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Abstract

The small-molecule drug, FTY720 (fingolimod), is a synthetic sphingosine 1-phosphate
(S1P) analogue currently used to treat relapsing-remitting multiple sclerosis in both
adults and children. FTY720 can cross the blood-brain barrier (BBB) and, over time,
accumulate in lipid-rich areas of the central nervous system (CNS) by incorporating
into phospholipid membranes. FTY720 has been shown to enhance cell membrane
fluidity, which can modulate the functions of glial cells and neuronal populations in-
volved in regulating behaviour. Moreover, direct modulation of S1P receptor-mediated
lipid signalling by FTY720 can impact homeostatic CNS physiology, including neuro-
transmitter release probability, the biophysical properties of synaptic membranes, ion
channel and transmembrane receptor kinetics, and synaptic plasticity mechanisms.
The aim of this study was to investigate how chronic FTY720 treatment alters the
lipid composition of CNS tissue in adolescent mice at a key stage of brain matura-
tion. We focused on the hippocampus, a brain region known to be important for
learning, memory, and the processing of sensory and emotional stimuli. Using mass
spectrometry-based lipidomics, we discovered that FTY720 increases the fatty acid
chain length of hydroxy-phosphatidylcholine (PCOH) lipids in the mouse hippocampus.
It also decreases PCOH monounsaturated fatty acids (MUFAs) and increases PCOH
polyunsaturated fatty acids (PUFASs). A total of 99 lipid species were up-regulated in
the mouse hippocampus following 3 weeks of oral FTY720 exposure, whereas only 3

lipid species were down-regulated. FTY720 also modulated anxiety-like behaviours in
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1 | INTRODUCTION

FTY720, also known as fingolimod, was approved in 2010 by the US
Food and Drug Administration (FDA) and became the first oral treat-
ment for relapsing-remitting multiple sclerosis (MS). It is a synthetic
compound based on a sphingosine-like fungal metabolite known as
ISP-1 (myriocin; 2S-amino-3R,4R-dihydroxy-2-(hydroxymethyl)-14-
oxo-6E-eicosenoic acid) and is marketed and sold under the brand
name, Gilenya. FTY720 can be phosphorylated in vivo by sphin-
gosine kinases (SphKs), producing FTY720-phosphate (FTY720-P;
Zemann et al., 2006), which acts as a full agonist on the G protein-
coupled sphingosine 1-phosphate (S1P) receptors (S1P1, S1P4, and
S1P5) and as a partial agonist at the S1P3 receptor (Dev et al., 2008;
O'Sullivan & Dev, 2013). FTY720-P (2-amino-2-[2-(4-octylphenyl)
ethyl]-1,3-propanediol monodihydrogen phosphate ester)-mediated
activation of S1P1 receptors on endothelial cells can lead to the
tightening of cell-cell adhesions in blood vessel walls and inhibition
of immune cell trafficking (Sanchez et al., 2003; Wei et al., 2005).
FTY720-P also induces internalisation of membrane-bound S1P1 re-
ceptors on lymphocytes and targets the receptor for degradation by
the ubiquitin proteosome pathway (Figure 1a; Oo et al., 2007), thus
inhibiting S1P-mediated chemotactic migration of immune cells from
secondary lymphoid tissues. This is thought to be the primary mech-
anism of action preventing cytotoxic T lymphocytes from crossing
the blood-brain barrier (BBB) in MS (Graler & Goetzl, 2004; Mandala
et al., 2002; Matloubian et al., 2004). The non-phosphorylated ver-
sion of FTY720 has also been shown to inhibit cytosolic phospho-
lipase A2a in mast cells, independent of S1P receptor activation,
which decreases the synthesis of arachidonic acid and eicosanoids in
response to bovine serum albumin stimulation (Payne et al., 2007).

young mice but did not affect spatial learning or memory formation. Our study pre-
sents a comprehensive overview of the lipid classes and lipid species that are altered
in the hippocampus following chronic FTY720 exposure and provides novel insight
into cellular and molecular mechanisms that may underlie the therapeutic or adverse

effects of FTY720 in the central nervous system.

