-4-phenyl-1,2,5,6-tetrahydropyridine. Life Sci. 1985,
36, 2503-2508.

Ramsay, R. R., Singer, T. P, Energy-dependent uptake of N-
methyl-4-phenylpyridinium, the neurotoxic metabolite of 1-
methyl-4-phenyl-1,2,3,6-tetrahydropyridine, by mitochon-
dria. J. Biol. Chem. 1986, 261, 7585-7587.

Nilsson, A., Skold, K., Sjogren, B., Svensson, M. et al.,
Increased striatal mRNA and protein levels of the im-
munophilin FKBP-12 in experimental Parkinson’s disease
and identification of FKBP-12-binding proteins. J. Proteome
Res. 2007, 6, 3952-3961.

Pierson, J., Norris, J. L., Aerni, H. R., Svenningsson, P. et al.,
Molecular profiling of experimental Parkinson’s disease: di-
rect analysis of peptides and proteins on brain tissue sec-
tions by MALDI mass spectrometry. J. Proteome Res. 2004,
3, 289-295.

Pierson, J., Svenningsson, P, Caprioli, R. M., Andren, P. E.,
Increased levels of ubiquitin in the 6-OHDA-lesioned stria-
tum of rats. J. Proteome Res. 2005, 4, 223-226.

Kadar, H., Le Douaron, G., Amar, M., Ferrie, L.
et al., MALDI mass spectrometry imaging of 1-methyl-4-
phenylpyridinium (MPP+) in mouse brain. Neurotox. Res.
2014, 25, 135-145.

Costantini, L. C., Chaturvedi, P, Armistead, D. M., McCaf-
frey, P G. et al., A novel immunophilin ligand: distinct

www.proteomics-journal.com



Proteomics 2016, 16, 1747-1758

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

© 2016 The Authors. Proteomics Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.

branching effects on dopaminergic neurons in culture and
neurotrophic actions after oral administration in an animal
model of Parkinson’s disease. Neurobiol. Dis. 1998, 5, 97—
106.

Valastro, B., Dekundy, A., Krogh, M., Lundblad, M. et al.,
Proteomic analysis of striatal proteins in the rat model of L-
DOPA-induced dyskinesia. J. Neurochem. 2007, 102, 1395—
1409.

Erhardt, J. A., Legos, J. J., Johanson, R. A., Slemmon, J. R.,
Wang, X., Expression of PEP-19 inhibits apoptosis in PC12
cells. Neuroreport 2000, 11, 3719-3723.

Utal, A. K., Stopka, A. L., Roy, M., Coleman, P. D., PEP-19
immunohistochemistry defines the basal ganglia and asso-
ciated structures in the adult human brain, and is dramati-
cally reduced in Huntington’s disease. Neuroscience 1998,
86, 1055-1063.

Slemmon, J. R., Hughes, C. M., Campbell, G. A., Flood,
D. G., Increased levels of hemoglobin-derived and other
peptides in Alzheimer’s disease cerebellum. J. Neurosci.
1994, 14, 2225-2235.

Skold, K., Svensson, M., Nilsson, A., Zhang, X. et al., De-
creased striatal levels of PEP-19 following MPTP lesion in
the mouse. J. Proteome Res. 2006, 5, 262-269.

Hanrieder, J., Ljungdahl, A., Falth, M., Mammo, S. E. et al.,
L-DOPA-induced dyskinesia is associated with regional in-
crease of striatal dynorphin peptides as elucidated by imag-
ing mass spectrometry. Mol. Cell. Proteomics 2011, 10,
M111 009308.

Ljungdahl, A., Hanrieder, J., Falth, M., Bergquist, J., Ander-
sson, M., Imaging mass spectrometry reveals elevated ni-
gral levels of dynorphin neuropeptides in L-DOPA-induced
dyskinesia in rat model of Parkinson’s disease. PLoS One
2011, 6, e25653.

Shariatgorji, M., Nilsson, A., Goodwin, R. J., Kallback, P.
et al., Direct targeted quantitative molecular imaging of
neurotransmitters in brain tissue sections. Neuron 2014,
84, 697-707.

Le Douaron, G., Schmidt, FE, Amar, M., Kadar, H.
et al., Neuroprotective effects of a brain permeant 6-
aminoquinoxaline derivative in cell culture conditions that
model the loss of dopaminergic neurons in Parkinson dis-
ease. Eur. J. Med. Chem. 2015, 89, 467-479.

