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Abstract

Introduction: Alzheimer’s disease (AD), the leading cause of dementia, is pathologi-
cally characterized by B-amyloid plagques and tau tangles. However, there is also
evidence of lipid dyshomeostasis-mediated AD pathology. Given the structural
diversity of lipids, mass spectrometry is a useful tool for studying lipid changes
in AD. Although there have been a few studies investigating lipid changes in the
human hippocampus in particular, there are few reports on how lipids change in
each hippocampal subfield (e.g., Cornu Ammonis [CA] 1-4, dentate gyrus [DG]
etc.). Since each subfield has its own function, we postulated that there could be
lipid changes that are unique to each.

Methods: We used matrix-assisted laser desorption/ionization-imaging mass spec-
trometry to investigate specific lipid changes in each subfield in AD. Data from
the hippocampus region of six age- and gender-matched normal and AD pairs
were analyzed with SCiLS lab 2015b software (SCiLS GmbH, Germany;
RRID:SCR_014426), using an analysis workflow developed in-house. Hematoxylin,
eosin, and luxol fast blue staining were used to precisely delineate each anatomical
hippocampal subfield. Putative lipid identities, which were consistent with published
data, were assigned using MS/MS.

Results: Both positively and negatively charged lipid ion species were abundantly
detected in normal and AD tissue. While the distribution pattern of lipids did not
change in AD, the abundance of some lipids changed, consistent with trends that
have been previously reported. However, our results indicated that the majority
of these lipid changes specifically occur in the CA1 region. Additionally, there were
many lipid changes that were specific to the DG.

Conclusions: Matrix-assisted laser desorption/ionization-imaging mass spectrometry
and our analysis workflow provide a novel method to investigate specific lipid
changes in hippocampal subfields. Future work will focus on elucidating the role

that specific lipid differences in each subfield play in AD pathogenesis.
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1 | INTRODUCTION

Although B-amyloid (AB) plaques and tau tangles are the main patho-
logical hallmarks of Alzheimer’s disease (AD), Alois Alzheimer also
noted the accumulation of fatty deposits in his paper first describing
the disease (Alzheimer, 1907). The link between aberrant lipid metab-
olism and neurodegeneration in AD has been confirmed (Chan et al.,
2012; Ellison, Beal, & Martin, 1987; Han, Holtzman, & McKeel, 2001;
Han, Holtzman, McKeel, Kelley, & Morris, 2002; He, Huang, Li, Gong,
& Schuchman, 2010; Jolles, Bothmer, Markerink, & Ravid, 1992; Jope,
Song, Li, & Powers, 1994; Landman et al., 2006; Lange et al., 2008;
Martin et al,, 2010; Mulder et al., 2003; Nitsch et al., 1992; Pern-
ber, Blennow, Bogdanovic, Mansson, & Blomqvist, 2012; Séderberg,
Edlund, Kristensson, & Dallner, 1991; Svennerholm & Gottfries, 1994;
Wells, Farooqui, Liss, & Horrocks, 1995).

Lipids found in the brain fall into three major categories: choles-
terol, phospholipids, and sphingolipids (Jackson, Wang, & Woods,
2005). The phospholipids category includes the following classes of
lipids: phosphatidylcholines (PCs), phosphatidylethanolamines (PEs),
phosphatidylinositols (Pls), phosphatidylserines (PSs). The sphingo-
lipids category contains sphingomyelin (SM), cerebrosides, ceramides
(Cer), sulfatides (SFs), and gangliosides (GMs).

The fundamental role that phospholipids and sphingolipids
play in membrane architecture is well defined. The polar headgroup
and apolar fatty acid residue of these phospholipids allow marked
amphilicity, leading to the characteristic formation of the lipid bilayer,
which enables the maintenance of homeostasis (Schiller et al., 2004;
Soderberg et al., 1991). Additionally, membrane microdomains rich in
sphingolipids form lipid rafts that mediate compartmentalized cellular
processes, as there is a clustering of receptors and signaling in these
areas (Di Paolo & Kim, 2011). The role lipids play in intracellular sig-
naling in the brain has also been well established. For instance, Pls are
phosphorylated to produce phosphoinositides that can act as second
messengers, in addition to mediating plasma membrane-cytoskeleton
interactions (Di Paolo & De Camilli, 2006). Thus, there has been a
renewed interest in the neuromodulatory role that lipids play, particu-
larly during cell proliferation, growth, and neuroprotection (Buccoliero
& Futerman, 2003; Soderberg et al., 1991; Veloso, Astigarraga, et al.,
2011; Veloso, Fernandez, et al., 2011). Further, it has been reported
that even limited alterations in phospholipid structure may have a con-
siderable effect on function (Soderberg et al., 1991).

Many studies have detailed the dyshomeostasis of different lipid
groups in AD. Specifically, PCs (Martin et al., 2010; Nitsch et al.,
1992; Wells et al., 1995) and PEs (Ellison et al., 1987; Martin et al.,
2010; Pettegrew, Panchalingam, Hamilton, & McClure, 2001; Wells
et al., 1995) are decreased in AD. Both PCs and PEs also showed a
variation in the ratio between saturated to unsaturated fatty acids
in AD (Mulder et al., 2003; Soderberg et al., 1991). There is also a
decrease in Pls, with disruptions to the production and signaling
pathways of some phosphoinositides (Jope et al., 1994; Landman
et al., 2006; Martin et al., 2010; Pettegrew et al., 2001; Prasad, Lovell,
Yatin, Dhillon, & Markesbery, 1998; Stokes & Hawthorne, 1987; Wells
et al., 1995). Additionally, Lange et al. (2008) reported a loss of PS

asymmetry, with increased externalization of PSs to the outer leaflet
of the lipid bilayer under oxidative stress. While early studies report
an increase in SFs in AD (Majocha, Jungalwala, Rodenrys, & Marotta,
1989), there is now evidence of a significant SF depletion (up to 58%
in white matter and up to 93% in gray matter), even at the earliest clin-
ical stage of AD that was investigated (i.e., Clinical Dementia Rating
0.5; Han et al., 2002), with a consequent elevation in ceramide levels
(Han, 2010; Han et al., 2002; He et al., 2010). GMs are also changed
in AD, with an early study by Svennerholm and Gottfries (1994)
reporting a decrease in GMs in the human hippocampus. However,
more recently, there have been reports of elevated GM1 and GM2
in lipid rafts (Pernber et al., 2012), elevated GM3 (Chan et al., 2012)
in the entorhinal cortex, and a decrease in b-series GM alone, with
a change in the composition of two particular GM1 species in the
dentate gyrus (DG; Hirano-Sakamaki et al., 2015). For an extensive
review of the role lipid dyshomeostasis plays in mediating and modu-
lating AD pathology see (Ariga, McDonald, & Robert, 2008; Di Paolo
& Kim, 2011; Hartmann, Kuchenbecker, & Grimm, 2007; Yanagisawa,
2007). Finally, given that Cer, SM, and GMs are core constituents of
lipid rafts, the change in the composition of these sphingolipids also
impacts the function of these microdomains (Diaz et al., 2015; Fabelo
et al., 2014). While pools of APP and presenilin are present in cell
membranes, both in raft and nonraft regions, evidence that the amy-
loidogenic processing of amyloid precursor protein primarily occurs in
lipid rafts is now well established and has been previously reviewed
extensively (Cordy, Cordy, Hooper, & Turner, 2006; Di Paolo & Kim,
2011; Rushworth & Hooper, 2010). Thus, early changes in sphingo-
lipids may play a role in the production and formation of AB plaques,
driving AD pathogenesis. Ap aggregation in lipid rafts also drives the
accumulation of phosphorylated tau in these microdomains, at least
in a mouse model of AD (Kawarabayashi et al., 2004).

Although there is now evidence that most, if not all, classes of
lipids are implicated in the pathology of AD, few studies have focused
specifically on the hippocampus, which is one of the main regions
of atrophy in AD. Further, with the exception of Hirano-Sakamaki
et al. (2015), the majority of these findings have been based on tradi-
tional mass spectrometry or chromatography techniques, which can
only provide crude anatomical detail (Kosicek & Hecimovic, 2013).
Matrix-assisted laser desorption/ionization (MALDI)-imaging mass
spectrometry (IMS), which was introduced in 1997 (Caprioli, Farmer,
& Gile, 1997), offers an advantage over traditional mass spectrome-
try methods as it allows the visualization of the distribution of lipids,
peptides, proteins, and drugs, in a tissue of interest (Cornett, Reyzer,
Chaurand, & Caprioli, 2007). Using MALDI-IMS, Veloso, Fernandez,
et al. (2011) were able to illustrate the anatomical variation in the
distribution of lipids in the human hippocampus. However, there is
little evidence of how these lipids change in the hippocampal sub-
fields in AD. Thus, we optimized the MALDI tissue preparation to
specifically detect lipids, using the 1,5-diaminonaphthalene (DAN)
matrix (Thomas, Charbonneau, Fournaise, & Chaurand, 2012), and
conducted a spatially resolved analysis to find specific lipid changes
in the hippocampal subfields on fresh tissue from normal and AD
affected postmortem human brains.
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2 | MATERIAL AND METHODS

2.1 | Chemicals and reagents

1,5-Diaminonaphthalene, red phosphorous, and ammonium formate
were purchased from Sigma-Aldrich (St Louis, MO). Tissue-Tek®
OCT compound 4583 was sourced from Sakura Finetek (Torrance,
CA). Unless otherwise stated, all other reagents were purchased

from Sigma-Aldrich.