forced swim test, FTY720, hippocampus, lipidomics, sphingomyelin lipids

In addition to dampening autoimmune responses in MS and inhibiting
inflammation, FTY720 can cross the BBB to exert direct effects on
cells of the central nervous system (CNS). Autoradiography studies
in rats have shown that [**CIFTY720 is lipophilic and accumulates in
the brain and spinal cord parenchyma after a single oral dose (Foster
et al., 2007), particularly in white matter areas of the CNS where it
can be phosphorylated to FTY720-P by SphK2. Neurons and astro-
cytes predominantly express S1P1 and S1P3 mRNA transcripts, with
lower levels of S1P2 and S1P5 (O'Sullivan & Dev, 2017). Microglial
cells express S1P1, S1P2, and S1P3 mRNA transcripts, with little or
no S1P5 present (Tham et al., 2003). Oligodendrocytes, on the other
hand, mainly express S1P1 and S1P5 receptors (Jaillard et al., 2005;
Roggeri et al., 2020). Many of FTY720's therapeutic effects in MS
and in other experimental animal models of CNS disease and injury
can be attributed to direct activation of S1P receptors (S1P1, S1P3,
and S1P5) on neurons and glial cells in different brain regions. For
example, FTY720 alleviates mitochondrial dysfunction and reduces
microglial-mediated neuroinflammation in the hippocampus of a rat
model of chronic cerebral hypoperfusion (CCH; Zhang et al., 2021).
FTY720 can also exert positive behavioural effects and attenuate
cognitive decline in animal models. For example, FTY720 attenuates
spatial memory impairments in the CCH rat model. More recently,
it has been reported that chronic oral administration of FTY720 to
3xTg-AD mice, a transgenic animal model of familial Alzheimer's dis-
ease, leads to a reduction in neuroinflammation and improvements
in both spatial and object recognition memory (Fagan et al., 2022).
FTY720-P may exert its effects in the hippocampus, in part, by in-
hibiting class | histone deacetylases (HDACs), thus enhancing histone
acetylation and gene expression programmes important for facili-
tating learning and memory formation (Hait et al., 2014). FTY720

FIGURE 1 FTY720 and S1P signalling at the S1P1 receptor. (a) Both sphingosine (left panel) and FTY720 (right panel) are phosphorylated
via sphingosine kinases (SphKs) and dephosphorylated by sphingosine 1-phosphate phosphatase (SPP). Upon binding to S1P receptors
(S1PRs), both sphingosine 1-phosphate (S1P) and phosphorylated FTY720 (FTY720-P) induce internalisation of the receptor. The receptor
bound to the S1P lipid is recycled back to the cell surface, whereas FTY720-P leads to receptor ubiquitinylation and proteosomal
degradation, thus inhibiting the endogenous sphingosine 1-phosphate pathway. (b) Sphingomyelin at the plasma membrane is transformed
into ceramide by sphingomyelinase (SMase). Ceramide can then be converted by ceramidase (CDase) into sphingosine and subsequently
into sphingosine 1-phosphate (S1P) by sphingosine kinases (SphKs). The reverse pathway involves S1P dephosphorylation by a specific
phosphatase (SPP) to generate sphingosine, which can then be converted into ceramide via the activity of ceramide synthases (CerS). The
S1P generated via this so-called ‘sphingolipid rheostat’ is released into the extracellular space through the action of a specific transporter
known as the ATP-binding cassette (ABC) family of transporters. S1P in the extracellular milieu can act in a paracrine or autocrine fashion
to bind to S1P receptors (S1P1-S1P5) localised at the plasma membrane of various cell types, consequentially inducing biological responses.

Figure created using BioRender.com.
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metabolism in the hippocampus of a mouse model of Alzheimer's
disease (Jesko et al., 2020).

Ceramide is a metabolite of complex sphingolipids, which are
a major component of mammalian cell membranes. Ceramide can
act as an intracellular signalling molecule and is also a precursor
to sphingosine, an 18-carbon amino alcohol with an unsaturated
hydrocarbon chain (Kumari, 2018). Ceramide can be converted
into sphingosine through the actions of ceramidase enzymes. In
turn, sphingosine can be converted to sphingosine 1-phosphate
(S1P) via sphingosine kinases (Figure 1b; Gault et al., 2010; Grassi
et al., 2019). During times of cellular oxidative stress, for exam-
ple, when sphingomyelins in the plasma membrane are broken
down to ceramide by sphingomyelinases (SMase) and the levels
of ceramide in the cell are high, apoptotic signalling pathways
are preferentially activated to initiate programmed cell death.
On the other hand, when S1P levels are elevated, cell survival
and proliferation signalling programmes are triggered preferen-
tially. Therefore, the balance between cellular concentrations
of ceramide and S1P, two interconvertible lipid signalling mole-
cules, is thought to be an important mechanism controlling cell
fate and has been termed the ‘sphingolipid rheostat’ (Cuvillier
et al., 1996; Hait et al., 2006).

