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Abstract

Lipids not only constitute the primary component of cellular membranes and contribute
to metabolism but also serve as intracellular signaling molecules and bind to specific
membrane receptors to control cell proliferation, growth and convey neuroprotection.
Over the last several decades, the development of new analytical techniques, such as
imaging mass spectrometry (IMS), has contributed to our understanding of their
involvement in physiological and pathological conditions. IMS allows researchers to
obtain a wide range of information about the spatial distribution and abundance of the
different lipid molecules that is crucial to understand brain functions.

The primary aim of this study was to map the spatial distribution of different lipid
species in the rat central nervous system (CNS) using IMS to find a possible
relationship between anatomical localization and physiology. The data obtained were
subsequently applied to a model of neurological disease, the 192IgG-saporin lesion
model of memory impairment.

The results were obtained using a LTQ-Orbitrap XL mass spectrometer in positive and
negative ionization modes and analyzed by ImageQuest and MSIReader software.

A total of 176 different molecules were recorded based on the specific localization of
their intensities. However, only 34 lipid species in negative mode and 51 in positive
were assigned to known molecules with an error of 5 ppm. These molecules were
grouped by different lipid families, resulting in: Phosphatidylcholines (PC): PC (34: 1) +
K" and PC (32: 0) + K* distributed primarily in grey matter, and PC (36: 1) + K" and PC
(38: 1) + Na" distributed in white matter. Phosphatidic acid (PA): PA (38: 3) + K" in
white matter, and PA (38: 5) + K* in grey matter and brain ventricles. Phosphoinositol
(P1): PI (18: 0/20: 4) — H" in grey matter, and Pl (O-30: 1) or PI (P-30: 0) - H" in white
matter. Phosphatidylserines (PS): PS (34: 1) - H" in grey matter, and PS (38: 1) - H" in
white matter. Sphingomyelin (SM) SM (d18: 1/16: 0) - H" in ventricles and SM (d18:
1/18: 0) - H" in grey matter. Sulfatides (ST): ST (d18: 1/24: 1) — H" in white matter. The
specific distribution of different lipids supports their involvement not only in structural
and metabolic functions but also as intracellular effectors or specific receptor ligands
and/or precursors. Moreover, the specific localization in the CNS described here will
enable us to analyze lipid distribution to identify their physiological conditions in rat

models of neurodegenerative pathologies, such as Alzheimer's disease.



1. Introduction

The major components of plasma membranes are lipids. These molecules have a wide
range of functions including cellular structure, metabolism and signaling molecules [1].
Regarding this last feature, there is a group of lipid species that are distinguished by
their involvement in neurotransmission, primarily acting as neuromodulators of other
systems. These specific lipids reach their highest degree of specialization and diversity
in the central nervous system (CNS), and could be called neurolipids in the same way
that neuronal-specific proteins are called neuropeptides. Some of these lipids that act
as signaling molecules originate from phospholipid (PL) precursors present in the
plasma membrane and are synthesized on demand. Representative systems are the
endocannabinoid, with 2-araquinodonoylglycerol (2-AG) and anandamide (AEA), and
the sphingolipid system, with the sphingosine 1-phosphate (S1P). Other neurolipid
mediators, such as the lysophosphatidic acid (LPA), can originate from different
locations.

The functions of specific neurolipids in the CNS are complex and diverse, and depend
on anatomical distribution. LPA is involved in neurogenesis during embryo
development and differentiation [2,3], in roles that include myelination and cell
migration [4-6]. The sphingolipid S1P also regulates cell migration and cellular growth
[7,8], and it also functions in inhibiting apoptotic processes [9,10] and intracellular Ca*
signaling [11]. Moreover, therapeutic potential for these molecules is emerging based
on neuroprotective effects that have been demonstrated for the endocannabinoids
[12,13], as well as their ability to be regulated by specific enzymes and membrane
receptors in discrete areas of the brain [14].

The progress achieved in the field of lipidomics has been accompanied by the
development of new techniques to detect and analyze specific lipid species. Matrix-
assisted laser desorption/ionization imaging mass spectrometry (MALDI-IMS) has an
advantage over conventional MS techniques because, in addition to identifying a
multiplicity of lipid molecules, it offers unbiased visualization of the spatial arrangement
of lipids in tissue. This feature allows researchers to infer the physiological functions of
membrane lipids in the brain [15-17].

Therefore, IMS constitutes a remarkable advance in CNS lipidomic research that will
certainly help us to understand the complex pathogenic mechanisms responsible for
the clinical manifestations of neurodegenerative diseases, such as Alzheimer's disease
(AD).

Previous studies applying mass spectrometry techniques to lipid extracts of brain or

plasma samples from AD patients have identified modulations in specific lipid species



[18,19]. Animal models remain invaluable tools for research on different diseases.
Together, IMS and animal models are already contributing to the development of new
therapies based on targeting neurolipids and the associated enzymatic machinery to
restore lipid homeostasis in specialized brain areas and vulnerable neurotransmitter
systems. For AD, the vulnerability of the cholinergic system in the basal forebrain is
used to mimic clinical symptoms of the disease in a rat model, which uses a 192IgG-
saporin-induced lesion of P75 neurotrophin receptor-expressing neurons in the nucleus
basalis magnocellularis (NBM) [20-22].