2.2 | Tissue collection

Fresh, frozen postmortem human brain tissue, from the hippocampus
block (hp2; in keeping with that described by Waldvogel, Curtis,
Baer, Rees, & Faull, 2006) of each case, was obtained from the
Neurological Foundation of New Zealand Human Brain Bank
(University of Auckland, NZ). The tissue used for this study had
been processed according to a detailed protocol, which has been
previously published (Waldvogel et al., 2006, 2008), dissected into
blocks, snap frozen on dry ice, and stored at -80°C. Table 1
provides in-depth details about the six normal and six AD cases
used in this study. Cases were age- and gender-matched, and
matched cases have been listed consecutively in each section. This
coupling was important for our pair-wise analysis. The use of this
tissue was approved by the University of Auckland Human
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Participants Ethics Committee Ref No. 011654. All tissues were
obtained with full informed consent of the families.

2.3 | Tissue preparation

Twelve-micrometer thick coronal sections, from the hp2 block, were
cut at -20°C on a Leica Bright OTF5000 Cryostat (A-M systems,
USA), and thaw-mounted on to pre-cooled indium-tin oxide-coated
MALDI glass slides (Hudson Surface Technology, USA). The slides
were then dried for an hour in a dry-seal, grease-free desiccator
(Jencons, USA), under vacuum, and then washed with ammonium
formate as previously outlined by Angel, Spraggins, Baldwin, and
Caprioli (2012) to reduce sodium and potassium adducted species,
before matrix deposition. 1,5-Diaminonaphthalene matrix was depos-
ited, at 140°C for 5 min with a vacuum level of ~50 mTorr (Thomas
et al, 2012), using the vacuum sublimation technique which has
been published previously in detail (Hankin, Barkley, & Murphy, 2007).

2.4 | MALDI imaging

Mass spectrometric analyses were performed at an accelerating
voltage of +20 kV or -20 kV on a Bruker UltrafleXtreme MALDI-
TOF/TOF mass spectrometer (Bruker, Germany), equipped with a
2 kHz Smartbeam II™ UV MALDI laser and 60-70 um laser beam

size, operating in reflector mode. Delayed extraction parameters

TABLE 1 Table summarizing age, gender, postmortem delay, cause of death, and pathology, for normal (n = 6) and Alzheimer’s disease

(AD; n = 6) cases used in this study

Postmortem
Case Age (years) Gender delay (hours) Cause of death Pathology
Normal
H137 77 F 21 Coronary atherosclerosis No significant histological abnormalities
H152 79 M 18 Congestive heart failure No significant histological abnormalities
H169 81 M 24 Asphyxia No significant histological abnormalities
H180 73 M 33 Ischemic heart disease No significant histological abnormalities
H190 72 F 19 Ruptured myocardial infarction No significant histological abnormalities
H238 63 F 16 Dissecting aortic aneurysm No significant histological abnormalities
Alzheimer’s disease
AZ32 VS F 3 Bronchopneumonia Braak: Unknown; CERAD: Probable Alzheimer’s
A2 B1C2
AZ80 77 M 4.5 Myocardial infarction Braak: VI; CERAD: Definitive Alzheimer’s
A3 B3 C3
AZ45 82 M 4.5 Pneumonia, stroke Braak: Unknown; CERAD: Probable Alzheimer’s
Al1B2C2
AZ90 73 M 4 Gastrointestinal hemorrhage Braak: IV; CERAD: Definitive Alzheimer's
A3 B3 C3
AZ72 70 7 7 Lung cancer Braak: V; CERAD: Indicative of Alzheimer’s
AOB1C3
AZ71 61 F 6 Severe dementia Braak: VI; CERAD: Definitive Alzheimer’s
A2 B3 C3

The age (mean + SD) of the normal and AD cases were 74.2 + 6.46 and 73 + 7.13 years, respectively. The postmortem delay (mean + SD) of the normal and
AD cases were 21.83 + 6.11 and 4.83 + 1.43 h, respectively. The normal cases used in this study did not show significant histological abnormalities. The
Braak and Braak stage and the Consortium to Establish a Registry for Alzheimer's disease (CERAD) score for the Alzheimer's disease cases used in this study
are presented. The extent of atrophy (A; 0-3); neurofibrillary tangles (B; 0-3), and neuritic plaques (C; 0-3), for these cases are also given. Cases were age-
and gender-matched and matched cases have been listed consecutively in each section.
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(120 ns) were optimized for signal intensity and mass resolution,
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and red phosphorous (1 mg/ml in ACN; Sigma-Aldrich Chemistry,
USA) was used as an external calibrant before data collection. The
distance between raster points was set to 100 um. Data were
collected in the range of m/z 400-2,000. MALDI-IMS data for
each age- and gender-matched normal and AD case were acquired
in the same dataset. One section from each age- and gender-
matched normal and AD case was used to acquire data in negative
ion mode, using 75 laser shots per spectrum, and another section
from each case was used to acquire data in positive ion mode
using 100 laser shots per spectrum. Since lipid distributions were
found to be highly reproducible between sections from the same
case (data not shown), one dataset from each matched pair was
used for subsequent data analysis. Following data acquisition, DAN
matrix was removed by 70% ethanol, and tissue sections were
stained with hematoxylin and eosin (H&E) and luxol fast blue (LFB)
for histological analysis.

2.5 | Data analysis

Data were analyzed using the workflow outlined in Fig. 1. Raw
spectra from all datasets were first aligned to a control m/z list
based on previous publications on the mammalian brain lipidome
(Jackson, Wang, & Woods, 2007; Jackson et al., 2005; Veloso,
Fernandez, et al., 2011; Yuki et al, 2011), using FlexAnalysis
3.4 software (Bruker Daltonik GmbH, Germany). Datasets were
then imported into SCiLS lab 2015b software (SCiLS GmbH,
Germany; RRID:SCR_014426), with a TopHat baseline removal,

and normalized to total ion count. The spatial segmentation tool
with edge-preserving image denoising, which groups together
areas that have a similar m/z profile, was used to differentiate
white matter and gray matter for further analysis. A coregistered
high-resolution scan of the section stained with H&E and LFB
was used to trace out regions of interest (ROI; CA1l, CA2/3,
CA4 and DG regions), based on their histological appearance. A
receiver-operator characteristic (ROC) analysis was done on each
ROI of each age- and gender-matched pair, to statistically analyze
m/z values that were either increased or decreased in AD. The
ROC analysis results were then evaluated to find m/z values
that were consistently statistically increased or decreased, in each
ROI, across all six datasets. Distribution maps of these selected
m/z values were generated using SCiLS lab 2015b (SCiLS Gmbh;
RRID:SCR_014426), with automatic hotspot removal and edge-
preserving weak image denoising. The relative intensity change
in these selected m/z values in AD was calculated as a percent-
age (%) change from normal, and the graphs showing this change
for each region were generated using GraphPad Prism version
6 for Windows (GraphPad Software, La Jolla, CA; RRID:
SCR_00279).

2.6 | Putative lipid identification

Lipid identifications were made in comparison with published
mammalian lipid identifications where possible. For others, on-
tissue MALDI-MS/MS, which was performed using a Bruker
UltrafleXtreme MALDI-TOF/TOF mass spectrometer (Bruker,

* Spectral alignment:

Align using FlexAnalysis 3.4 software

* All spectra were aligned to a selected m/z list (based on previous publications)

_

\/ * Dataset import:

(with baseline subtraction)

Import

_

* MALDI-imaging datasets from all 12 cases imported into SCiLS lab 2015 software |

FIGURE 1 Data analysis workflow. Once

data were acquired, spectra were aligned to a

* Trace regions of interest (ROIs) based on:
» Histology — CA1, CA2/3, CA4, and dentate gyrus

ROIs

» Spatial segmentation algorithm — gray matter and white matter

_ A

m/z list based on previous publications (Jackson
et al., 2005, 2007; Veloso, Fernandez, et al.,
2011; Yuki et al., 2011), using FlexAnalysis 3.4

software. The datasets were then imported

Analyse

|
4
« Pair-wise Receiver Operating Characteristic (ROC) comparisons (threshold = 0.7) ] into SCILS lab 2015b software (SCILS GmbH,
= For each region of interest — found m/z values that are increased in Alzheimer’s |
* For each region of interest — found m/z values that are decreased in Alzheimer’s

Germany; RRID:SCR_014426), and age- and
gender-matched normal and Alzheimer’s cases

were statistically analyzed using the receiver

operating characteristic function. m/z values that
were consistently statistically different across
all six datasets were chosen. Distribution maps

of the selected m/z values were generated using

a percentage-change from normal, in each region of interest

* Find m/z values of interest:
= Based on ROC analysis results, m/z values that were consistently statistically
Compare different across all datasets were selected
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SCILS lab 2015b software (SCIiLS GmbH, Germany;
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La Jolla, CA; RRID:SCR_00279)
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Germany) and analyzed using the LIPID MAPS database (Fahy,
Sud, Cotter, & Subramaniam, 2007; RRID:SCR_003817), was used.
However, given the mass resolution of the MALDI-TOF and the
relatively wide precursor ion selection window for MALDI-TOF/
TOF analysis, product ion peaks of isobaric lipids were also pre-
some of the MS/MS Thus,
chromatography (LC)-MS/MS, which was performed using a Thermo

sent  within spectra. liquid-
Finnigan LTQ-FT (Linear lon Trap-Fourier Transform) mass spec-
trometer (Thermo Scientific, USA) and analyzed using LipidSearch
software (Thermo Scientific), was used to validate MALDI-MS/
MS results where possible. The results of the MALDI-MS/MS
and LC-MS/MS analysis are included as supplementary data. While
structural assignments for some lipids could not be made due
to a low abundance, those detected in the higher m/z range in
positive ion mode could not be identified accurately using the
LIPID MAPS database (RRID:SCR_003817) as the library is not
yet complete and is being continuously updated (Han, 2016).
Overall, putative lipid assignments have been made for 22 of
the lipids that were differentially expressed in AD.