Lipid signalling in neurons and glia of the CNS is known to be
important for many cellular processes including neurotransmission,
synaptic plasticity, and axonal myelination (Barber & Raben, 2019;
O'Brien & Sampson, 1965; Olsen & Feergeman, 2017; Puchkov &
Haucke, 2013). For example, lipids play an important role in neu-
rotransmitter release and synaptic vesicle recycling in neurons
(Raben & Barber, 2017). In oligodendrocytes, CNS myelination
is dependent on several sphingolipids of the galactosylceramide
and sphingomyelin lipid classes (Aureli et al., 2015; O'Brien &
Sampson, 1965; Olsen & Feergeman, 2017). FTY720 has been shown
to inhibit CNS demyelination (Slowik et al., 2015; Yazdi et al., 2015)
and can promote myelin repair following white matter damage (Qin
et al.,, 2017). FTY720 has a 14-carbon chain and possesses cationic
surfactant-like properties. In aqueous solution, FTY720 forms small
micellar aggregates that can incorporate into phospholipid bilayers
and modulate their biophysical properties (Swain et al., 2013). When
phosphorylated, FTY720-P crosses the BBB and mimics some of the
pharmacological actions of endogenous lipid signalling molecules,
such as S1P. As such, FTY720-P most likely possesses the ability
to alter the cellular concentrations of certain lipid metabolites and
may regulate the molar concentrations of distinct lipid species that
comprise the plasma membranes of CNS cell types (Jiménez-Rojo
etal., 2014; Swain et al., 2013; Szlasa et al., 2020; Young et al., 2019).
Modulation of the physical properties of membranes can impact
the functions of transmembrane receptors, and this, in turn, may
contribute to the therapeutic actions or to the side-effect profile of
drugs such as FTY720.

In this study, we hypothesised that chronic oral dosing of young
(adolescent) mice with FTY720 may alter the lipidome of the brain.
In 2018, the European Commission approved the use of Gilenya

(FTY720)in children and adolescents, aged 10years or older, with re-
lapsing-remitting MS. At this age, in both mice and humans, the brain
is still undergoing important maturation processes. For instance, ax-
onal myelination of principal neurons continues into adulthood and
the proliferation and maturation of interneuron populations, in areas
such as the hippocampus, take place during adolescence (postna-
tal days 21-42) in mice (Le Magueresse & Monyer, 2013; Watson
et al., 2006). Therefore, our aim was to investigate the effects of
FTY720 on the lipid signature of the maturing hippocampus, a re-
gion of the brain important for learning and memory formation (dor-
sal hippocampus; Fanselow & Dong, 2010; Klur et al., 2009; Moser
et al., 1995; Pothuizen et al., 2004), as well as for processing emo-
tional stimuli, regulating mood, and modulating the body's response
to stress (ventral hippocampus; Fanselow & Dong, 2010; Ferbinteanu
& McDonald, 2001; Henke, 1990; Kjelstrup et al., 2002). The study
objectives were twofold: (1) to perform a battery of hippocampal-
dependent behaviour tasks in control and drug-treated adolescent
mice and to investigate the effects of FTY720 on anxiety and mem-
ory formation, and (2) to investigate how FTY720 affects the lipi-
dome of the hippocampus (in behaviour-naive adolescent mice). Our
results suggest that FTY720 causes significant up-regulation of sev-
eral sphingomyelin lipids (also known as ceramide phosphocholines)
in hippocampal cells. We also found a number of other membrane
lipids whose concentrations were significantly altered. Thus, our re-
sults pave the way for a more complete understanding of the myriad
actions of FTY720 on CNS neurons and glial cells, at a key stage in
adolescent brain maturation, and the potentially important role of
lipid signalling in FTY720's mechanism of action in the central ner-
vous system.