The present study describes mapping the distribution of different complex lipid
molecules, particularly phospholipids, that are present in cell membranes of neurons
and glia in the rat brain. We also describe modulation of this lipid profile in the rat

model of cholinergic lesions used to assay therapies for AD.



2. Materials and Methods

2.1 Animals and tissue preparation

Two month old male Sprague-Dawley rats (200-250 g) were used for the study. The
animals were housed under the following conditions: day:night cycle (12:12 h), 22 °C,
65% humidity, and with food and water ad libitum. The experimental protocols were
approved by the Local Ethics Committee for animal research of University of the
Basque Country (EAEC/388/2014) according to EU directives 2010/63/EU for animal

experiments.

2.2 1921gG-saporin administration

The rats used to localize lipid species in our model of memory impairment were divided
into two groups. In the first group, artificial cerebrospinal fluid (aCSF) (148 mM NacCl,
2.7 mM KCI, 0.85 mM MgCl,.6H,0, 1.2 mM CaCl,.2H,0, pH 7.4 adjusted with 1 mM
K>,HPO,) was administered (1 pl/lhemisphere). In the second group, the toxin 192IgG-
saporin (SAP) in aCSF (135 ng/1 pl/hemisphere; 0.25 pl/min) was administered. The
intraparenquimal administration was performed using stereotaxic coordinates on
Bregma: AP -1.5 mm, ML = 3 mm, AA +8 mm [23] in the nucleus basalis
magnocellularis (NBM) with a Hamilton Neurosyringe®, where the toxin is recognized
by cholinergic cells expressing low-affinity nerve growth factor receptor (p75""~). When
internalized, the toxin inhibits protein synthesis, thereby producing specific death of this

cell type.

2.3 Passive avoidance test

In order to assess the behavioral effects of the administration of 192IgG-saporin toxin
the passive avoidance test (passive evasion box of PanLab LE870 / 872) was
performed 7 days after the surgery. The apparatus is separated in two compartments
by a guillotine door, one of them is the illuminated compartment, which is white, wide
and opened; while the second is the dark compartment, which is black, small and
closed. The passive avoidance test consists in two procedures, the acquisition
procedure and retention procedure. In the first one, each animal was placed in the
iluminated compartment and after 30 sec of exploration the guillotine door is opened,
allowing the animal to enter in the dark compartment for 60 sec. When the animal

enters in the dark compartment, the guillotine door was closed and the latency of



acquisition was measured, and so foot shock (0.4 mA/2 sec) was delivered. Those rats
that did not enter the dark compartment were removed from the study. After 24h, the
retention procedure was performed by placing the animal back into the illuminated
compartment allowing to explore for 30 sec, after that, the guillotine door was opened
and the step through latency time to enter the dark compartment was measured up to a

maximum cut-off time of 300 sec.

2.4. Acetylcholinesterase staining

Histochemical procedures were used to evaluate the cholinergic system in the basal
forebrain and projection areas. The procedure for the acetylcholinesterase (AChE)
staining was carried out by “direct coloring” thiocoline method. This reaction was
performed to stain cholinergic neuron in the NBM and cholinergic innervations. The
sections were rinsed twice in 0.1 M Tris-Maleate buffer (pH 6.0) for 10 min and
therefore were incubated in darkness with constant agitation in the AChE reaction
buffer: 0.1 M Tris-Maleate; 5 mM sodium citrate; 3 mM CuSOy, ; 0.1 mM iso-OMPA; 0.5
mM KzFe(CN)s and 2 mM acetylthiocholine iodide as reaction substrate. The
cholinergic somas in NBM were stained after 30 min of incubation time. Later on, the
enzymatic reaction was stopped in two consecutive washes (2x10 min) in 0.1 M Tris-
maleate (pH 6.0). After that, the samples were then dehydrated in increasing

concentrations of ethanol and covered with DPX as the mounting medium.

2.5. Quantification of AChE staining and statistical analyses.

To obtain the total number of cholinergic neurons (N) of NBM, stained cells were
counted independently by two observers at three different stereotaxic levels (-1.08 mm,
-1.56 mm and -2.04 mm AP from Bregma). So, the population of cholinergic neurons
was expressed as N/mm®. Subsequently, a linear regression analysis was made
between step through latency times and cholinergic neurons density in the NBM and
Pearson’s correlation coefficient was calculated. The statistical significance threshold

was set at p<0.05.
2.6 Sample preparation for MALDI-IMS
Rat brains were quickly removed by dissection after anesthesia, then frozen and kept

at -80°C. Next, the brains were cut on a Microm HM550 cryostat (Walldorf, Germany)

to obtain 20 um sections that were mounted onto gelatin-coated slides. They were



maintained at -20 °C until the experiment was performed. On the day of the
experiment, the tissue samples were dried by a glass sublimator (ACE glass 8023,
USA) at room temperature for 15 minutes prior to deposition of the matrix onto the
tissue. The sublimation was performed with 300 mg of 2-mercaptobenzothiazole (MBT)
in the sublimator at 100° C for 23 minutes, followed by a re-crystallization process on
the bottom of a Petri plate with methanol at 38°C for one minute [17]. This step allows

for achieving higher intensities in the mass detection.