(A) Overview Spectra:
Negative ion mode; Whole Hippocampus region

Open Access,

3 | RESULTS

3.1 | Lipids in the human hippocampus

Depending on their class, different lipids can be protonated or
deprotonated more easily. Therefore, we chose to acquire two
datasets separately for each age- and gender-matched pair, using
negative and positive polarities, to maximize the range of lipids
analyzed during this study. Deprotonated lipids are detected easily
when the negative polarity is used during data acquisition. In con-
trast, using the positive polarity during data acquisition allows
detection of protonated lipids. Sodium and potassium adducted
species were reduced with an ammonium formate wash (Angel
et al., 2012). We used the 1,5-DAN MALDI matrix, since it has
previously been shown to produce high-quality lipid spectra in
both instrument polarities (Thomas et al., 2012).

Figure 2A shows the lipid profile of the postmortem human hip-
pocampus, detected using negative ion mode, in normal (blue) and
AD (red). Overall, 154 lipids peaks were detected in normal (blue) and

(B) Commonly detected lipid peaks
in negative ion mode in control
and Alzheimer’s disease
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FIGURE 2 Overview of lipid spectra detected in the hippocampus. (A) Overall lipid spectrum acquired in negative ion mode, between
m/z 500 to 1,800, from a normal (H152; blue) and Alzheimer's disease (AZ80; red) hippocampus. (B) A total of 154 and 155 lipid peaks were
detected in normal and Alzheimer's disease cases, respectively. 147 lipid peaks were commonly found in both. (C) In contrast, fewer peaks
are apparent in the overall lipid spectrum acquired in positive ion mode, from a normal (H152; blue) and Alzheimer’s disease (AZ80; red) case.
(D) 105 peaks were detected in normal and 103 peaks were detected in Alzheimer’s disease, with 98 lipids commonly detected in both
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155 peaks were detected in AD, with 147 commonly detected in both
(Fig. 2B). In contrast, fewer lipid peaks were detected using the pos-
itive ion mode, as seen in Fig. 2C, with 105 peaks detected in nor-
mal (blue) and 103 peaks detected in AD. Overall, 98 were commonly
detected in both (Fig. 2D).

3.2 | Differentially expressed negatively charged
lipid species in AD

We used the analysis workflow developed in-house (Fig. 1) to
identify lipids that were differentially expressed in at least one of
the subfields of the hippocampus (Fig. 3A) in AD. We detected
26 lipids that were differentially expressed either across the whole

hippocampus region or in at least one of its subfields.

3.2.1 | Differentially expressed lipids across the
whole hippocampus

There were ten lipids that were differentially expressed in AD
across the whole hippocampus, of which the majority showed a
relative decrease (Fig. 3B). These were m/z 767.6 (PE 38:4-H),
778.6 (PE 39:5-H7/PPE 40:4-H"), 779.6 (PG 37:6-H"), 791.6 (PE
40:6-H7), 794.6 (PE 40:4-H7), and 795.7 (PG 38:5-H/PA 44:10-
H™). In contrast, we detected a relative increase in m/z 739.2,
786.6 (PS 36:2-H7), 810.6 (PS 38:4-H"), and 843.7.

3.2.2 | Differentially expressed lipids in white matter

While three lipid species m/z 797.7 (PG 38:4-H7), 917.7, and 918.7
(SF 26:0 (OH)-H"), were increased in white matter in AD, m/z
778.6 (PE 39:5-H7/PPE 40:4-H") was the only lipid species that

was decreased in this region (Fig. 3C).

3.2.3 | Differentially expressed lipids in gray matter

In contrast to the four lipids that were differentially expressed in
white matter, 14 lipids were differentially expressed in gray matter,
of which half were increased and half were decreased (Fig. 3D).
The lipid species that were increased in gray matter include m/z
739.2, 786.6 (PS 36:2-H"), 789.6 (SM 36:1-H"), 797.7 (PG 38:4-
H™), 810.6 (PS 38:4-H7), 813.7, and 843.7. In contrast, m/z 767.7
(PE 38:4-H"), 774.6 (PE 39:7-H"/PPE 40:6-H"), 778.6 (PE 39:5-H"/
PPE 40:4-H7), 779.6 (PG 37:6-H7), 791.6 (PE 40:4-H"), 794.6 (PE
40:4-H7), and 795.7 (PG 38:5-H /PA 44:10-H") were decreased.

3.2.4 | Differentially expressed lipids in the Cornu
Ammonis

Of the CA1, CA2/3, and CA4 regions, the CA1 region had the
most changes in lipid expression in AD. There were eight lipids
that were decreased in the CA1 region, of which six reflected the
change seen in gray matter (Fig. 3E). The lipids that were decreased
were m/z 600.5 (Cer 39:4-H7), 767.6 (PE 38:4-H"), 778.6 (PE

39:5-H7/PPE 40:4-H7), 779.6 (PG 37:6-H7), 791.6 (PE 40:6-H),
794.6 (PE 40:4-H), 795.7 (PG 38:5-H/PA 44:10-H"), 796.6 (PE
40:3-H7). There were six lipids that were increased in the CA1
region, again reflecting the change seen in gray matter. These
were m/z 739.2, 786.6 (PS 36:2-H7), 789.6 (SM 36:1-H"), 810.6
(PS 38:4-H7), 813.7, and 843.7. There was only one lipid that was
differentially expressed in the CA2/3 region in AD, and this was
m/z 843.7, which was increased (Fig. 3F). The three lipids that
were differentially expressed in the CA4 region in AD were also
all increased (Fig. 3G). These were m/z 600.5 (Cer 29:4-H7), 789.6
(SM 36:1-H7), and 843.7.

3.2.5 | Differentially expressed lipids in the DG

There were 16 lipids that were differentially expressed in the DG
in AD, of which eight were specifically only changed in this region
(Fig. 3H). There were nine lipids that were increased. These were
m/z 600.5 (Cer 39:4-H7), 646.5 (Cer N24:1-H"), 647.5 (PA 32:0-
H7), 719.6, 786.6 (PS 36:2-H7), 813.7, 843.7, 885.6 (Pl 38:4-H"),
and 886.7. The seven lipids that were decreased were m/z 791.6
(PE 40:6-H7), 794.6 (PE 40:4-H"), 795.7 (PG 38:5-H"/PA 44:10-H"),
905.7, 906.7 (SF 24:0 (OH)-H"), 918.7 (SF 26:0 (OH)-H"), and 1574.0
(GM1 d20:1/18:0).

The differential expression of these lipids in AD, in the subfields
of the hippocampus, has been summarized in Table 2. We were able
to assign putative lipid identities to 19 of the 26 m/z values that
were detected by our analysis. Overall, when they were differentially
expressed, generally PE and PG showed a decrease, while PS, PI, SF,
and SM, were increased. Cer was increased in the DG, while the only
GM was decreased in the same region.

The distribution images clearly show the region-specific differential
expression of these lipids and their relative increase or decrease in AD
(Fig. 4). The majority of these lipids, for example, m/z 600.5 (Cer 39:4-
H7), 794.6 (PE 40:4-H°), and 885.6 (Pl 38:4-H") were expressed with
a higher abundance in gray matter. However, even when expressed
in gray matter, they did not show a uniform distribution. Many lipids,
such as m/z 778.6 (PE 39:5-H"/PPE 40:4-H"), 794.6 6 (PE 40:4-H"),
and 885.6 (Pl 38:4-H™) were highly expressed in the CA1 region. Lipids
that were abundantly expressed in the CA1 region were also usually
expressed in the DG and CA4 region. However, others such as m/z
646.5 (Cer N24:1-H"), 719.6, and 786.6 6 (PS 36:2-H7), were highly
expressed in the DG region alone, at least in AD. Six out of the 26 lip-
ids detected in this analysis showed an inverse pattern of distribution,
in that they were highly expressed in white matter. These were m/z
797.7 (PG 38:4-H7), 813.7, 905.7, 906.7 (SF 24:0 (OH)-H"), 917.7, and
918.7 (SF 26:0 (OH)-H").

3.3 | Positively charged lipid species that were
differentially expressed in the human hippocampus
subfields in AD

Analysis of the positive ion mode datasets yielded 17 lipids that
were differentially expressed, in at least one of the subfields of
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FIGURE 3 Mean intensity difference of selected m/z values, detected in negative ion mode, in Alzheimer’s disease (as a percentage (%)
change from normal). The regions of interest in the postmortem human hippocampus analyzed for this study, in a normal (H152) and an
Alzheimer’s disease case (AZ80) is shown in (A). (B-H) Graphs showing the mean intensity difference of selected m/z values in Alzheimer’s
disease, relative to intensity in normal human hippocampus, in the whole hippocampus (B), and white matter (C), gray matter (D), CA1 (E), CA2/3
(F), CA4 (G), and dentate gyrus (H) regions. m/z values were selected using pair-wise receiver operating characteristic comparisons for each
anatomical region. Black arrows indicate the lipid species that were consistently changed in all Alzheimer's disease cases
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TABLE 2 Summary of the relative change (i.e., an increase T or decrease | ; mean percentage change given in brackets) in the mean
intensity of selected lipid species, which were detected in negative ion mode, in the Alzheimer’s disease postmortem human hippocampus. An
indication of how these lipids change in white matter and gray matter, as well as anatomically distinct areas (i.e., CA1, CA2/3, CA4 and dentate
gyrus) is also included. Putative lipids assignments were based on MS/MS data (see Supporting information) and previous publications