2 | MATERIALS AND METHODS
2.1 | Ethics statement

This study was not pre-registered. All experiments involving
animals and schedule 1 protocols used to obtain brain tissue
were approved by the Animal Welfare and Ethical Review Body
(AWERB committee) of the University of Brighton and carried out
under UK Home Office licence-approved protocols. This study
was conducted in accordance with the principles of the Basel
Declaration and adhered to the legislation detailed in the UK
Animals (Scientific Procedures) Act 1986 Amendment Regulations
(S1 2012/3039). All efforts were taken to maximise animal wel-
fare conditions and reduce the number of animals used in accord-
ance with the European Communities Council Directive of 20
September 2010 (2010/63/EU).

2.2 | Animals

The study was performed using male C57BL6/J mice (Charles River
UK Ltd). No exclusion criteria were pre-determined. All animals were
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housed under an artificial 12-h light-dark cycle (07.00-19.00) and
controlled room temperature (19-21°C) and humidity (40-60%).
Food and water were available ad libitum. A total of 30 animals were
used in this study, that is, 19 mice (control n=9 and FTY720 n=10)
for lipidomic analysis of hippocampal brain tissue and 11 mice (con-
troln=6 and FTY720 n=5) for behavioural evaluation. No randomi-
sation was performed to allocate subjects in the study. The mice
subjected to behavioural paradigms were different to those used for
lipidomic analysis to ensure that the stress associated with behav-
iour did not impact the hippocampal lipidome in any way. At postna-
tal day 21, male mice were weaned and separated into either control
group or drug treatment group (FTY720). FTY720 was provided
ad libitum in the drinking water at a concentration of 3.3 ug/mL for
21days (P21-P42), and the vehicle control group received 0.033%
DMSO in their drinking water. Both FTY720 water and DMSO vehi-
cle control water were refreshed once per week (i.e. twice in total)
over the course of the 21-day experiment. Several studies have
demonstrated the stability of FTY720 at therapeutic concentra-
tions in the drinking water of rodents (Chiba et al., 2011; Kocovski
et al., 2021; Metzler et al., 2008; Wang et al., 2014). We have previ-
ously shown behavioural effects of oral FTY720 at the same dose
in the experimental autoimmune encephalomyelitis mouse model
of multiple sclerosis (Sheridan & Dev, 2014). Behavioural evalua-
tion was performed on the final 5days of drug treatment between
10.00am and 12.00 noon each day and consisted of the forced swim
test (day 38), open field test (day 39), and Morris water maze (days
40-42) to assess despair-like behaviour, anxiety, and spatial memory,
respectively. On the last day of drug treatment (P42), mice that had
undergone behavioural assessment were weighed and it was noted
that the body weight of FTY720-treated mice was, on average, ap-
proximately 23% lower than controls (Figure 2a). However, studies
have shown that there is a non-proportional relationship between
body weight and absolute brain weight in rodents of the same age
and sex (Bailey et al., 2004). Therefore, it is very unlikely that there
was a 23% decrease in brain weight in the FTY720-treated mice,
although we did not weigh brain tissue samples before freezing to
ensure that there was only minimal degeneration of hippocampal
tissue prior to mass spectrometry analysis. All mice were killed by
cervical dislocation followed swiftly by terminal cessation of blood
flow via decapitation, and the hippocampus was dissected from the
brain, snap frozen in liquid nitrogen, and stored at -80°C until fur-
ther analysis (Figure 2a).

2.3 | Forced swim test

Before the task began, mice were habituated to the behavioural
room in individual cages for 30min. Each mouse was placed in an
individual clear glass cylinder (20cm in height and 15 cm in diameter)
filled with 1.4L of water at a temperature of 25+ 3°C (Figure 2a).
The forced swim test lasted 6 min and was recorded with a video
camera. Only the last 5min of the task were studied, since the first
minute is considered the habituation phase. Two main behaviours

JNC =—W1 LEY-

were analysed in order to assess depression-like behaviour in mice

Neurochemistry

(Porsolt et al., 1977), (a) immobility time, defined as minimum whole-
body movements with the exception of the necessary movement
needed to keep their heads above water, and (b) escape behaviour,
described as vigorous climbing movements executed with forepaws
above the water level and along the cylinder wall, indicating an at-
tempt to escape. The apparatus was cleaned and filled with fresh
water after each use, while each mouse was dried and returned to
their home cages. All measurements were manually scored and ex-

pressed as percentage values.