2.7 Mass spectrometer

An LTQ-Orbitrap-XL mass spectrometer (Thermo Fisher Scientific, San Jose, CA) was
used. The system was equipped with a nitrogen laser of A= 337 nm, using a repetition
rate= 60 Hz and a spot size= 80 x 120 um. Each slice was scanned in both positive
ionization mode, in the range of m/z 500-1000, and negative ionization mode, in the
range of m/z 400-1100. The parameters used to obtain sagittal images of the rat brain
in non-treated animals were 2 micro scans/step with 10 laser shots and a raster step
size of 100 ym at laser fluence of 40 yd. The parameters used to obtain coronal
images of lipid intensity in the rat model of cholinergic basal forebrain injury, were 2
micro scans/step with 10 laser shots and a raster step size of 150 um at laser fluence
of 15 ud.

2.8 Image and spectrum analysis for MALDI-IMS

Mass spectra were obtained with ImageQuest software (Thermo Scientific, San Jose,
CA), which identifies a wide variety of m/z. The intensity of each identified molecule
(m/z) is calculated in a region of interest as the average intensity of every pixel. The
normalization of spectra was made as a ratio of the maximum peak, which was set at
100%, and the average intensities were calculated by OriginPro 8 software. The

images were extracted with MSiReader software [24].

2.9 Peak assignment and statistics

A large number of molecules were detected, with some of them sharing very similar
mass. This made it difficult to accurately assign an m/z value to a specific lipid
molecule. Moreover, some of the m/z values obtained was not assigned because they
have not been previously assigned in the reference database used (e.g., lipid maps;

www.lipidmaps.org). The number of m/z values (hundreds) that were obtained was too



high for the purposes of the present study. Thus, 176 peaks (88 different m/z in
positive ionization mode and 88 in negative) were selected based on their specific
distribution and intensity in the rat brain (Supplemental material S1). However, we were
only able to assign 51 molecules to specific lipid species in positive ionization mode
and 34 in negative. The lipid species were grouped into common lipid families to
facilitate the interpretation of results.

Differences between CSF and SAP-treated rats were analyzed using Student’s
parametric t test followed by Bonferroni’'s post-hoc test with GraphPad Prism (San
Diego, CA, USA). The results were considered significant when p<0.05. A subsequent

alignment was necessary because of a spectrometer de-calibration of 0.008 units.



3. Results and Discussion

The results are discussed here starting first with the class of lipid species that has been
identified and localized in the rat brain. In the second part, the anatomical localization
of lipid molecules is used to discuss the involvement of different lipid types in the
overall lipid composition of each part or structure of the brain (brainstem,
mesencephalon, cerebellum, diencephalon and telencephalon). The discussion also

considers the physiological implications of those specific distributions.

3.1 Distribution of lipids by category

The different lipid species present in the rat brain were detected in positive ionization
mode in the range of m/z= 500-1000, or in negative ionization mode in the range of
m/z= 400-1100, depending on the ionization of the molecule in the presence of the
MBT matrix. Scanning was performed in several different brain sections and from
different animals. However, one representative section was selected to show the
results for easier comparison. The distribution pattern of each of the selected lipid
species in the same brain section was obtained. The results are displayed with the
selected lipid species grouped into the two main categories of phospholipids and

sphingolipids.

3.1.1. Phospholipids

Phospholipids are the primary components of the plasma membrane. Some of them
can act as secondary messengers. These include phosphoinositides, which are
derived from phosphoinositols. Phosphoinositols are in turn implicated in intracellular
signaling cascades following the activation of specific phospholipases, such as PLC in
mammalian cells [25]. The recorded intensities of the seven different sub-categories of
phospholipids are described as follows: phosphatidylcholines,
phosphatidylethanolamines, lysophospholipids, phosphatidylinositols, phosphatidic
acids, phosphatydilglycerols and phosphatidylserines.

3.1.1.1. Phosphatidylcholines (PC)

PCs are one of the major components of the mammalian plasma membrane [26], are
associated with a large number of cellular processes and are precursors of other lipids

that possess simple chemical structure. These include the free fatty acids and
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lysophospholipids formed by degradation of PC by phospholipase A, (PLA;), which is
responsible for hydrolyzing sn-2 ester bonds [27]. The PC (34:1) detected as PC (34:1)
+ H" (m/z = 760.5810) and PC (34:1) + K* (m/z = 798.5497), was found distributed
throughout the rat brain, showing high intensities of 52.49% and 100%, respectively,
that indicate its significant presence in the majority of all types of cell membranes. In
contrast, other PC species such as PC (36:1) (detected as PC (36:1) + H* (m/z=
788.6157) or PC (36:1) + K" (m/z= 826.5719) was detected specifically in white matter.
In gray matter, PC (32:0) + K' (m/z= 772.5296) was present at high intensities
(75.81%) (Figure 1). This general distribution of PC species is in agreement with
previously reported results from postmortem human brain [15]. Moreover, some PC
species were only present in very discrete areas of the rat brain. These included PC
(32:4) + K' (m/z= 764.4633), which was detected primarily in the choroid plexus
(0.21%) (Figure 1). The physiological role of each PC species in specific brain cell
types remains to be elucidated. However, the anatomical pattern of PC intensity
distribution can be compared with that of the human brain for neurological and/or

neuropathological studies.