Hippocampus region

Observed Whole White Gray Dentate
m/z Lipid assignment (reference) region matter matter CA1 CA2/3 CA4 gyrus
600.5 Cer 39:4-H™® 1 (-19.5) T(419) 1(31.1)
646.5 Cer N24:1-H™ (Han et al., 2002) 1(26.1)
647.5 PA 32:0-H™® T(23.9)
719.6 T (20.6)
739.2 1T (38.7) T (39.9) 1T (51.7)
767.6 PE 38:4-H™ (Nunez et al., 2016) 1 (-14.2) 1(-23.6) | (-28.2)
774.6 PE 39:7-H™¢ 1 (-19.8)

PPE 40:6-H" (Han et al., 2001)
778.6 PE 39:5-H" ¢ 1(-193) 1 (-19.6) | (-259) | (-30.8)

PPE 40:4-H™ (Han et al., 2001)
779.6 PG 37:6-H™¢ J (-20.0) 1(-27.7) ] (-33.1)
786.6 PS 36:2-H™¢ T (41.9) T (51.6) T (75.0) 1T (31.1)
789.6 SM 36:1-H™ (Samhan-Arias et al., 2012) 1 (47.6) 1 (42.7) 1 (18.5)
791.6 PE 40:6-H™ (Han et al., 2001) 1 (-27.0) 1(-86.0) | (-31.4) 1 (-36.4)
794.6 PE 40:4-H™¢ 1 (-28.2) 1 (-35.7) ] (-38.9) 1 (-22.1)
795.7 PG 38:5-H/PA 44:10-H® 1 (-24.1) 1(-83.0) | (-36.4) 1 (-20.7)
796.6 PE 40:3-H™® 1 (-24.9)
797.7 PG 38:4-H™¢ T (22.6) 1 (38.0)
810.6 PS 38:4-H™ (Dill et al., 2010) T(29.1) 1 (40.0) 1 (47.8)
813.7 T (41.0) T (39.5) 1 (40.3)
843.7 1 (48.9) 1 (56.7) 1 (63.9) T(11.8) 1(527) 1(46.8)
885.6 PI1 38:4-H™ (Dill et al., 2010; Jackson et al., 1 (20.1)

2005; Veloso, Astigarraga, et al., 2011;
Veloso, Fernandez, et al., 2011)

886.7 T(17.8)
905.7 1 (=37.2)
906.7 SF 24:0 (OH)-H™ (Dill et al., 2010; Jackson 1 (-36.8)

et al., 2005; Veloso, Astigarraga, et al.,
2011; Veloso, Fernandez, et al., 2011; Yuki

etal., 2011)
917.7 1 (20.7)
918.7 SF 26:0 (OH)-H™ (Yuki et al., 2011) 7 (20.3) 1 (34.1)
1574.0 GM1 D20:1/18:0-H" (Ariga, Yu, Suzuki, 1 (-37.1)

Ando, & Miyatake, 1982; Chan et al., 2009;
Whitehead et al., 2011)

Cer, ceramide; GM, ganglioside; PA, Phosphatidic acid; PC, Phosphatidylcholine; PE, Phosphatidylethanolamine; PG, Phosphatidylglycerol; PI,
Phosphatidylinositol; PPE, Phosphatidylethanolamine plasmalogen; PS, Phosphatidylserine; SM, sphingomyelin.

@Putative lipid assignment based on LC-MS/MS.

bputative lipid assignment based on MALDI-TOF-TOF MS/MS data.

“Putative lipid assignment based on MALDI-TOF-TOF MS/MS and confirmed using LC-MS/MS.

3.3.1 | Differentially expressed lipids across the

the hippocampus (Fig. 5A) in AD. However, where the same lipid .
PP pus (Fig. 5A) P whole hippocampus

was differentially expressed in AD, in more than one subfield, the
lipid showed the same relative change (i.e., an increase or decrease) The only lipid that was decreased across the whole hippocampus
across all of those subfields. was m/z 496.5 (Fig. 5B). In contrast, there was an increase in 11
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Spatial distribution of selected lipid species
detected in negative ion mode in the human hippocampus
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FIGURE 4 Spatial distribution of selected lipids detected in negative ion mode in the human hippocampus. Representative hippocampus
sections (AZ80 and H152) stained with H&E (top-left corner) showing white matter (green), and the gray matter regions, Cornu Ammonis 1
(CA1; yellow), CA2/3 (purple), CA4 (blue), and the dentate gyrus (orange). Edge-preserving image denoising and automatic hotspot removal
(see rainbow intensity color-bar) was applied using SCiLS Lab 2015b software (SCiLS GmbH, Germany; RRID:SCR_014426). The spatial
distance between adjacent spectra is 100 um. Each image shows the distribution of a specific m/z value. Cer, ceramide; GM, ganglioside;
PA, Phosphatidic acid; PC, Phosphatidylcholine; PE, Phosphatidylethanolamine; PG, Phosphatidylglycerol; Pl, Phosphatidylinositol; PPE,
Phosphatidylethanolamine plasmalogen; PS, Phosphatidylserine; SM, sphingomyelin
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FIGURE 5 Mean intensity difference of selected m/z values, detected in positive ion mode, in Alzheimer's disease (as a % change from
normal). The regions of interest in the postmortem human hippocampus analyzed in this study, in a normal (H152) and Alzheimer’s disease case
(AZ80) is shown in (A). (B-H) Graphs showing the mean intensity difference of selected m/z values in Alzheimer’s disease, relative to intensity
in normal human hippocampus, in the whole hippocampus (B), white matter (C), gray matter (D), CA1 (E), CA2/3 (F), CA4 (G), and dentate gyrus
(H) regions. m/z values were selected using pair-wise receiver operating characteristic comparisons for each anatomical region. Black arrows
indicate the lipid species that were consistently changed in all Alzheimer’s disease cases
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lipids. These were m/z 718.6 (PE 34:1 + H*), 720.6 (PE 34:0 + H*),
721.6, 730.5, 753.7 (SM 36:1 + Na*), 1463.1, 1478.1, 1479.2,
1481.1, and 1483.1.

3.3.2 | Differentially expressed lipids in white matter

While m/z 522.4 was the only lipid that was decreased in white
matter in AD, there were six lipids that were increased (Fig. 5C).
These were m/z 718.6 (PE 34:1 + HY), 720.6 (PE 34:0 + H"),
730.5, 1463.1, 1479.2, and 1481.1.

3.3.3 | Differentially expressed lipids in gray matter

There were 14 lipids that were differentially expressed in AD in
gray matter (Fig. 5D). The lipid detected at m/z 496.5 was the
only one that showed a decrease. In contrast, m/z 718.6 (PE
34:1 + H), 720.6 (PE 34:0 + HY), 721.6, 730.5, 1463.1, 1464.2,
1467.2, 1478.1, 1479.2, 1481.1, 1483.1, 1495.1, and 1507.3 were

increased in gray matter in AD.

3.3.4 | Differentially expressed lipids in the Cornu
Ammonis

Of the 12 lipids that were differentially expressed in the CA1
region in AD, m/z 496.5 was the only one that showed a decrease
(Fig. 5E). The lipids that were increased were m/z 718.6 (PE
34:1 + HY), 720.6 (PE 34:0 + HY), 721.6, 730.5, 1463.1, 1464.2,
1467.2, 1478.1, 1479.2, 1481.1, and 1483.1.

All eight lipids that were differentially expressed in the CA2/3
region were increased in AD (Fig. 5F). These were m/z 718.6 (PE
34:1 + HY), 720.6 (PE 34:0 + HY), 721.6, 730.5, 1463.1, 1464.2,
1467.2,1478.1, 1479.2, 1481.1, and 1483.1.

The CA4 region showed a similar pattern, with an increase in eight
lipids in AD (Fig. 5G). The lipids that were increased in this region were
m/z 718.6 (PE 34:1 + HY), 1463.1, 1464.2, 1478.1, 1479.2, 1481.1,
1483.1, and 1507.3.

3.3.5 | Differentially expressed lipids in the DG

There were nine lipids that were increased in the DG in AD
(Fig. 5H). These were m/z 706.5 (PC 30:0 + H*), 718.6 (PE
34:1 + HY), 720.6 (PE 34:0 + HY), 721.6, 730.5, 1463.1, 1464.2,
1467.2,1478.1,1479.2,1481.1, 1483.1, 1495.1, and 1507.3. Table 3
summarizes the differential expression of the lipids, detected in
positive ion mode, in AD, across the different hippocampus sub-
fields. The majority of lipids that were detected in positive ion
mode were GMs, which were all increased in AD. The distribution
of each lipid is seen in Fig. 6, with an indication of its differential
expression within the same hippocampus, and the relative change
in its abundance in AD. Generally, lipids were either expressed
abundantly in gray matter, for example, m/z 496.5, 1467.2, and
1495.1, or in white matter, for example, m/z 1463.1, 1464.2, and
1507.3. Others, such as m/z 721.6, 1478.1, 1481.1, and 1483.1

Open Access,

showed a more homogenous expression through the hippocampus,

with some hotspots in AD.

4 | DISCUSSION

This study demonstrates the anatomical compartments in which
lipids were differentially expressed in the human hippocampus in
AD. Due to the mass resolution limitations of the MALDI-TOF,
peaks could not always be assigned a single lipid identity (e.g.,
m/z 795.7 [PG 38:5-H7/PA 44:10-H7]), and may contain more than
one lipid species. To confirm the identities of each lipid detected
in our study, high mass resolution IMS equipment would be required.
Nonetheless, this discussion focuses on the lipid assignments that
we were able to putatively make using MS/MS and previously
published results on the mammalian lipidome.