2.4 | Open field test

Before the task began, mice were allowed to adapt to the experi-
mental room for 30 min. Mice were then individually placed in the
central region of the apparatus and allowed to explore for 10 min,
while being videotaped. The apparatus consisted of a white
acrylic plastic box (60x 60x 30cm, | xw x h) divided into a central
square (zone 1) and the surrounding borders (zone 2; Figure 2a).
The apparatus was cleaned with 70% ethanol after each mouse.
The ratio of time spent in the outer zone compared to the cen-
tral zone (Z2:71), the distance travelled, and the amount of time
each mouse remained immobile were calculated, using ANY-maze
software (Stoelting Europe), to assess anxiety-like behaviour
(Choleris et al., 2001).

2.5 | Morris water maze

The Morris water maze task was performed to assess spatial learning
and memory (Morris, 1981). The water maze apparatus consisted of a
circular pool (60cm diameter and 16 cm height) with water depth of
8.5cm at a temperature of 25+ 3°C. For analysis, the pool was divided
into four quadrants of equal size. A hidden circular platform (4cm di-
ameter), constructed from transparent acrylic, was submerged 0.2cm
below the water surface at a distance of 6cm away from the wall in one
of the four quadrants. Surrounding the pool were four different visual
cues to help guide the mice to the correct quadrant where the escape
platform was located (Figure 2a). Mice were lowered into the water,
facing the wall, at one of three possible quadrant starting positions
(the platform quadrant was excluded as a starting position), which
were randomised in each trial. The spatial learning task consisted of a
two-day training period with four trials per animal each day. Each trial
lasted a maximum of 90s, and the escape latency was measured. Mice
that successfully found the hidden platform were allowed to remain
on it for 30s for the first trial and for 10s in the following trials. At the
end of each trial, mice were dried-off and returned to their individual
trial cages during the inter-trial interval of 15min. In the case of an
incomplete trial (mice that did not locate the platform within 90s), the
mouse was guided to or placed on the platform for 30s to allow it to
orientate itself. At the end of the training session, mice were dried-
off and placed back into their home cages. Hippocampal-dependent
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spatial reference memory was assessed through a probe trial 24h recorded with a video camera, and the percentage of time spent in the
after the final training session. For the probe trial, the platform was platform quadrant was calculated. The videos were analysed offline
removed and mice were placed into the pool for 60s. The task was using ANY-maze software (Stoelting Europe).
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FIGURE 2 Schematic representation of the experimental timeline, behavioural tasks, lipidomic workflow, and the data analysis conducted
in this study. (a) Post-weaning mice (PND21) were administered FTY720 orally (ad libitum) via the home cage water bottle at a concentration
of 3.3 pg/mL or 0.033% DMSO (control mice) throughout the 3-week study protocol. Behavioural tasks were performed during the last
5days (PND 38-42) of the experiment. Immediately prior to killing, mice were weighed and it was noted that FTY720-treated mice weighed
17.2+1.4g, whereas control mice weighed 22.3 + 1.3 g (unpaired Student's t-test, t =6.435, df=9, p=0.001). PND, postnatal day; d, day;
FST, forced swim test; OFT, open field test; MWM, Morris water maze. (b) Sample preparation involved dissection of the hippocampus from
FTY720- or DMSO-treated mice that were not exposed to behavioural task training. The brain tissue was homogenised using standard
protocols, and lipid extraction was performed via the Bligh-Dyer method. (c) Data acquisition was performed by high-performance liquid
chromatography-mass spectrometry (HPLC-MS) on a hybrid quadrupole Orbitrap mass spectrometer. (d) The first step of the data analysis
required the processing of raw values through the MZmine 2 program, followed by lipid identification with the LipiDex software package.

A Microsoft Excel macro was created to run the initial lipid species evaluation. Statistical analyses were performed through Perseus
software, GraphPad Prism, R Studio, and the lipidr package. Figure created using BioRender.com.