3.1.1.2. Lysophospholipids

Some lysophospholipids are intercellular mediators that act as signaling molecules to
specifically activate G protein-coupled receptors [17,28]. The lysophospholipid species
detected here that have been already identified in the Lipid Maps database and,
showed low densities in the rat CNS were: CPA (18:0) — H" (m/z= 419.2560) and LPA
(18:0) — H* (m/z= 437.2658) (6.46% and 2.64% density, respectively). These two
molecules exhibited a uniform distribution throughout the brain, suggesting their
involvement in many physiologically important processes. LPA regulates neuronal
plasticity [29], neurogenesis [2,3], myelination and cell migration [4-6].

Conversely, the lysophosphatidylcholine (LPC) (16:0) - CHs" (m/z= 480.497) was
detected at a higher relative intensity than LPC (18:0) - CH3;" (m/z= 508.3386),
although the patterns of distribution were comparable (4.17% and 0.44%). These LPC
species are up-regulated in neuropathological situations such as inflammatory
processes [30]. Modulation of the distribution of LPC (16:0) and LPC (18:0) could be
used as a marker of inflammation in specific areas of the brain.

The lysophosphatidylinositols (LPI) are known to bind to the GPR55 receptor [28] and
may have a role in axonal growth [31]. Here, the LPI (18:0) — H* (m/z= 599.3215)

presented a homogeneous distribution in gray matter areas (2.15%) (Figure 2, A).
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3.1.1.3. Phosphatidylethanolamines (PE)

Together with PC, the PEs constitute the primary building blocks of the cell membrane.
Consistent with this, the PE species that we were able to detect and assign to specific
molecules, such as PE (18:0/18:1) — H" (m/z= 744.5537) and PE (P-18:0/22:6) — H"
(m/z= 774.545), showed a homogeneous distribution in gray matter areas of the brain
(1.25%). The relatively small size of PE’s polar head confers on these molecules a
conical form essential for curvature of membranes that is necessary for the fission and
fusion processes, as well as to provide the proper fluidity to the membrane [32,33]
(Figure 2, B). The conservation of the anatomical pattern of distribution may indicate

the health of the above cell processes in animal models of disease.

3.1.1.4. Phosphatidic acids (PA)

PA species were also present in plasma membranes, but some could be uniquely
localized to white matter areas of the brain where the presence of neuronal perikarya is
scarce. These include PA (40:5) + H® (m/z= 751.5307) and PA (38:3) + K* (m/z=
765.4866) (2.86% and 2,31% density, respectively). Other PA species were detected in
gray matter: PA (39:0) + Na" (m/z= 769.5683) and PA (0-40:1) / PA (P-40:0) + K*
(m/z= 783.5685) (33.97% and 15.31%). PA can influence the curvature of the
membrane and act as a lipid signal by recruiting cytosolic proteins to a specific position
on the membrane [34-36]. Moreover, some PA species demonstrate a unigue
distribution that may correspond to areas with high levels of cell division (e.g., epithelial
cells at the choroid plexus) and/or differentiation (e.g., neurogenesis in adults at the
dentate gyrus of the hippocampus). In the current study, these included PA (O-31:0) +
H* (m/z= 621.4848), PA (38:5) + K" (m/z= 761.4528) and PA (36:2) + K" (m/z=
739.4697) (0.53%, 3.89% and 35.21%) [37]. The latter can even be observed at the
rostral migratory stream that is one of the few brain regions with periglomerular neural

progenitors [38] (Figure 3).

3.1.1.5. Phosphatidylinositols (PI)

The Pls constitute a group of phospholipids that commonly act as intracellular
secondary messengers and function in intercellular signaling (Waugh, 2015 [25]). Our
results found some Pl species with a preferential distribution in white matter: Pl (O-
30:1) / PI (P-30:0) + H* (m/z= 767.5074) (12.74%) and PI (39:0) — H" (m/z= 907.6303)
(34.02%) (Figure 4). Other Pl species, however, displayed their highest intensity in
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gray matter Pl (18:0/20:4) — H" (m/z= 885.5530) (100%) and PI (O-40:5) / Pl (P-40:4) —
H" (m/z= 897.5864) (5.57%). One possibility is that the Pl species localized to gray
matter could have a greater role in inter-neuronal signaling. Pl species may also act as
secondary messengers in glial cells. This process involves phosphorylation of the
hydroxyl groups in positions 3, 4 and / or 5 by different kinases in different part of the
biomembranes to generate seven structurally different phosphoinositides. These in turn
selectively recruit proteins responsible for intracellular signaling in multiple processes

in different organelles [39] (Figure 4).

