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Abstract: Despite advances in neonatal intensive care leading to an increased survival rate
in preterm infants, brain lesions and subsequent neurological handicaps following preterm
birth remain a critical issue. To prevent brain injury and/or enhance repair, one of the most
promising therapies investigated in preclinical models is inhaled nitric oxide (iNO).
We have assessed the effect of this therapy on brain lipid content in air- and iNO-exposed
rat pups by mass spectrometry imaging using a time-of-flight secondary ion mass
spectrometry (TOF-SIMS) method. This technique was used to map the variations in lipid
composition of the rat brain and, particularly, of the white matter. Triplicate analysis
showed a significant increase of sulfatides (25%—50%) in the white matter on Day 10 of
life in iNO-exposed animals from Day 0-7 of life. These robust, repeatable and
semi-quantitative data demonstrate a potent effect of iNO at the molecular level.
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1. Introduction

Dramatic improvements in the perinatal management of preterm neonates have decreased neonatal
mortality, but not the incidence of brain damage, leading to cerebral palsy and cognitive/behavioral
deficits. Cerebral palsy results from a number of various insults to the developing brain, acting alone
or in combination. In recent reports, 5% to 10% of preterm infants developed cerebral palsy, and
25% to 50% had cognitive impairment and behavioral disorders [1-3]. Therefore, the prevention of
neurological disabilities remains a major challenge for public health, since no specifically neuroprotective
treatment to date has proven clinically useful.

Despite the efforts made to improve knowledge on brain injury and specially to identify predictive
biomarkers of later neurodevelopment risks, the understanding of this developmental disease remains
limited. Although periventricular white matter (WM) damage is recognized to be one of the main brain
lesions leading to neurocognitive impairments, the mechanisms leading to brain injury are not fully
elucidated [4]. Hypoxia-ischemia is a common cause of neonatal brain damage, which impacts on
cerebral maturation [5]. Inflammation is also a key factor disrupting the developmental program of
WM maturation [4]. WM damage is characterized by both focal and diffuse injuries, loss of early
differentiating oligodendrocytes and delayed myelination [6,7].

Myelin is an essential component of the WM, representing 40% to 50% of its dry weight. It plays
an important role in high-speed conduction, transfer signaling fidelity on long distances and space
economy [8]. To fulfill its function, myelin has a unique composition of several specific proteins, such
as myelin basic protein (MBP), proteolipid protein (PLP) and a high lipid content (>70%) [9].
Lipids encountered in WM are principally sphingolipids, particularly galactosylceramides and
sulfatides. More than 50% of these lipids are hydroxylated at the C-2 carbon of the amide-linked
fatty acid [10].

In animal models, conventional biological methods, such as immunohistochemistry, staining and
fluorescent tagging, are well established for studying the in sifu distribution of different species in
biological tissues and, particularly, on rat brain slices [5,11]. In the case of myelination default
assessment, immunohistochemistry, using various primary antibodies, is usually carried out [12,13].
A limitation of these methods is that they describe the distribution of only one specific compound or
cell on a tissue. Contrariwise, mass spectrometry imaging (MSI) gives a simultaneous identification
and localization of various organic compounds with a single sample [14—18].

MSI has now emerged as a powerful tool for studying the in situ distribution of compounds within
various biological tissues. MSI can be obtained from tissue samples by identifying compounds with
their mass-to-charge ratio (m/z). It has already been applied for biomarker discovery [19,20] and
biomedical research [21-23]. Nowadays, the three most often implemented techniques to obtain
molecular images are, i.e., MALDI (matrix assisted laser desorption ionization), SIMS (secondary ion
mass spectrometry) and DESI (desorption electrospray ionization) coupled with various mass
analyzers. The typical resolution of DESI is in the range of 100 um, and for MALDI, the value is
generally ~50 um, reaching, in some case, ~20 pm or less. While the so-called nano-SIMS is dedicated
to elemental analyses and reaches spatial resolutions below 100 nm [24], time-of-flight secondary ion
mass spectrometry (TOF-SIMS) is more used for molecular analysis of organic samples and can reach
a resolution of 500 nm to 2 pum [25,26]. However, for all MSI methods, spatial resolution is a
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parameter that goes against sensitivity and should be selected wisely. Whereas MALDI needs the
sample surface to be homogeneously coated with a matrix, TOF-SIMS imaging requires only the
sample to be dried. The development of polyatomic ion sources has greatly improved the capabilities
of TOF-SIMS imaging, extending the mass range of analysis by enhancing the efficiency of the intact
molecule desorption/ionization, particularly for secondary ions of a mass-to-charge ratio greater than
m/z 300-500 [27,28]. This method has already been successfully applied to lipid analysis in various
studies [16,26,29-31].