2.6 | Lipid extraction

Mouse hippocampal tissue disruption was performed in 0.9wt%
NaCl (isotonic saline) with a motor-driven tissue homogeniser, fol-
lowed by the addition of lipid standards in each sample (SPLASH
LipidoMIX™ Internal Standard, Avanti Polar Lipids, Alabaster, AL,
USA). Total lipid extracts were prepared using a four-step Bligh-
Dyer extraction protocol (Bligh & Dyer, 1959). The procedure was as
follows: (1) 1.25 volumes of CHCI, (chloroform), (2) 2.5 volumes of
MeOH, (3) 1.25 volumes of CHCI,, and (4) extraction was finalised
with 1.25 volumes of H,O. The separation of phases was achieved
by centrifugation for 10min at 4°C. Afterwards, the organic phase
(lower phase) was transferred to a glass tube and dried ina N, stream
in the heating block at 40°C for 30-40min (Figure 2b). The final step
comprised the addition of CHCI,; and transference to an amber vial

(with glass insert).

2.7 | Lipid detection by high-performance liquid
chromatography-mass spectrometry

Lipid samples were separated according to previously published
methods (Bahja et al., 2022) with an ultra-high-performance LC
system (UltiMate 3000, Thermo Scientific) using a reverse-phase
ACQUITY UPLC HSS T3 Column (100A, 1.8pm, 2.1mmx100mm,
Waters Corporation) set to 40°C. Detection was performed on a hy-
brid quadrupole Orbitrap mass spectrometer (Q Exactive, Thermo
Scientific). The solvent system used was solvent A (60:40v/v); water
(hypergrade for LC-MS, LiChrosolv®, MerckKGaA): acetonitrile
(MS suprasolve®, Sigma Aldrich) and 10mM ammonium formate
(99.995%, Sigma Aldrich), and solvent B (90:10v/v); isopropanol
(Optima™ LC/MS Grade, Fisher Scientific): acetonitrile and 10mM
ammonium formate. Solvent flow rate was 200 puL/min, diverted to
waste for the first 30s. The following solvent gradient was used,
100% A (0-1min), raised to 100% B over 53min, held at 100% B
for 3min, reduced to 0% B in 1 min, and equilibrated for 9 min. An
injection volume of 5uL was used in plL pick-up injection mode. All
samples were stored in the autosampler at 4°C and measured in pos-
itive and negative ionisation modes, using heated electrospray ioni-
sation (HESI). Spray voltage was set to 3500V for positive mode and
-3500V for negative mode, sheath gas was 45 au, auxiliary gas was 8

au, sweep gas was 1 au, and probe temperature was 350°C. Capillary
temperature was 320°C, and S-Lens was 50. MS data were acquired
in a data-dependent manner, with full scan profile MS spectra (250-
1200m/z) recorded at a resolution of 140000@200m/z followed
by the fragmentation of the top 10 most abundant precursor ions.
Dynamic exclusion was 10s, with charge exclusion for unassigned
and singly charged species. Automatic gain control (AGC) target was
1><106; maximum injection time was 50ms for a full scan. Precursor
ion fragmentation was performed by higher-energy collisional disso-
ciation (HCD) using a normalised stepped collision energy of 25 and
30, with a default charge state of 1. MS/MS scans were recorded in
profile mode, performed at a resolution of 17 500@200m/z with an
AGC target value of 1x 10° and a maximum injection time of 100ms

using an isolation window of 1.0m/z (Figure 2c).