3.1.1.6. Phosphatidylglicerols (PG)

The physiology of PG is still poorly understood. The PG species that were detected
and assigned to specific molecules showed low intensity and were found mainly in
white matter: PG (40:5) + H" (m/z= 825.5667) (3.65%) and PG (39:5) - H" (m/z=
809.5331) (2.74%). However, some PG, such as PG (32:1) + Na" (m/z= 743.4839)
(0.89%), were located in the gray matter (Figure 5). Additional insight into this
distribution and these intensities in the rat CNS would contribute to the understanding

of the role of these molecules in the brain.

3.1.1.7. Phosphatidylserine (PS)

PS is known to be selectively present in the inner leaflet of the plasma membrane in
healthy cells. Here, some PS species were detected with low intensity, such as PS
(37:2) + H" (m/z= 802.5561) (3.18%) and PS (34:1) - H" (m/z= 760.5161) (1.08%), and
displayed an even distribution along the gray matter (Figure 5). Externalization of PS to
the outer leaflet occurs early in apoptosis, providing a signal to induce phagocytosis of
the cell [40]. Modification of the described pattern of anatomical distribution in both
rodent models of disease and human brain samples could be an indicator of apoptotic

processes occurring in the CNS.

3.1.2. Sphingolipids

3.1.2.1. Sphingomyelins (SM)
SM species are essential modulators of the properties of the plasma membrane

because they are able to participate in the formation of lipid rafts [41]. Here, some SM

species were detected specifically in white matter, such as SM (d42:2) + H" (m/z=
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813.6853) (0.67%) and SM (d41:2) — H" (m/z= 797.6522) (5.22%). However, other SM
showed a preferential location to gray matter, such as SM (d18:1/18:0) - CH3" (m/z=
715.5738) (44.17%) and SM (d36:1) + Na* (m/z= 753.5899) (8.86%). It is possible that
the species located in gray matter could be controlling neuronal processes and,
therefore, be implicated in neurotransmission in some way [42]. Conversely, some SM
species were distributed only in the choroid plexus. These included SM (d18:2/21:0) -
H* (m/z= 769.6272) (0.18%) and SM (d39:1) — H" (m/z= 771.6390) (0.49%). Although
the SM (d18:1/16:0) — H* (m/z= 687.5444) (1.49%) signal was intense in the choroid
plexus, it was also present in gray matter (Figure 6). The content of the SM species
listed above is strictly regulated through synthesis by sphingomyelin synthase, and
through degradation by sphingomyelinases. SM degradation results in ceramides,
which are the central component of sphingolipid metabolism. Alterations in these
metabolic processes of SM, as well as in sulfatides (ST) have been associated with
neurodegenerative diseases including Alzheimer’s disease (AD) [43]. The discovery of
alterations in the reported pattern of distribution in animal models and patients is
contributing to the identification of new therapeutic targets (see further results in
section 3.3) (in this same BBA-Biomembranes issue) [44].

3.1.2.2. Sulfatides (ST)

STs are a major component in the CNS, where they constitute an important component
of myelin. Consequently, we found ST species distributed in white matter. However,
not all ST showed a uniform distribution in the axonal tracts that constitute the most
myelinated areas of the brain. Notably, ST (d18:1/18:0) — H" (m/z= 806.5469) (39.99%)
signal was intense in the anterior commissure, while ST (d18:1/22:0) — H* (m/z=
878.6024) (24.94%) and ST (d18:1/24:1) — H" (m/z= 822.5369) (10.00%) were present
at high levels in the anterior part of the anterior commissure (Figure 7). Therefore, the

modulation of ST may indicate alterations in myelination processes.

3.1.2.3. Glycosphingolipid (GSL)

Several species of GSL were detected and assigned to specific molecules. For
example, glucosylceramides (GlcCer) as GlcCer (d30:1) + K* (m/z= 682.4606) (0.58%)
and GlcCer (d38:1) + Na* (m/z= 778.6187) (0.14%) displayed a restricted distribution to
the choroid plexus. That specific localization indicates a specialized role in epithelial
cells. Moreover, the lactosylceramides (LacCer), such as LacCer (d30:1) + H* (m/z=
806.5578) (5.99%), were localized in the gray matter (Figure 8). Both species are

precursors of complex GSLs such as gangliosides. These species are localized on the
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surface of the plasma membrane and are synthesized from ceramide by the sequential
addition of sugars by different glycosyltransferases [45].

3.2. Anatomical distribution of lipids in the brain

The mammalian brain can be divided into four large structures based on the functions
that they control, their anatomical location and evolutionary terms. The brainstem
(including midbrain or mesencephalon, medulla or myelencephalon and pons or
metencephalon) constitutes the most archaic structure; the cerebellum; the
diencephalon (thalamus and hypothalamus) and the telencephalon (including the
cerebral cortex, basal ganglia and main parts of the limbic system). The following
discussion about the relative intensity of signal in each area of the brain is based on
observation of the color-coded images. The ratio of intensity of each molecule
compared to the most abundant lipid species in the full section is mentioned above in

section 3.1 and supplemental tables.