Ballard, C., Gauthier, S., Corbett, A., Brayne, C. et al,,
Alzheimer’s disease. Lancet 2011, 377, 1019-1031.

Sowell, R. A., Owen, J. B., Allan Butterfield, D., Proteomics
in animal models of Alzheimer’s and Parkinson’s diseases.
Ageing Res. Rev. 2009, 8, 1-17.

Stoeckli, M., Staab, D., Staufenbiel, M., Wiederhold, K. H.,
Signor, L., Molecular imaging of amyloid beta peptides
in mouse brain sections using mass spectrometry. Anal.
Biochem. 2002, 311, 33-39.

Van Dam, D., Vloeberghs, E., Abramowski, D., Staufenbiel,
M., De Deyn, P. P, APP23 mice as a model of Alzheimer’s
disease: an example of a transgenic approach to modeling
a CNS disorder. CNS Spectr. 2005, 10, 207-222.
Sturchler-Pierrat, C., Abramowski, D., Duke, M.,
Wiederhold, K.-H. et al., Two amyloid precursor protein

[76]

[77]

[78]

[79]

[80]

(81]

(82]

[83]

[84]

[85]

[86]

(871

[88]

1757

transgenic mouse models with Alzheimerdisease-
like pathology. Proc. Natl. Acad. Sci. 1997, 94, 13287-13292.

Paganetti, P. A., Lis, M., Klafki, H. W., Staufenbiel, M., Amy-
loid precursor protein truncated at any of the gamma-
secretase sites is not cleaved to beta-amyloid. J. Neurosci.
Res. 1996, 46, 283-293.

Yuki, D., Sugiura, Y., Zaima, N., Akatsu, H. et al., Hydrox-
ylated and non-hydroxylated sulfatide are distinctly dis-
tributed in the human cerebral cortex. Neuroscience 2011,
193, 44-53.

Han, X., D, M. H., McKeel, D. W., Jr., Kelley, J., Morris, J.
C., Substantial sulfatide deficiency and ceramide elevation
in very early Alzheimer’s disease: potential role in disease
pathogenesis. J. Neurochem. 2002, 82, 809-818.

Yuki, D., Sugiura, Y., Zaima, N., Akatsu, H. et al., DHA-PC and
PSD-95 decrease after loss of synaptophysin and before
neuronal loss in patients with Alzheimer’s disease. Sci. Rep.
2014, 4,7130.

Grimm, M. O., Grosgen, S., Riemenschneider, M., Tanila,
H. et al., From brain to food: analysis of phosphatidyl-
cholins, lyso-phosphatidylcholins and phosphatidylcholin-
plasmalogens derivates in Alzheimer’s disease human post
mortem brains and mice model via mass spectrometry. J.
Chromatogr. A. 2011, 1218, 7713-7722.

Lukiw, W. J., Cui, J. G., Marcheselli, V. L., Bodker, M. et al.,
Arole for docosahexaenoic acid-derived neuroprotectin D1
in neural cell survival and Alzheimer disease. J. Clin. Invest.
2005, 115, 2774-2783.

Hong, J. H., Kang, J. W., Kim, D. K., Baik, S. H. et al.,
Global changes of phospholipids identified by MALDI imag-
ing mass spectrometry in a mouse model of Alzheimer’s
disease. J. Lipid Res. 2016, 57, 36-45.

Oakley, H., Cole, S. L., Logan, S., Maus, E. et al., In-
traneuronal beta-amyloid aggregates, neurodegeneration,
and neuron loss in transgenic mice with five familial
Alzheimer’s disease mutations: potential factors in amyloid
plaque formation. J. Neurosci. 2006, 26, 10129-10140.

Grossi, C., Francese, S., Casini, A., Rosi, M. C. et al., Clio-
quinol decreases amyloid-beta burden and reduces work-
ing memory impairment in a transgenic mouse model
of Alzheimer’s disease. J. Alzheimers Dis. 2009, 17, 423
440.

Chishti, M. A,, Yang, D. S., Janus, C., Phinney, A. L. et al.,
Early-onset amyloid deposition and cognitive deficits in
transgenic mice expressing a double mutant form of amy-
loid precursor protein 695. J. Biol. Chem. 2001, 276, 21562—
21570.

Mantyh, P. W., Ghilardi, J. R., Rogers, S., DeMaster, E.
et al., Aluminum, iron, and zinc ions promote aggregation
of physiological concentrations of beta-amyloid peptide. J.
Neurochem. 1993, 61, 1171-1174.