Inhaled nitric oxide (iNO) is a commonly used therapy in neonatal intensive care units to treat
persistent pulmonary hypertension and is one of the most promising molecules for neuroprotection.
Nitric oxide (NO) is a small water-soluble molecule that can easily diffuse through tissues. It is
recognized to be a mediator in various chronic inflammatory systems, and several studies have shown
that the production of NO exerts a dual effect on neuronal survival [32]. This therapy option has been
approved in 2001 by the European Medicine Evaluation Agency and the European Commission for
neonates with hypoxic respiratory failure. Data on the neurological follow-up of premature infants
exposed to iNO remain sparse and unclear. However, growing evidence demonstrates that low doses of
iNO not only act locally on the pulmonary vasculature, but also have remote effects on the developing
brain under basal or pathological conditions, by modulating WM maturation, inflammation and
subsequent brain repair in both developing and adult preclinical models of brain damage [11,33-35].
Both El Gazhi et al. and Pansiot et al. reported that NO could be neuroprotective in the case of high
concentrations of glutamate and excitotoxic damage [34,36]. In the case of developing brain under
basal conditions, as previously described by Olivier et al. [11], iNO plays a crucial role in the
myelination of the developing CNS. Thus, as a preliminary study, TOF-SIMS imaging was
implemented to monitor sulfatide level changes after this treatment in normal neonatal brain in rodents.
The next step will be to test such an approach in various preclinical models of brain injury.

2. Results and Discussion
2.1. Imaging Data

The ion images (Figure 1) emphasized the variation of myelin composition following rat exposure
to iINO previously observed by other techniques, like immunohistochemistry or electron microscopy [11].
Although the sulfatide composition of the WM has previously been determined [37-39], these
techniques require the precise dissection of small parts of the brain, prior to the lipid extraction.
On the contrary, MSI can offer the opportunity to easily describe the distribution of various
endogenous or exogenous compounds within an intact tissue section. TOF-SIMS ion images (Figure 1)
of one sulfatide and its hydroxylated form (ST C18 and ST C18-OH) illustrate this statement.
Sjovall et al. [28] and Pernber et al. [40] assigned signals between m/z 770 and m/z 910 to
glycosphingolipids based on: (1) the comparison with published electrospray ionization mass
spectra [41,42] and MSI (MALDI and nanoparticle-assisted laser desorption/ionization) [43,44];
(2) comparison with TOF-SIMS spectra recorded on reference samples containing the pure lipid
substances; and (3) calculation of exact masses and isotope distributions of the different substances.
This class of lipids represents 25% of the lipid content of myelin [8]. Moreover, Zoller et al. [10]
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demonstrated that sulfatides have a key role in the long-term maintenance of myelin and that the
absence of 2-hydroxylated sulfatides can cause myelin sheath degeneration. Figure 1 also highlights
the difference in both hydroxylated and non-hydroxylated sulfatide levels in the WM of iNO-treated
rats compared to control ones. Indeed, the intensity recorded in the WM is significantly larger in the
iNO-exposed rat brain than in the control one. These qualitative results are in agreement with the study
of Olivier et al. [11], where neonatal exposure to iNO was associated with a transient increase in
central nervous system myelination in rats and C57BL/6 mice. Consequently, the iNO treatment can be
correlated to the enhancement of the local concentration of hydroxylated sulfatides. These data are
consistent with a significant increase in mature oligodendroglial cells density within the developing
white matter, as previously reported [11]. These findings are of key importance, shedding light on
precious information on the identity of the lipid involved in the treatment to encourage the
myelination process.