3.2.1. Brainstem

The results obtained in the rat brainstem showed that the most abundant lipids in this
region are those found in white matter. Therefore, there is a relative abundance in the
brainstem of different species of ST, specifically PC (36:1) + K* (Figure 1). The different
nuclei and pathways located at the brainstem are primarily responsible for vegetative
control, regulating vital life functions such as breathing and cardiac rhythm [46]. In
addition, a large number of cranial nerves originate from this structure. Therefore, this
area of the CNS is highly conserved across different animal species. The brainstem is
composed mostly of white matter, although discrete gray matter nuclei of neurons are
also present. However, the signal intensities obtained here from white matter make it
difficult to detect the small nuclei composed of gray matter. Two possibilities exist to
address this issue: increase the spatial resolution of the technique, or obtain the lipid
profile of the different cell types present at the CNS (neurons, glial and epithelial cells),
localizing the distribution of the most abundant cell types (mostly neurons) in the gray
matter.

The mesencephalon constitutes the confluence of the brainstem with other regions of
the brain. The most dorsal part of this structure is called the superior colliculus, which
is related to vision. The inferior colliculus is involved more in auditory processes
[47,48]. In this manner, the mesencephalon is also an area of information exchange,

primarily composed of white matter tracts and fibers. The lipid profile observed here is
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consistent with the rest of the brainstem, although some characteristic gray matter
lipids can be found. The PC (40:6) + H* showed a specific localization in the inferior
colliculus. This could indicate a relationship to the auditory system, as the same lipid is
also found in the cerebellum, which controls equilibrium signals from the inner ear
(Figure 1). Furthermore, PA species are also detected throughout the mesencephalon,
as well as at relatively high intensities in other brain areas including the diencephalon,
olfactory bulb and rostral migratory tract (Figure 3). This specific distribution may
indicate that the PA species are related with the stimuli reception and neuronal

sprouting [49].

3.2.2. Cerebellum

The cerebellum is assumed to be much younger than the brainstem in evolutionary
terms. This area of the brain integrates sensory and motor pathways, and it is deeply
interconnected with other parts of the brain, passing information received from the
cerebral cortex to the locomotor system through motor pathways [50]. The most
abundant lipid species in the white matter tracts of the cerebellum are ST and PC
(36:1) + K", but there are other lipids that are only found in the telencephalon and
diencephalon (Figures 1 and 7). Thus, PC (32:0) + K*, PA (39:0) + Na" and SM
(d18:1/18:0) - CH;" are present at high levels in the molecular layer of the cerebellum,
and PA (38:5) + K" and PC (38:7) + H', in the granular layer (Figures 1, 3 and 6).
Further studies are necessary to connect these specific lipids to specialized functions

of the cerebellum.

3.2.3. Diencephalon

The diencephalon is differentiated into two major structures: the thalamus, which is the
main entrance for sensory stimuli (excluding olfactory signals), and the hypothalamus,
which constitutes the control area for appetite, sleep and thirst and is involved in the
processing of emotions [51]. The lipid composition of the diencephalon can also be
distinguished by region. The lipids present in the thalamus are distributed
homogeneously, but some parts of the hypothalamus show a different lipid
composition. Some lipid species are evenly distributed in both thalamus and
hypothalamus, including PC (32:0) + K*, PA (36:2) + K", PI (18:0/20:4) - H" y PI (39:0) -
H* (Figures 1, 3 and 4). In contrast, other lipid species are detected more intensely in
the hypothalamus than in the thalamus. These include PA (39:0) + Na*, SM (18:1/16:0)
- H'y SM (d18:1/18:0) - CH3" (Figures 3 and 6). The thalamus regulates sensory and
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cognitive information being passed to the cortex, and alterations in the phospholipids
PC, SM, and PS, as well as galactocerebrosides, have been reported in the thalamus
of schizophrenic patients [52]. The results of this study in the rat CNS identify specific
phospholipids in the thalamus that could be specifically altered in schizophrenia.

3.2.4. Telencephalon

The telencephalon is considered the most developed part of the brain, controlling and
processing elaborated responses to stimuli. Several major structures can be
distinguished, including the cerebral cortex, which is responsible for integration and
interpretation of stimuli. The subcortical area of the telencephalon includes the
hippocampus, which plays important roles in memory and spatial orientation. The basal
ganglia that are localized adjacent to the hippocampus participate in the control of
voluntary movements, and the olfactory bulbs, in the anterior part of the brain, process
the information received from the olfactory system. Throughout the telencephalon, PA
(39:0) + Na' is abundant, but with low intensity in the olfactory bulb (Figure 3). PC
(32:0) + K, SM (d18:1/16:0) - H* and SM (d18:1/18:0) - CH5" also displayed high
intensities (Figures 1 and 6). Regarding the different sub-structures, it is remarkable to
note the presence of ST species in the innermost layers of the cerebral cortex adjacent
to the corpus callosum. The STs are abundant in white matter fibers, and layers V-VI of
the cerebral cortex receive the input of a plethora of axons from the corpus callosum.
Here, the presence of ST in oligodendrocytes could account for this relative abundance
(Figure 6). In the olfactory bulb, it is important to note the presence of specific lipid
species with a high intensity, e.g., PG (39:5) - H" and PC (34:3) + H", that are not
present in other telencephalic structures such as the hippocampus, where PI-Cer
(d18:0/16:0) + Na" is abundant in the granular layer of the dentate gyrus (Figure 1 and
supplemental material). The physiological role of each of the described lipid species in
each area should be further elucidated to understand their involvement in specific

neurological diseases, as was recently described for multiple system atrophy [53].