With the exception of PC 30:0 + H*, PE 34:1 + H*, PE 30:4 + H*,
and PG 38:4-H7, all lipid species belonging to the same class of lipid
showed the same change in AD. For example, in AD, all the PS species
detected in negative ion mode were increased. Additionally, if the same
lipid species was changed in more than one hippocampus subfield, it
was either increased or decreased across all subfields. Cer 39:4-H™
and SF 26:0 (OH)-H™ are the only lipid species that show a departure
from this trend, as the former was decreased in the CA1 region, but
increased in the CA4 and DG, while the latter was decreased in the
DG but increased in white matter. It is however, important to note,
that the extent to which the same lipid species was changed, which
is indicated by the percentage change in Tables 2 and 3, differed in
each subfield. This could largely be attributed to the variation in the
abundance of these lipids in these subfields. Generally, there was an
increase in ceramide, PC, PS, PI, SM, SFs, and GMs with a decrease in
phosphatidylglycerols and PEs (except those detected in positive ion
mode). With the exception of a few lipids, most of our results show
trends that are consistent with previous work that have largely used
traditional mass spectrometry and chromatography techniques to
investigate lipid changes in AD (Chan et al., 2012; Cheng, Wang, Li,
Cairns, & Han, 2013; Cutler et al., 2004; Ellison et al., 1987; Guan
etal., 1999; Han et al., 2001, 2002; He et al., 2010; Jolles et al., 1992;
Jope et al.,, 1994; Landman et al., 2006; Lange et al., 2008; Martin
et al., 2010; Mulder et al., 2003; Nitsch et al., 1992; Pernber et al.,
2012; Pettegrew et al., 2001; Séderberg et al., 1991; Svennerholm &
Gottfries, 1994; Valdes-Gonzalez et al., 2011; Wells et al., 1995). How-
ever, in contrast to previous work, we precisely delineated anatomical
subfields in the hippocampus allowing us to determine specific lipid
changes in AD in each region.

Of the 43 lipids that were changed in at least one hippocampus
subfield in AD, only approximately half were detected when the hippo-
campus was analyzed as a whole. This highlights the merit in analyzing
various subfields of a region of interest separately, using MALDI-IMS.
Additionally, with the exception of some lipids that were detected
in positive ion mode that showed a homogenous distribution, most
lipids were abundantly expressed either in gray matter or in white
matter (Figs 4 and 6). There is also considerable heterogeneity in the
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TABLE 3 Summary of the relative change (i.e., an increase 7T or decrease | ; mean percentage change given in brackets) in the mean
intensity of selected lipid species, which were detected in positive ion mode, in the Alzheimer’s disease postmortem human hippocampus. An
indication of how these lipids change in white matter and gray matter, as well as anatomically distinct areas (i.e., CA1, CA2/3, CA4, and dentate
gyrus) is also included. The mean percentage (%) change from normal is indicated in brackets. Putative lipids assignments were based on MS/

MS data (see Supporting information) and previous publications

Hippocampus region

Observed Whole
m/z Lipid assignment region
496.5 1 (-17.5)
522.4
706.5 PC 30:0 + H* (Hicks, DeLong, Thomas, Samuel,
& Cui, 2006)
718.6 PE 34:1 + H* @ (Hicks et al., 2006) 1T (44.5)
720.6 PE 34:0 + H" (Hicks et al., 2006) 1 (58.9)
721.6 T (34.0)
730.5 T (25.6)
753.7 SM 36:1 + Na* (Fuchs, Nimptsch, & Schiller, 1 (24.7)
2008; Fujiwaki, Yamaguchi, Sukegawa, &
Taketomi, 1999; Jackson et al., 2007)
1463.1 T (49.0)
1464.2 1 (47.8)
1467.2
1478.1 1 (32.9)
1479.2 T (36.7)
1481.1 1 (40.5)
1483.1 T (22.9)
1495.1
1507.3

PC, Phosphatidylcholine; PE, Phosphatidylethanolamine; SM, sphingomyelin.

#Putative lipid assignment based on LC-MS/MS.

expression of these lipids in the gray matter alone. This variation in
lipid expression can be linked to the anatomical composition of each
hippocampus subfield, particularly to gray and white matter. Since
each hippocampus subfield has a distinct function, it is important to
consider how lipid expression changes in each field, in order to link this
change to AD pathogenesis.

Myelin is rich in SM and GM1 (O'Brien & Sampson, 1965; Pernber
et al., 2012; Schnaar, Gerardy-Schahn, & Hildebrandt, 2014; Svenner-
holm & Vanier, 1973). SM and GM1 are particularly concentrated in
the outer leaflet of the membrane, where they are key constituents of
lipid rafts (Farooqui, Horrocks, & Farooqui, 2000; Ramstedt & Slotte,
2002). Previously, in AD, an increase in SM had been reported (Ban-
daru et al., 2009; Pettegrew et al., 2001; Wells et al., 1995). Further, a
significant decrease in ganglio-series GMs (GT1b, GD1b, GD1a, GM1)
in the frontal and temporal cortex, and an elevation in simple GMs like
GM2, GM3, and GM4, have been reported (Kalanj, Kracun, Rosner, &
Cosovi¢, 1990; Kracun, Kalanj, Cosovic, & Talan-Hranilovic, 1989). The
increase in SM 36:1 and the decrease in GM1 seen in our study reflect
these trends. Given the evidence that these changes occur very early
during AD, accompanied by biophysical alterations and differential

White Gry Dentate
matter matter CA1l CA2/3 CA4 gyrus

I (-11.5) | (-15.6)
1 (-18.9)

T (33.6)

1 (52.9) 1 (36.6) 1 (47.3) 1(34.6) 1(24.6) 1(28.0)
T (61.2) T (62.1) T (61.2) 1 (57.2)

1 (36.5) 1 (37.5) 1(35.7) 1 (30.5)
1 (37.5) T (14.1) T (27.6)

1 (29.0)

1T (54.5) 1T (45.9) 1 (63.2) 1(43.6) 1(22.7)

T (36.1) 1 (54.5) 1(34.7) 1(14.3)

1T (37.0) 1(26.2)

1T (27.3) T (29.7) 1(344) 1(21.00 1(19.2)
1T (45.0) 1 (27.7) 1 (31.8) 1(34.1) 1(214) 1(218)
1 (44.2) 1 (39.5) 1 (38.0) 1(47.0 1(358) 1(36.2)

T (21.3) 1(19.7) 1(200 1(21.2)

1T (27.1)

T (22.5) 1(21.8) 1(16.7)

recruitment of amyloidogenic proteins to lipid rafts (Diaz et al., 2015;
Fabelo et al., 2014), it is possible that these lipid changes may drive
AD pathogenesis. Further, although we were unable to accurately
identify lipids detected in the m/z 1,400-1,500 region in positive ion
mode, given their proximity to expected m/z values, we suspect that
some of these might be GMs. There is evidence that GM1 aggregation
into clusters is accelerated in a cholesterol-rich environment, as with
aging and apolipoprotein E4 (apoE4) expression (Ariga et al., 2008;
Pernber et al., 2012; Yanagisawa, 2007). Here, it can bind AB1-40 and
AB1_42, which alters its conformation from random coils to more
ordered structures, with increased B-sheet content, leading to its
aggregation (Kakio, Nishimoto, Yanagisawa, Kozutsumi, & Matsuzaki,
2002; Yanagisawa, 2007; Yanagisawa, Odaka, Suzuki, & Ihara, 1995).
However, since we could only detect a decrease in GM1 d20:0/18:0 in
the DG, further work specifically investigating other accurately identi-
fied GMs in the human hippocampus is needed to confirm the patho-
genic role of GMs.

Sulfatides are also specifically expressed in myelin (Han et al,
2002; Yuki et al., 2011). The analysis of SFs in AD has produced con-
flicting results. Some groups report an increase in the average level
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Spatial distribution of selected lipid species
detected in positive ion mode in the human hippocampus

Alzheimer’s disease (AZ80) Normal (H152)
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FIGURE 6 Spatial distribution of selected lipids detected in positive ion mode in the human hippocampus. Representative hippocampus
sections (AZ80 and H152) stained with H&E (top-left corner) showing white matter (green), and the gray matter regions, Cornu Ammonis 1
(CA1; yellow), CA2/3 (purple), CA4 (blue), and the dentate gyrus (orange). Edge-preserving image denoising and automatic hotspot removal (see
rainbow intensity color-bar) has been applied. The spatial distance between adjacent spectra is 100 um. Each image shows the distribution of
specific m/z value. PC, Phosphatidylcholine; PE, Phosphatidylethanolamine; SM, sphingomyelin

of SFs in the AD brain (Majocha et al., 1989) and cerebrospinal fluid
in vascular dementia (Fredman et al., 1992). Others have reported a
significant depletion of up to 58% of SFs in white matter, even at the
earliest clinical stage of AD they investigated (Clinical Dementia Rat-
ing 0.5;Han et al., 2002), with no change in the compositional dis-
tribution of hydoxylated and nonhydroxylated SFs between AD and
normal (Yuki et al., 2011). However, there is no indication of how SF
expression changes in the hippocampus, specifically. Our analysis
indicated a 20% increase in SF 26:0 (OH)-H™ in white matter in AD,
with a depletion of SFs in other subfields, namely the DG. There is
evidence that alterations in apoE-mediated SF trafficking lead to this
change in SF expression in AD (Han, 2010). The change in SF expres-
sion will affect its normal function, which includes myelin formation

and maintenance, oligodendrocyte differentiation, myelin-associated

axon outgrowth, and glial-axon signaling (Han et al., 2002; Takahashi
& Suzuki, 2012).