Lovell, M. A., Robertson, J. D., Teesdale, W. J., Campbell, J.
L., Markesbery, W. R., Copper, iron and zinc in Alzheimer's
disease senile plaques. J. Neurol. Sci. 1998, 158, 47-52.
Atwood, C. S., Scarpa, R. C., Huang, X., Moir, R. D. et al.,
Characterization of copper interactions with alzheimer amy-
loid beta peptides: identification of an attomolar-affinity

www.proteomics-journal.com



1758

[89]

[90]

[91]

[92]

[93]

[94]

[95]

© 2016 The Authors. Proteomics Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.

K. O. Schubert et al.

copper binding site on amyloid beta1-42. J. Neurochem.
2000, 75, 1219-1233.

Lee, J. Y., Mook-Jung, ., Koh, J. Y., Histochemically reac-
tive zinc in plaques of the Swedish mutant beta-amyloid
precursor protein transgenic mice. J. Neurosci. 1999, 19,
RC10.

Matsumoto, J., Sugiura, Y., Yuki, D., Hayasaka, T. et al.,
Abnormal phospholipids distribution in the prefrontal cor-
tex from a patient with schizophrenia revealed by matrix-
assisted laser desorption/ionization imaging mass spec-
trometry. Anal. Bioanal. Chem. 2011, 400, 1933-1943.

McNamara, R. K., Jandacek, R., Rider, T, Tso, P. et al., Ab-
normalities in the fatty acid composition of the postmortem
orbitofrontal cortex of schizophrenic patients: gender differ-
ences and partial normalization with antipsychotic medica-
tions. Schizophrenia Res. 2007, 91, 37-50.

Taha, A. Y., Cheon, Y., Ma, K., Rapoport, S. I., Rao, J. S.,
Altered fatty acid concentrations in prefrontal cortex of
schizophrenic patients. J. Psychiatr. Res. 2013, 47, 636-643.
Kiernan, M. C., Vucic, S., Cheah, B. C., Turner, M. R. et al.,
Amyotrophic lateral sclerosis. Lancet 2011, 377, 942-955.
Rosen, D. R., Siddique, T., Patterson, D., Figlewicz, D. A.
et al., Mutations in Cu/Zn superoxide dismutase gene are
associated with familial amyotrophic lateral sclerosis. Na-
ture 1993, 362, 59-62.

Acquadro, E., Caron, I., Tortarolo, M., Bucci, E. M. et al., Hu-
man SOD1-G93A specific distribution evidenced in murine

[96]

[97]

[98]

[99]

[100]

[101]

Proteomics 2016, 16, 1747-1758

brain of a transgenic model for amyotrophic lateral scle-
rosis by MALDI imaging mass spectrometry. J. Proteome
Res. 2014, 13, 1800-1809.

Soulet, F, Al Saati, T, Roga, S., Amalric, F, Bouche, G., Fi-
broblast growth factor-2 interacts with free ribosomal pro-
tein S19. Biochem. Biophys. Res. Commun. 2001, 289, 591-
596.

Orru, S., Aspesi, A., Armiraglio, M., Caterino, M. et al., Anal-
ysis of the ribosomal protein S19 interactome. Mol. Cell.
Proteomics 2007, 6, 382-393.

Jordan, P. M., Ojeda, L. D., Thonhoff, J.R., Gao, J. et al., Gen-
eration of spinal motor neurons from human fetal brain-
derived neural stem cells: role of basic fibroblast growth
factor. J. Neurosci. Res. 2009, 87, 318-332.

de Oliveira, G. P, Duobles, T.,, Castelucci, P, Chadi, G., Dif-
ferential regulation of FGF-2 in neurons and reactive as-
trocytes of axotomized rat hypoglossal nucleus. A possible
therapeutic target for neuroprotection in peripheral nerve
pathology. Acta Histochem. 2010, 112, 604-617.

Hanrieder, J., Ekegren, T., Andersson, M., Bergquist, J.,
MALDI imaging of post-mortem human spinal cord in amy-
otrophic lateral sclerosis. J. Neurochem. 2013, 124, 695-
707.

Buck, A., Ly, A., Balluff, B., Sun, N. et al., High-resolution
MALDI-FT-ICR MS imaging for the analysis of metabo-
lites from formalin-fixed, paraffin-embedded clinical tissue
samples. J. Pathol. 2015, 237, 123-132.

www.proteomics-journal.com