3.3. Distribution of lipids in the rat model of cholinergic basal forebrain lesion

Animal models are essential to understand the pathological mechanisms underlying
neurodegenerative diseases. To study new treatments for Alzheimer's disease,
different transgenic mouse models have been developed to display neuropathological
markers and carry familiar mutations. However, there are also rat models based on the

specific cholinergic impairment of the basal forebrain. Different studies have been
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conducted in which the cholinergic system was injured to produce similar memory and
learning deficits as those observed in AD [54-56]. Therefore, the selective
degeneration of cholinergic neurons provides the opportunity to study biochemical,
neuroanatomical and behavioral aspects to those occurring in AD. In the present study,
a specific antibody-driven toxin, 1921gG saporin (SAP), induced selective lesions in the
rat basal forebrain to impair memory and learning processes in a manner similar to the
clinical manifestations of AD. In order to check the involvement of the cholinergic
neurons in the basal forebrain area in the impairment in learning and memory, a
specific behavioral test for cholinergic system mediated learning was performed, the
passive avoidance maze. The results showed that all the animals of the aCSF group
achieved the established maximum time in the learning latency, but SAP group spent a
mean of 40 * 32 sec before entering to the dark compartment, indicating the
effectiveness of the lesion. In addition, we counted the number of positive cholinergic
neurons in the area where the toxin was injected, resulting in a dramatic decrease of
cholinergic cells (aCSF: 888 + 175; SAP: 124 + 48 AChE cells/mm?; p<0.05). Linear
regression between the passive avoidance step-through latency times and the number
of surviving cholinergic cells in the nucleus basalis magnocellularis (NMB) showed a
positive correlation (r = 0.71; p<0.005) (Figure 9). The used rat model of cholinergic
basal forebrain lesion, has been used before with controversial results regarding the
impairment in learning and memory [57,58]. The basal forebrain area is located
ventrally in the rat brain and the tract of the needle can produce a tissue damage that
may be affecting to learning and memory, as we have previously observed
(unpublished results). In this context, we have improved the surgical procedures by
using an ultrathin gauge needle, which dramatically reduces the needle damage during
the toxin administration. In addition, the behavioral test of passive avoidance was
performed to validate the lesion model, evaluating the impairment in learning and
memory. A positive correlation between the decrease of cholinergic neurons in the

basal forebrain and the step-through latency times was obtained.

The IMS study of the lipid profile in the CNS of this animal model was compared to
control rats receiving SAP versus the vehicle, aCSF. SAP administration produced a
specific lesion in basal forebrain cholinergic cells, causing a subcortical cholinergic
denervation [59]. Here, after death of the NBM cholinergic cells, some ST species were
detected with less intensity in the NBM of rats with lesions: ST(d18:1/22:0) (aCSF:
23,18 £ 2,77% vs 192lgG-Sap: 13,13 + 2,594%), ST(d18:1/24:1) (aCSF: 63,27 +
5,078% vs 1921gG-Sap: 32,53 + 7,375%), ST(d18:1/24:0) (aCSF: 38,39 £ 2,298% vs
1921gG-Sap: 19,92 + 4,335%), ST(d18:1/h24:1) (aCSF: 45,35 + 4,278% vs 192IgG-
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Sap: 22,93 + 5,049%), ST(d18:1/h24:0) (aCSF: 54,16 + 4,191% vs 192IgG-Sap: 27,50
+ 5,981%). Conversely, other lipid species were significantly up-regulated in this same
area, including LPC (18:0) — H* (aCSF: 0,41 + 0,139% vs 1921gG-Sap: 0,84 + 0,114%)
(Figure 10).

Taking into account these results, changes in the lipid profile of NBM of SAP-treated
rats could be similar to those occurring in the brain of AD patients. Certainly, one of the
most consistent lipid changes that has been described in brains of AD patients is the
decrease of sulfatides during the early stages of disease [18,60]. Cheng et al. have
reported that this decrease can be related to neuronal loss in a manner similar to that
in our rat model of AD, because in the SAP-injured area, sulfatides are decreased
significantly due to the induced death of NBM cholinergic neurons. This finding
validates the model for the assay of new treatments designed to restore lipid
homeostasis. The specific vulnerability of cholinergic cells in AD could be related to the
specific lipid alterations described.

Conversely, the increase of LPC observed in the injured area may be related to pro-
inflammatory effects. The result of the degradation of cell membranes generates
signaling intermediaries such as LPC [61].