The most abundant types of glycerophospholipids found in neu-
ral membranes are PCs, PEs, PSs, and Pls. Phosphatidylglycerols and
phosphatidic acids, the main precursor of all neural membrane glyc-
erophospholipids, are also found here, albeit with lower abundance
(Farooqui et al., 2000). When gray matter was analyzed separately,
many of the species detected that were changed in AD belonged
to these classes of lipids. The lipids that were changed in gray mat-
ter were often specifically changed in just the CA1 region too. Addi-
tionally, of all Cornu Ammonis (CA) fields, the CA1 region yielded
the majority of lipid changes. The CA1 region is considered the main
output of the hippocampus, by the way of the alveus and then the
fimbria (Duvernoy, Cattin, & Risold, 2013). Thus, it is a vital link in
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the intrahippocampal circuitry, which is crucial for memory formation
(Duvernoy et al., 2013). In AD, with the exception of PE 34:1 + H,
which was increased in the CA1 region, there was a decrease in PEs,
including PE 40:6-H™, whose identification has been confirmed in the
human brain before (Han et al., 2001). This PE decrease reflect previ-
ous findings (Chan et al., 2012; Ellison et al., 1987; Han et al., 2001;
Kosicek & Hecimovic, 2013; Martin et al.,, 2010; Pettegrew et al,,
2001; Wells et al., 1995). PEs are often linked to polyunsaturated fatty
acids (PUFA), especially docosahexaenoic acid, which are highly oxidiz-
able (Butterfield & Lauderback, 2002; Gonzalez-Dominguez, Garcia-
Barrera, & Gémez-Ariza, 2014; Hartmann et al., 2007). Thus, in AD,
where there is increased oxidative stress, PUFAs serve as substrate
for lipid peroxidation (Butterfield & Lauderback, 2002). In addition
to leading to membrane destabilization, this process also generates
aldehydes such as 4-hydroxynonenal, which in turn can oxidize other
proteins and inhibit glycolysis, driving AD pathogenesis (Gonzalez-
Dominguez et al., 2014).

In contrast to the decrease in PEs, other lipids were increased in
the CA1 region in AD. PS 36:2-H™ showed the greatest change with
a 75% increase. The PS content of gray matter increases from birth to
the age of 80 (Glade & Smith, 2015; Vance & Tasseva, 2013), and under
normal physiological conditions, it is located in the inner-cytosolic leaf
of membrane. However, during the early stages of apoptosis, PS is
translocated to the outer layer of the membrane, where it can serve
as an active signal for phagocytosis (Glade & Smith, 2015; Vance &
Tasseva, 2013). Given the increased apoptosis in the CA1 region in AD,
this may explain the elevated abundance of PS 36:2-H™ in this region.

Finally, in contrast to the other subfields, there were a number of
lipid species that were changed in DG alone. Of these lipids, the iden-
tification of Pl 38:4-H", SF 24:0 (OH)-H", and Cer N24:1-H™ have been
reported previously (Dill et al., 2010; Han et al., 2002; Veloso, Fernan-
dez, et al., 2011; Yuki et al., 2011).

The 20% increase in Pl 38:4-H™ in the DG does not reflect pre-
viously reported decreases in Pl in the AD human brain (Stokes &
Hawthorne, 1987). Nonetheless, it may be a change which is specific
to the DG that remains to be confirmed. We speculate that it may
be a reflection of the reduction in Pl kinases (Jolles et al., 1992) and
the impaired phosphoinositides hydrolysis in AD (Jope et al., 1994).
The role phosphoinositides play in regulation and membrane dynam-
ics, which will be affected in AD, have been previously extensively
reviewed by Di Paolo and De Camilli (2006) and Frere, Chang-lleto,
and Di Paolo (2012).

While we did not analyze if there was a compositional difference
between hydroxylated and nonhydroxylated SF species like Yuki et al.
(2011), our analysis indicated several hydroxylated SFs that were
decreased in AD in the DG alone, consistent with previous findings
(Han et al., 2002; He et al., 2010). Since hydroxylated SFs are highly
expressed in oligodendrocytes in gray matter, as mentioned previ-
ously, this decrease may affect oligodendrocyte differentiation, myelin
formation and maintenance, myelin-associated axon outgrowth, and
glial-axon signaling (Han et al., 2002; Takahashi & Suzuki, 2012). The
decrease in SFs also consequently elevates ceramide levels in AD
(Han et al., 2002; He et al., 2010; Hejazi et al., 2011; Puglielli, Ellis,

Saunders, & Kovacs, 2003), which our results also reflected. Ceramide
is thought to drive AD pathogenesis by playing a role in the execution
of apoptosis (Hannun & Obeid, 2008; Hejazi et al., 2011), and stabi-
lizing the B-site amyloid precursor protein cleaving enzyme 1 (BACE1),
consequently promoting AR biogenesis (Puglielli et al., 2003).

However, since work focusing on lipid changes in the postmortem
human DG in AD is scarce, further work needs to be done to elucidate
if these lipids play a specific role in driving DG function. Additionally,
the effect their changed expression in AD has on the DG should also
be evaluated. Finally, it remains to be determined if the observed lipid
changes are a consequence or driver of AD pathogenesis.

Overall, we believe that the use of MALDI-IMS and our subsequent
analysis workflow provides a novel method to investigate changes in
lipid expression in subfields of a region of interest. The advantage of
using this approach is the ability to study precisely delineated sub-
fields, based on their anatomical or chemical similarity. Now that we
have identified lipids that show a relative change in the human AD
hippocampus, we can target these lipids to quantify this change spe-
cifically in white matter, the CA1 and DG, which showed the greatest
changes, to increase our understanding of their role in AD pathology.
Finally, we believe that our analysis workflow can be applied to inves-
tigate metabolite and protein changes in precisely delineated anatom-
ical subfields too.

ACKNOWLEDGMENTS

This research was conducted with the support of the Health
Research Council of New Zealand (HRC) and the University of
Auckland Press Account. LHSM is a University of Auckland doctoral
scholar and New Zealand Federation of Graduate Women (NZFGW)
Fellow, and ACG is a HRC Sir Charles Health Research Fellow.
The authors also thank Marika Eszes, the Manager of The
Neurological Foundation of New Zealand Human Brain Bank and
Associate Professor David Greenwood, co-Director of the Centre
for Genomics, Proteomics and Metabolomics (CGPM), University
of Auckland, for their technical help.

FUNDING INFORMATION

Health Research Council (3627373) and University of Auckland
(Imen018 PReSS Account).

CONFLICT OF INTEREST

None declared.

REFERENCES

Alzheimer, A. (1907). Uber eine eigenartige Erkrankung der Hirnrinde.
Allgemeine Zeitschrift Fiir Psychiatrie, 64, 146-148.

Angel, P. M., Spraggins, J. M., Baldwin, H. S., & Caprioli, R. (2012). Enhanced
sensitivity for high spatial resolution lipid analysis by negative ion mode
matrix assisted laser desorption ionization imaging mass spectrometry.
Analytical Chemistry, 84, 1557-1564.



MENDIS ET AL.

Ariga, T., McDonald, M. P., & Robert, K. Y. (2008). Thematic review series:
Sphingolipids. Role of ganglioside metabolism in the pathogenesis of
Alzheimer’s disease—A review. Journal of Lipid Research, 49, 1157-
1175.

Ariga, T., Yu, R. K., Suzuki, M., Ando, S., & Miyatake, T. (1982). Characteriza-
tion of GM1 ganglioside by direct inlet chemical ionization mass spec-
trometry. Journal of Lipid Research, 23, 437-442.

Bandaru, V. V. R,, Troncoso, J., Wheeler, D., Pletnikova, O., Wang, J., Conant,
K., & Haughey, N. J. (2009). ApoE4 disrupts sterol and sphingolipid me-
tabolism in Alzheimer’s but not normal brain. Neurobiology of Aging, 30,
591-599.

Buccoliero, R., & Futerman, A. H. (2003). The roles of ceramide and com-
plex sphingolipids in neuronal cell function. Pharmacological Research,
47,409-419.

Butterfield, D. A., & Lauderback, C. M. (2002). Lipid peroxidation and pro-
tein oxidation in Alzheimer’s disease brain: Potential causes and conse-
quences involving amyloid B-peptide-associated free radical oxidative
stress1,2. Free Radical Biology and Medicine, 32, 1050-1060.

Caprioli, R. M., Farmer, T. B., & Gile, J. (1997). Molecular imaging of biolog-
ical samples: Localization of peptides and proteins using MALDI-TOF
MS. Analytical Chemistry, 69, 4751-4760.

Chan, K., Lanthier, P, Liu, X., Sandhu, J. K., Stanimirovic, D., & Li, J. (2009).
MALDI mass spectrometry imaging of gangliosides in mouse brain us-
ing ionic liquid matrix. Analytica Chimica Acta, 639, 57-61.

Chan, R. B., Oliveira, T. G., Cortes, E. P, Honig, L. S., Duff, K. E., Small, S. A.,
... Di Paolo, G. (2012). Comparative lipidomic analysis of mouse and hu-
man brain with Alzheimer disease. Journal of Biological Chemistry, 287,
2678-2688.

Cheng, H., Wang, M., Li, J. L., Cairns, N. J., & Han, X. (2013). Specific chang-
es of sulfatide levels in individuals with pre-clinical Alzheimer’s disease:
An early event in disease pathogenesis. Journal of Neurochemistry, 127,
733-738.

Cordy, J. M., Cordy, J. M., Hooper, N. M., & Turner, A. J. (2006). The involve-
ment of lipid rafts in Alzheimer’s disease (Review). Molecular Membrane
Biology, 23, 111-122.

Cornett, D. S., Reyzer, M. L., Chaurand, P., & Caprioli, R. M. (2007). MALDI
imaging mass spectrometry: Molecular snapshots of biochemical sys-
tems. Nature Methods, 4, 828-833.

Cutler, R. G., Kelly, J., Storie, K., Pedersen, W. A., Tammara, A., Hatanpaa,
K., ... Mattson, M. P. (2004). Involvement of oxidative stress-induced
abnormalities in ceramide and cholesterol metabolism in brain aging
and Alzheimer’s disease. Proceedings of the National Academy of Sciences
of the United States of America, 101, 2070-2075.