Figure 1. Time-of-flight secondary ion mass spectrometry (TOF-SIMS) negative ion
images of coronal rat brain half sections. (a) and (b): m/z 806.5 (ST C18) ion; (¢) and (d):
m/z 822.5 (ST C18-OH) ion. These images have been obtained from different rat half
brains at postnatal age P10. (a) and (c): air-exposed rat; (b) and (d): iNO-exposed rat.
Primary ions: Bis", 9.5 x 10’ ions cm %; areas varying from 7 mm x 9.5 mm to 8 mm x 11 mm.
The maximum number of counts (MC) corresponds to the amplitude of the color scale,
and the total counts (TC) are the total number of counts recorded for the specified m/z
(this is the sum of counts in all the pixels).
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2.2. Semi-Quantitative Approach

To better characterize and quantify the variation of the sulfatide level in the WM, triplicate
experiments for each group were achieved. The regions of interest (ROIs) were drawn in the polyline
mode, by circling the area of the WM, easily distinguishable in the total ion image. Global mass
spectra containing all the ions associated with the myelin sheath were then extracted and normalized to
equal areas. These spectra were then compared to assess the composition variation between the brains
of air-(spectrum A) and iNO-exposed (spectrum B) rat (Figures 2 and 3). The experimental variability
of TOF-SIMS mass spectrometry imaging has already been assessed by Bich et al. [45], showing that
this method could be considered an accurate analytical method for biological studies. Below m/z 350
(Figure 2), the most inte nse signals have already been assigned in the literature. Indeed, localization of
fatty acids in the white matter of the rat brain section has been previously described by TOF-SIMS
imaging [28,46,47]). Vitamin E and cholesterol have also been detected in the rat brain section [28,48].
The ion peak intensities of six fatty acids, cholesterol and Vitamin E were then compared for the two
groups in order to highlight potential variation (Figure S1). No significant variation was observed,
taking into account relative standard deviations. This was confirmed by the Student’s test (p > 0.05).
We could consequently consider that the composition of fatty acids, cholesterol and Vitamin E is in a
steady state in the iNO group compared to the control group.

Figure 2. TOF-SIMS mass spectra (m/z range 240—440) of areas corresponding to the
white matter of P10 rat brain tissue sections. (A) air-exposed rat; (B) iNO-exposed rat.
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Figure 3. TOF-SIMS mass spectra (m/z range 770-910) of areas corresponding to the
white matter of P10 rat brain tissue sections. (A) air-exposed rat; (B) iNO-exposed rat.
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We then compared the sulfatide level intensities in the higher mass range (Figure 3).
The characteristics of the targeted compounds are displayed in Table 1. After normalization, the
intensity of each of the ten sulfatide ion peaks and the sum of both their hydroxylated and
non-hydroxylated forms were reported in Figure 4. The Student’s test, applied with a 95% confidence
interval, demonstrated the significant intensity increase, ranging from 25% to 50%, for seven different
sulfatide species from the air to iNO group; except for ST C16-OH, ST C18-OH and ST C20-OH,
showing the same trend, but larger variability. Our results demonstrate that TOF-SIMS, which
provides precious information concerning the localization of various species, is also robust and reliable
for semi-quantitative biological studies, which require low variability. They confirm that the enhancement
of the local concentration of sulfatides in the WM of iNO-treated rats correlated with an increase of the
myelination process [10,11].
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Table 1. Assignments of the compounds studied, including complete name, abbreviations,
class and sub-class membership, formula, mass spectrometric diagnostic species, calculated
and measured values of m/z and error in parts per million of the detected [M-H]

ion species.