4. Conclusions

Our results demonstrate that lipids may have specific distributions based on the lipid
type and fatty acid component, giving rise to very specific locations in the rat brain
related to the physiology of the cells controlling specific functions. Thus, certain of
these lipids could also constitute a reservoir of specific molecules involved in cell
signaling and neurotransmission when relevant enzymes activate secondary
messengers, generating different specific lipid species on demand in each area of the
brain. Moreover, altering specific lipids involved in the neuropathology of
neurodegenerative diseases such as AD could be a good approach for providing new
therapeutic strategies. For all of the above-mentioned reasons, lipids are becoming a
family of biomolecules with increasing potential in the development of new therapies for

neurodegenerative diseases.
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Figures

Figure 1. Representative IMS images corresponding to assigned lipids of the PC
subclass. The distribution of the relative abundance of the recorded signal intensity is
shown in color-coded individual images of each PC throughout a representative sagittal
section of the rat brain. PC (34:1) + K" (m/z 798.5497) was the most abundant PC
throughout the whole tissue but also the lipid detected with the highest average
intensity when all pixels of the image were considered. PC (36:1) was found primarily
in white matter, and PC (32:0) in gray matter. The PCs were detected in positive
ionization using the same parameters in all sagittal sections of control rats: 100 pum
spatial resolution, 10 shot per point at laser fluence of 40 uJ. The color-coded bar
representing the intensity ratio of the most abundant species in positive mode (PC
(34:1) + K is included.

Figure 2. IMS images showing the pattern of distribution of the intensities recorded for
lysophospholipid (A) and PE lipid species (B) in a sagittal section of the rat brain. (A)
The different lysophospholipids were detected at a relatively low intensity in gray
matter. (B) PE species were also distributed primarily in gray matter. Both
lysophospholipids and PE species were detected in negative ionization, and the
recorded intensities were calculated as a % of the most abundant lipid species
detected in negative ionization mode (PI (18:0)/ (20:4) - H"; m/z 885.55340), using the

following parameters: 100 um spatial resolution, 10 shot per point at laser fluence of 40

ud.

Figure 3. Representative IMS images corresponding to the intensity map of distribution
of PA lipid species in the rat brain. Note that some species of PA were specifically
located at the choroid plexus, e.g., PA (38:5). PA (40:5) was distributed primarily in
white matter. In contrast, PA (39:0) showed a very specific distribution with high
intensities in some gray matter areas of the diencephalon and cerebellum, such as
external layers of the cortex, hippocampus and basal ganglia. This group was detected
in positive ionization mode, using the following parameters: 100 um spatial resolution,

10 shot per point at laser fluence of 40 uJ.

Figure 4. IMS images of lipid species identified as Pl in the rat CNS. (A) Two PI
molecules were detected in positive ionization, and (B) four in negative ionization
mode. Note the relatively high intensities of PI (39:0) - H+ in the brain stem, thalamus

colliculus and myelinated fiber bundles throughout the rat brain.
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Figure 5. IMS images showing the anatomical distribution of the intensity signals for
different PG (A) and PS (B) lipid species in a sagittal section of the rat brain. PG and
PS species were detected in both positive and negative ionization depending on the
molecule. The recorded intensities for both PG and PS were low compared with those
of other lipids.

Figure 6. IMS images of the intensities recorded for different types of SM in rat CNS.
(A) In positive ionization mode some molecules such as SM (d36:1) showed a uniform
distribution in gray matter. (B) In negative ionization mode SM (d18:1/18:0) was also
detected in gray matter, but SM (d18:1/16:0) was detected in the choroid plexus and in

the borders of the brain, most likely in ependymal cells.

Figure 7. IMS images showing the pattern of distribution of ST species in the rat brain.
All of the ST species detected were distributed along the white matter areas of the
brain with moderate to high intensity. This group was detected in negative ionization

mode.

Figure 8. Representative IMS images of GSL. (A) The GclCers were found distributed
specifically in the choroid plexus. (B) LacCer (d30:1) was present with an even
distribution along the gray matter areas of the rat brain.

Figure 9. The plot shows the number of cholinergic neurons in the NBM (AChE" /mm°)
and the step through latency times recorded in the passive avoidance test from
1921gG-saporin (n = 10) treated rats. The linear regression analysis reveals that those
animals with higher reductions in BFCN density showed significantly lower step

through latency times.

Figure 10. Coronal IMS images of representative rats corresponding to the NBM lesion
model induced by IgG192-Saporin (SAP) compared to the same anatomical level of the
control animals treated with aCSF. Note that all the ST species detected showed a
lower intensity in the lesion area, indicating the specificity of lesions to cholinergic
neurons. Moreover, LPC (18:0) was detected with a higher intensity in the lesioned
animals. All of these species were detected in negative ionization, using the following

parameters: 150 um spatial resolution, 10 shots per point at laser fluence of 15-20 uJ.
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HIGHLIGHTS

e Distribution pattern of lipids families in rat CNS.
e Specific anatomical location of different lipids in rat CNS by IMS.
e Specific decrease of ST in lesion model of memory impairment.

o Applicability of MALDI-IMS for lipidomic studies in animal models of disease.
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