Di Paolo, G., & De Camilli, P. (2006). Phosphoinositides in cell regulation
and membrane dynamics. Nature, 443, 651-657.

Di Paolo, G., & Kim, T.-W. (2011). Linking lipids to Alzheimer’s disease:
Cholesterol and beyond. Nature Reviews Neuroscience, 12, 284-296.

Diaz, M., Fabelo, N., Martin, V., Ferrer, |., Gémez, T., & Marin, R. (2015). Bio-
physical alterations in lipid rafts from human cerebral cortex associate
with increased BACE1/ABPP interaction in early stages of Alzheimer’s
disease. Journal of Alzheimer’s Disease, 43, 1185-1198.

Dill, A., Eberlin, L., Zheng, C., Costa, A,, Ifa, D., Cheng, L., ... Cooks, R. G.
(2010). Multivariate statistical differentiation of renal cell carcinomas
based on lipidomic analysis by ambient ionization imaging mass spec-
trometry. Analytical and Bioanalytical Chemistry, 398, 2969-2978.

Duvernoy, H., Cattin, F., & Risold, P.-Y. (2013). The human hippocampus:
Functional anatomy, vascularization and serial sections with MRI. Heildel-
berg, Germany: Springer-Verlag.

Ellison, D. W., Beal, M. F., & Martin, J. B. (1987). Phosphoethanolamine and
ethanolamine are decreased in Alzheimer’s disease and Huntington’s
disease. Brain Research, 417, 389-392.

Fabelo, N., Martin, V., Marin, R., Moreno, D., Ferrer, ., & Diaz, M. (2014).
Altered lipid composition in cortical lipid rafts occurs at early stages of
sporadic Alzheimer's disease and facilitates APP/BACE1 interactions.
Neurobiology of Aging, 35, 1801-1812.

Brain and Behavior e00517 (15 of 17)
i Vior e WI LEy | <007 et 17

Open Access,

Fahy, E., Sud, M., Cotter, D., & Subramaniam, S. (2007). LIPID MAPS online
tools for lipid research. Nucleic Acids Research, 35, W606-W612.

Farooqui, A. A., Horrocks, L. A., & Farooqui, T. (2000). Glycerophospholipids
in brain: Their metabolism, incorporation into membranes, functions,
and involvement in neurological disorders. Chemistry and Physics of
Lipids, 106, 1-29.

Fredman, P., Wallin, A., Blennow, K., Davidsson, P., Gottfries, C. G., & Sven-
nerholm, L. (1992). Sulfatide as a biochemical marker in cerebrospinal
fluid of patients with vascular dementia. Acta Neurologica Scandinavica,
85, 103-106.

Frere, S. G., Chang-lleto, B., & Di Paolo, G. (2012). Role of phosphoinos-
itides at the neuronal synapse. In Balla, T., Wymann, M., & York, J.D.
(Eds.), Phosphoinositides II: The diverse biological functions (pp. 131-
175). Dordrecht, Netherlands: Springer.

Fuchs, B., Nimptsch, A., & Schiller, J. (2008). Analysis of brain lipids by di-
rectly coupled matrix-assisted laser desorption ionization time-of-flight
mass spectrometry and high-performance thin-layer chromatography.
Journal of AOAC International, 91, 1227-1236.

Fujiwaki, T., Yamaguchi, S., Sukegawa, K., & Taketomi, T. (1999). Applica-
tion of delayed extraction matrix-assisted laser desorption ionization
time-of-flight mass spectrometry for analysis of sphingolipids in tissues
from sphingolipidosis patients. Journal of Chromatography B: Biomedical
Sciences and Applications, 731, 45-52.

Glade, M. J., & Smith, K. (2015). Phosphatidylserine and the human brain.
Nutrition, 31, 781-786.

Gonzélez-Dominguez, R., Garcia-Barrera, T., & Gémez-Ariza, J. L. (2014).
Combination of metabolomic and phospholipid-profiling approaches
for the study of Alzheimer’s disease. Journal of Proteomics, 104, 37-47.

Guan, Z., Wang, Y., Cairns, N. J., Lantos, P. L., Dallner, G., & Sindelar, P.
J. (1999). Decrease and structural modifications of phosphatidyleth-
anolamine plasmalogen in the brain with Alzheimer disease. Journal of
Neuropathology & Experimental Neurology, 58, 740-747.

Han, X. (2010). Multi-dimensional mass spectrometry-based shotgun lip-
idomics and the altered lipids at the mild cognitive impairment stage
of Alzheimer’s disease. Biochimica et Biophysica Acta, 1801, 774-783.

Han, X. (2016). Lipidomics: Comprehensive mass spectrometry of lipids.
Hoboken, NJ, USA: John Wiley & Sons.

Han, X., Holtzman, D. M., & McKeel, D. W. (2001). Plasmalogen deficiency
in early Alzheimer’s disease subjects and in animal models: Molecular
characterization using electrospray ionization mass spectrometry. Jour-
nal of Neurochemistry, 77, 1168-1180.

Han, X., Holtzman, D. M., McKeel, D. W., Kelley, J., & Morris, J. C. (2002).
Substantial sulfatide deficiency and ceramide elevation in very early
Alzheimer’s disease: Potential role in disease pathogenesis. Journal of
Neurochemistry, 82, 809-818.

Hankin, J. A., Barkley, R. M., & Murphy, R. C. (2007). Sublimation as a meth-
od of matrix application for mass spectrometric imaging. Journal of the
American Society for Mass Spectrometry, 18, 1646-1652.

Hannun, Y. A., & Obeid, L. M. (2008). Principles of bioactive lipid signalling: Les-
sons from sphingolipids. Nature Reviews Molecular Cell Biology, 9, 139-150.

Hartmann, T., Kuchenbecker, J., & Grimm, M. O. W. (2007). Alzheimer’s dis-
ease: The lipid connection. Journal of Neurochemistry, 103, 159-170.

He, X., Huang, Y., Li, B., Gong, C.-X., & Schuchman, E. H. (2010). Deregula-
tion of sphingolipid metabolism in Alzheimer’s disease. Neurobiology of
Aging, 31, 398-408.

Hejazi, L., Wong Jason, W. H., Cheng, D., Proschogo, N., Ebrahimi, D., Gar-
ner, B., & Don Anthony, S. (2011). Mass and relative elution time pro-
filing: Two-dimensional analysis of sphingolipids in Alzheimer’s disease
brains. Biochemical Journal, 438, 165-175.

Hicks, A. M., Delong, C. J., Thomas, M. J., Samuel, M., & Cui, Z. (2006).
Unique molecular signatures of glycerophospholipid species in differ-
ent rat tissues analyzed by tandem mass spectrometry. Biochimica et
Biophysica Acta, 1761, 1022-1029.

Hirano-Sakamaki, W., Sugiyama, E., Hayasaka, T., Ravid, R., Setou, M., &
Taki, T. (2015). Alzheimer’s disease is associated with disordered local-



MENDIS ET AL.

—I_EOOSN (16 0f17) WILEY Brain and Behavior

ization of ganglioside GM1 molecular species in the human dentate
gyrus. FEBS Letters, 589, 3611-3616.

Jackson, S. N., Wang, H.-Y. J., & Woods, A. S. (2005). Direct profiling of lipid
distribution in brain tissue using MALDI-TOFMS. Analytical Chemistry,
77,4523-4527.

Jackson, S. N., Wang, H.-Y. J., & Woods, A. S. (2007). In situ structural char-
acterization of glycerophospholipids and sulfatides in brain tissue using
MALDI-MS/MS. Journal of the American Society for Mass Spectrometry,
18,17-26.

Jolles, J., Bothmer, J., Markerink, M., & Ravid, R. (1992). Phosphatidylinosi-
tol kinase is reduced in Alzheimer’s disease. Journal of Neurochemistry,
58, 2326-2329.

Jope, R. S, Song, L., Li, X., & Powers, R. (1994). Impaired phosphoinosit-
ide hydrolysis in Alzheimer’s disease brain. Neurobiology of Aging, 15,
221-226.

Kakio, A., Nishimoto, S.-1., Yanagisawa, K., Kozutsumi, Y., & Matsuzaki, K.
(2002). Interactions of amyloid B-protein with various gangliosides in
raft-like membranes: Importance of GM1 ganglioside-bound form as
an endogenous seed for Alzheimer amyloid. Biochemistry, 41, 7385-
7390.

Kalanj, S., Kracun, ., Rosner, H., & Cosovi¢, C. (1990). Regional distribu-
tion of brain gangliosides in Alzheimer’s disease. Neurologia Croatica,
40, 269-281.

Kawarabayashi, T., Shoji, M., Younkin, L. H., Wen-Lang, L., Dickson, D. W.,
Murakami, T., ... Younkin, S. G. (2004). Dimeric amyloid B protein rapidly
accumulates in lipid rafts followed by apolipoprotein E and phosphor-
ylated tau accumulation in the Tg2576 mouse model of Alzheimer’s
disease. Journal of Neuroscience, 24, 3801-3809.

Kosicek, M., & Hecimovic, S. (2013). Phospholipids and Alzheimer's dis-
ease: Alterations, mechanisms and potential biomarkers. International
Journal of Molecular Sciences, 14, 1310-1322.

Kracun, 1., Kalanj, S., Cosovic, C., & Talan-Hranilovic, J. (1989). Brain gan-
gliosides in Alzheimer’s disease. Journal fur Hirnforschung, 31, 789-
793.

Landman, N., Jeong, S.Y,, Shin, S. Y., Voronov, S. V., Serban, G., Kang, M. S,
... Kim, T.-W. (2006). Presenilin mutations linked to familial Alzheimer’s
disease cause an imbalance in phosphatidylinositol 4,5-bisphosphate
metabolism. Proceedings of the National Academy of Sciences, 103,
19524-19529.