5239

Species Abbreviations Formula Calculated m/z Experimental m/z Error (ppm)
(3'-Sulf)Galp-Cer(d18:1/16:0) ST C16 CyoH76SNOy; 778.51 778.52 13
(3'-Sulf)Galp-Cer(d18:1/2-OH-16:0) ST C16-OH  C4H7SNO, 794.51 794.53 25
(3'-Sulf)Galp-Cer(d18:1/18:0) ST C18 CyHgoSNOy; 806.54 806.54 0
(3'-Sulf)Galp-Cer(d18:1/2-OH-18:0) ST C18-OH  C4HgoSNO, 822.54 822.55 12
(3'-Sulf)Galp-Cer(d18:1/20:0) ST C20 CysHgsSNOy; 834.57 834.55 —24
(3'-Sulf)Galp-Cer(d18:1/2-OH-20:0) ST C20-OH  C44HgSNO, 850.57 850.56 -12
(3'-Sulf)Galp-Cer(d18:1/22:0) ST C22 C4sHgsSNO 862.61 862.60 -12
(3'-Sulf)Galp-Cer(d18:1/2-OH-22:0) ST C22-OH  C46HgsSNO, 878.60 878.59 -11
(3'-Sulf)Galp-Cer(d18:1/24:0) ST C24 CysHooSNOy; 890.64 890.62 —22
(3'-Sulf)GalB-Cer(d18:1/2-OH-24:0) ST C24-OH  C4sH,SNO, 906.63 906.61 —22

Figure 4. Mean relative intensities of 10 sulfatide ion peaks (non-hydroxylated and
hydroxylated) and their sum calculated from a triplicate analysis of P10 rat brain tissues
(exposed to air and iNO; n = 6 in each experimental group) with their standard deviations.
A Student’s test with a confidence interval of 0.05 showed the significant difference
between the two groups and for each ion (* for p-value < 0.05, ** for p-value <0.01).
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3. Experimental Section

3.1. Animals

This study was approved by the National Institute of Health and Medical Research and complied
with the instructions of the Institutional Animal Care and Use Committees INSERM 676Paris.
One day before delivery, pregnant rats (Sprague-Dawley, Janvier S.A.S, Le Genest-St-Isle, France)
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were randomized into two experimental groups. The exposed group was placed in a transparent
Plexiglas chamber containing 5 parts per million (ppm) of iNO for 7 days (from postnatal day PO to P7).
The air group was kept in a similar Plexiglas chamber without iNO and in the same room. The
concentrations of both NO and NO; (lower than 1 ppm) were monitored using a NOXBOX+ system
(Bedfont Scientific, Harrietsham, UK). To determine the specific effects of iNO on rat pups, mothers
were changed daily from the exposed group to the unexposed experimental group. From P7, rat pups
and their mothers in all experimental groups were kept in room air. Animals were housed under
controlled temperature (22 + 1 °C) and light conditions (12 h day/night cycle) with food and water
ad libitum. Neonatal mortality was checked daily up to sacrifice on P10.

3.2. Sample Preparation

After decapitation, brains were harvested and immediately frozen in cold isopentane. The following
sample preparation process is routinely used for the MSI of biological tissues in the laboratory [21,48].
In the present case, 14 pum-thick coronal sections from six P10 pups rat brains belonging to two
different groups (air- and iNO-exposed animals) were cut at —25 °C using a CM3050-S cryostat (Leica
Microsystems SA, Nanterre, France). Coronal sections corresponding to the same interaural depth
(2.96 mm) were immediately deposited on silicon wafers (2-in diameter polished silicon wafers, ACM,
Villiers-Saint-Frédéric, France). Before analysis, samples were dried under vacuum at a pressure of a
few hectopascals for 15 min and were not subjected to any further treatment.