Lange, M. L. B., Cenini, G., Piroddi, M., Abdul, H. M., Sultana, R., Galli, F.,
... Butterfield, D. A. (2008). Loss of phospholipid asymmetry and el-
evated brain apoptotic protein levels in subjects with amnestic mild
cognitive impairment and Alzheimer disease. Neurobiology of Disease,
29,456-464.

Majocha, R. E., Jungalwala, F. B., Rodenrys, A., & Marotta, C. A. (1989).
Monoclonal antibody to embryonic CNS antigen A2B5 provides evi-
dence for the involvement of membrane components at sites of Alzhei-
mer degeneration and detects sulfatides as well as gangliosides. Journal
of Neurochemistry, 53, 953-961.

Martin, V., Fabelo, N., Santpere, G., Puig, B., Marin, R,, Ferrer, ., & Diaz, M.
(2010). Lipid alterations in lipid rafts from Alzheimer’s disease human
brain cortex. Journal of Alzheimer’s Disease, 19, 489-502.

Mulder, C., Wahlund, L. O., Teerlink, T., Blomberg, M., Veerhuis, R., van
Kamp, G. J,, ... Scheffer, P. G. (2003). Decreased lysophosphatidylcho-
line/phosphatidylcholine ratio in cerebrospinal fluid in Alzheimer’s dis-
ease. Journal of Neural Transmission, 110, 949-955.

Nitsch, R. M., Blusztajn, J. K., Pittas, A. G., Slack, B. E., Growdon, J. H., &
Waurtman, R. J. (1992). Evidence for a membrane defect in Alzheimer
disease brain. Proceedings of the National Academy of Sciences, 89,
1671-1675.

Nunez, K., Kay, J., Krotow, A., Tong, M., Agarwal, A. R., Cadenas, E., & de
la Monte, S. M. (2016). Cigarette smoke-induced alterations in fron-
tal white matter lipid profiles demonstrated by MALDI-imaging mass
spectrometry: Relevance to Alzheimer’s disease. Journal of Alzheimer’s
Disease, 51, 151-163.

Open Access,

O'Brien, J. S., & Sampson, E. L. (1965). Fatty acid and fatty aldehyde com-
position of the major brain lipids in normal human gray matter, white
matter, and myelin. Journal of Lipid Research, 6, 545-551.

Pernber, Z., Blennow, K., Bogdanovic, N., Mansson, J. E., & Blomqyvist, M.
(2012). Altered distribution of the gangliosides GM1 and GM2 in Alz-
heimer’s disease. Dementia and Geriatric Cognitive Disorders, 33, 174~
188.

Pettegrew, J. W., Panchalingam, K., Hamilton, R. L., & McClure, R. J. (2001).
Brain membrane phospholipid alterations in Alzheimer's disease. Neu-
rochemical Research, 26, 771-782.

Prasad, M. R,, Lovell, M. A,, Yatin, M., Dhillon, H., & Markesbery, W. R.
(1998). Regional membrane phospholipid alterations in Alzheimer’s
disease. Neurochemical Research, 23, 81-88.

Puglielli, L., Ellis, B. C., Saunders, A. J., & Kovacs, D. M. (2003). Ceramide
stabilizes B-site amyloid precursor protein-cleaving enzyme 1 and pro-
motes amyloid B-peptide biogenesis. Journal of Biological Chemistry,
278,19777-19783.

Ramstedt, B., & Slotte, J. P. (2002). Membrane properties of sphingomye-
lins. FEBS Letters, 531, 33-37.

Rushworth, J. V., & Hooper, N. M. (2010). Lipid rafts: Linking Alzhei-
mer’s amyloid-B production, aggregation, and toxicity at neuronal
membranes. International Journal of Alzheimer’s Disease, 2011, Ar-
ticle ID 603052.

Samhan-Arias, A. K., Ji, J., Demidova, O. M., Sparvero, L. J., Feng, W., Tyurin,
V., ... Greenberger, J. S. (2012). Oxidized phospholipids as biomarkers
of tissue and cell damage with a focus on cardiolipin. Biochimica et Bio-
physica Acta, 1818, 2413-2423.

Schiller, J., StR, R., Arnhold, J., Fuchs, B., Lessig, J., Miller, M., ... Arnold, K.
(2004). Matrix-assisted laser desorption and ionization time-of-flight
(MALDI-TOF) mass spectrometry in lipid and phospholipid research.
Progress in Lipid Research, 43, 449-488.

Schnaar, R. L., Gerardy-Schahn, R., & Hildebrandt, H. (2014). Sialic acids in the
brain: Gangliosides and polysialic acid in nervous system development,
stability, disease, and regeneration. Physiological Reviews, 94, 461-518.

Soderberg, M., Edlund, C., Kristensson, K., & Dallner, G. (1991). Fatty acid
composition of brain phospholipids in aging and in Alzheimer’s disease.
Lipids, 26, 421-425.

Stokes, C. E., & Hawthorne, J. N. (1987). Reduced phosphoinositide con-
centrations in anterior temporal cortex of Alzheimer-diseased brains.
Journal of Neurochemistry, 48, 1018-1021.

Svennerholm, L., & Gottfries, C. G. (1994). Membrane lipids, selectively di-
minished in alzheimer brains, suggest synapse loss as a primary event
in early-onset form (type 1) and demyelination in late-onset form (type
I1). Journal of Neurochemistry, 62, 1039-1047.

Svennerholm, L., & Vanier, M.-T. (1973). The distribution of lipids in the hu-
man nervous system. V. Fatty acid composition of major sphingolipids
of human infant brain. Brain Research, 55, 413-423.

Takahashi, T., & Suzuki, T. (2012). Role of sulfatide in normal and pathologi-
cal cells and tissues. Journal of Lipid Research, 53, 1437-1450.

Thomas, A. L., Charbonneau, J. L., Fournaise, E., & Chaurand, P. (2012). Sub-
limation of new matrix candidates for high spatial resolution imaging
mass spectrometry of lipids: Enhanced information in both positive and
negative polarities after 1, 5-diaminonapthalene deposition. Analytical
Chemistry, 84, 2048-2054.

Valdes-Gonzalez, T., Goto-Inoue, N., Hirano, W., Ishiyama, H., Hayasaka,
T., Setou, M., & Taki, T. (2011). New approach for glyco- and lipid-
omics—Molecular scanning of human brain gangliosides by TLC-Blot
and MALDI-QIT-TOF MS. Journal of Neurochemistry, 116, 678-683.

Vance, J. E., & Tasseva, G. (2013). Formation and function of phosphati-
dylserine and phosphatidylethanolamine in mammalian cells. Biochimi-
ca et Biophysica Acta, 1831, 543-554.

Veloso, A., Astigarraga, E., Barreda-Gémez, G., Manuel, |., Ferrer, |., Giralt,
M. T, ... Fernandez, J. A. (2011). Anatomical distribution of lipids in hu-
man brain cortex by imaging mass spectrometry. Journal of the Ameri-
can Society for Mass Spectrometry, 22, 329-338.



MENDIS ET AL.

Veloso, A., Fernandez, R., Astigarraga, E., Barreda-Gémez, G., Manuel,
l., Giralt, M. T, ... Fernandez, J. A. (2011). Distribution of lipids in
human brain. Analytical and Bioanalytical Chemistry, 401, 89-101.

Waldvogel, H. J., Bullock, J. Y., Synek, B. J., Curtis, M. A., van Roon-Mom, W.
M. C,, & Faull, R. L. M. (2008). The collection and processing of human
brain tissue for research. Cell and Tissue Banking, 9, 169-179.

Waldvogel, H. J., Curtis, M. A,, Baer, K., Rees, M. |., & Faull, R. L. M. (2006).
Immunohistochemical staining of post-mortem adult human brain sec-
tions. Nature Protocols, 1, 2719-2732.

Wells, K., Farooqui, A. A, Liss, L., & Horrocks, L. A. (1995). Neural mem-
brane phospholipids in Alzheimer disease. Neurochemical Research, 20,
1329-1333.

Whitehead, S. N., Chan, K. H. N., Gangaraju, S., Slinn, J,, Li, J., & Hou, S. T.
(2011). Imaging mass spectrometry detection of gangliosides species in
the mouse brain following transient focal cerebral ischemia and long-
term recovery. PLoS One, 6, e20808.

Yanagisawa, K. (2007). Role of gangliosides in Alzheimer’s disease. Biochim-
ica et Biophysica Acta, 1768, 1943-1951.

Yanagisawa, K., Odaka, A., Suzuki, N., & lhara, Y. (1995). GM1 ganglioside-
bound amyloid beta-protein (A beta): A possible form of preamyloid in
Alzheimer’s disease. Nature Medicine, 1, 1062-1066.

Brain and Behavior e00517 (17 of 17)
i Vior e WI LEy | <057 7ot 17

Open Access,

Yuki, D., Sugiura, Y., Zaima, N., Akatsu, H., Hashizume, Y., Yamamoto, T,, ...
Setou, M. (2011). Hydroxylated and non-hydroxylated sulfatide are
distinctly distributed in the human cerebral cortex. Neuroscience, 193,
44-53.

SUPPORTING INFORMATION

Additional Supporting Information may be found online in the sup-

porting information tab for this article.

How to cite this article: Mendis, L. H. S., Grey, A. C,, Faull, R. L. M.
and Curtis, M. A. (2016), Hippocampal lipid differences in
Alzheimer’s disease: a human brain study using matrix-assisted laser
desorption/ionization-imaging mass spectrometry. Brain and
Behavior, 6: 1-17. e00517, doi: 10.1002/brb3.517


http://dx.doi.org/10.1002/brb3.517