3.3. TOF-SIMS Imaging Acquisition

The experiments were performed using a TOF-SIMS IV mass spectrometer (ION-TOF GmbH,
Miinster, Germany), equipped with a liquid metal ion gun (LMIG) filled with bismuth, allowing it to
deliver Bi,*" cluster ion beams and, in particular, Bis". Those ions were chosen, since they provide
the best compromise between intensity and efficiency combined with a short acquisition time [22].
During the experiments, these primary ions reached the sample surface with an incidence angle of 45°,
at a kinetic energy of 25 keV. The pulsed ion current was measured at 10 kHz with a Faraday cup
located on the grounded sample holder. Its value was about 0.45 pA, with a pulse duration of less
than 1 ns when hitting the sample surface. Then, the produced secondary ions were accelerated to a
kinetic energy of 2 keV and flew through a field-free region, where they were reflected with a single
stage reflector. Finally, ions were submitted to a post-acceleration of 10 kV just before hitting a hybrid
detector made of one single micro-channel plate, followed by a scintillator and a photomultiplier.
A low-energy electron flood gun was activated between two primary ions pulses in order to neutralize
the sample surface with minimum damage. The effective ion flight path was about 2 m in the
time-of-flight tube (reflectron mode), enabling a mass resolution exceeding M/AM = 5000 (full width
half maximum (FWHM) at m/z 500).

Due to the very low initial kinetic energy distribution of the secondary ions, the relationship
between the time-of-flight and the square root of m/z is always linear over the whole mass range.
Consequently, the mass calibration was initially made with H, C, CH, CH, , CH3 , C, , C; and
C4H ions in the negative ion mode. To further improve mass accuracy, the mass calibration was refined
by adding ions of higher mass, such as fatty acid carboxylates and deprotonated vitamin E [21,22].
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Images were acquired in the so-called stage scan mode, with a final spatial resolution of ~8 pm
(pixel size). With this mode, the sample was step by step moved by the sample stage in order to scan
the whole surface area, patch by patch, each individual patch having an area of 256 um X 256 um.
Surface areas were similar for each brain hemisphere and set to 3 mm x 8.5 mm. Each image is
constituted of ~4.8 x 10° pixels according to the size of the image. The time required to record each
image was about 1 h, and the primary ion dose density was fixed to 9.5 x 10" ions/cm?, i.e., below the
static limit of SIMS, for all the acquisitions.

3.4. TOF-SIMS Imaging Processing

Data processing was achieved using Surface Lab 6.2 software (ION-TOF GmbH, Miinster,
Germany). It allows extractions of ion spectra and images from the raw data. Regions of interest
(ROIs) corresponding to specific anatomical brain structures were drawn with the same software.
In order to compare the relative intensity of lipids contained in the WM of different samples, the
associated mass spectra were further extracted using these ROIs. These selected regions have different
areas (in pixels). Therefore, and for a proper comparison, the intensity of the mass spectrum from each
ROI was normalized as if it was composed of the same number of pixels as the smallest one. Relative
quantifications of compounds showing similar physical and chemical properties (which means
desorbed from the sample surface and detected with the same efficiencies) can then be made between
different samples, given that all the data have been acquired under the same experimental conditions
and that the ROIs have been chosen from equivalent histological areas [26,30,49].

4. Conclusions

TOF-SIMS imaging showed its great capabilities for the measurement of the molecular composition
of the WM of air- and iNO-exposed rat brains. This method has been proven to produce both
qualitative and semi-quantitative results, standing as an attractive complementary method to strengthen
the tools available for brain injury research. We have not only identified with precision the presence of
sulfatides in the brain WM, but also clearly determined the effect of a promising therapy used in
neonates on the myelination process. Other neurological diseases, where alterations of the brain lipid
composition can be expected, could also benefit from such an approach. Compared to MALDI,
TOF-SIMS is neither the most popular MSI method, nor does it have the highest sensitivity. However,
this method is known to produce particularly reproducible results, and moreover, due to its acquisition
by a counting system, it is well adapted to semi-quantitative measurements. TOF-SIMS appears to
be an attractive complementary method for studying neuroprotection research in diseases where
alterations of the brain lipid composition can be expected.
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