2.8 | Lipididentification parameters

Lipid identities were assigned using LipiDex software (Hutchins
et al., 2018). Spectral searching settings were as follows: MS1 search
tolerance (0.01m/z), MS2 search tolerance (0.01m/z), and MS2 low
mass cut-off (61.00). Peak finding settings, performed using separate
polarity files (produced in MZmine, see below for details), with MS/MS
filtering parameter were as follows: min lipid spectral purity (75%), min
MS2 search dot product (500), and min MS2 search reverse dot product
(700). Feature association parameters were full width at half maximum
(FWHM) window multiplier (2.0) and max mass difference (15ppm),
as previously reported (Bahja et al., 2022). HPLC alignment files were
generated using MZmine (Katajamaa et al., 2006). Briefly, raw format
(.raw) files were imported and features were detected with the mass
detection algorithm (MS level 1, noise level 1x10°). Chromatogram
construction was performed using the ADAP chromatogram builder
(Myers et al., 2017; Pluskal et al., 2010): minimum group scan size (3),
minimum group intensity (1 x 10%), minimum highest intensity (1x 10°),
and mass/charge (m/z) tolerance (0.005m/z or 10 ppm). Chromatogram
deconvolution was carried out using a local minimum search algorithm:
chromatographic threshold (0.02%), search minimum in retention time
(RT) threshold (0.05 min), minimum relative peak height (0.02%), mini-
mum absolute height (5x 10°), minimum ratio of peak/top edge (3), and
peak duration range (0.05 to 1.5min). Isotopic peak grouping utilised
(m/z tolerance 0.005m/z or 10ppm, RT tolerance 0.05min, maximum
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ment was performed (m/z tolerance 10ppm, m/z weight 20, RT toler-
ance 0.1 min, weight for RT 20) with gap filling (same RT and m/z range
gap filler), m/z tolerance (10 ppm). After filtering (using the ‘feature list
rows filter’ and setting the ‘minimum peaks in a row’ to 0.75 and the
‘minimum peaks in an isotope pattern’ as 2), data were exported as
.csv file. Full details of the bioinformatic transformations required for
compatibility with LipiDex software are detailed in the example data
provided (Hutchins et al., 2018). Full lipidomic methodology has been
published previously (Bahja et al., 2022).

Lipid quantifications were performed relative to the peak area of
the isotopic standard added at the Bligh-Dyer extraction stage. PE,
PE(OH), plasmanyl-PE, and plasmenyl-PE species were quantified to
the PE standard 15:0-18:1(d7) PE (5.3ug/mL), and PC, PC(OH), plas-
manyl-PC, and plasmenyl-PC were quantified to the PC standard
15:0-18:1(d7) PC (150.6pg/mL). DG, TAG, PI, PG, PS, and SM lipids
were quantified relative to peak areas corresponding to 15:0-18:1(d7)
DG (8.8pg/mL), 15:0-18:1(d7)-15:0 TAG (52.8 ug/mL), 15:0-18:1(d7)
Pl (8.5pg/mL), 15:0-18:1(d7) PG (26.7pg/mL), 15:0-18:1 (d7) PS
(8.9pug/mL), and d18:1-18:1(d9) SM (29.6 ug/mL), respectively. LysoPE
and LysoPC were quantified relative to peak areas corresponding to
18:1(d7) LysoPE (4.9 pg/mL) and 18:1(d7) LysoPC 23.8 ug/mL. Total
lipid concentration was normalised by molar concentration across all
lipid species for each sample, and final data are presented as % molar

composition or lipid concentration (nanomoles/hippocampus).

2.9 | Statistical analysis

No blinding was performed in this study. For behavioural studies, a
sample size of n=6 per group was estimated based on our previous
work (Sheridan & Dev, 2014), which reported behavioural effects of
FTY720 using group sizes of five mice. One mouse in the FTY720
group was excluded from the analysis because it displayed abnormal

behaviour in the open field test and in the forced swim apparatus;
that is, it hardly stopped moving in the OFT, and it hardly swam at all
in the FST. For lipidomic studies, a sample size of n=10 was estimated
based on previous published work (Fitzner et al., 2020) that used
group sizes of n=3-5 to investigate lipidomic changes in the mouse
brain. We doubled the sample size estimation in our study because of
its exploratory nature and to be more confident of detecting a drug
effect, if present. For lipidomic analysis, one mouse from the control
group was excluded because a problem was encountered with that
lipid sample during the mass spectrometry protocol and the final hip-
pocampal lipid concentrations for that mouse were inaccurate.

The data are expressed as mean+SEM. All behaviour data were
analysed using GraphPad Prism 10 (GraphPad Software, San Diego,
CA, USA). Unpaired two-tailed Student's t-tests were performed for
the forced swim and open field tests. Morris water maze data were
analysed using two-way analysis of variance (ANOVA) and unpaired
Student's t-test, as appropriate. The post hoc test used was Sidak's
test, and a p-value <0.05 was considered statistically significant. The
heatmap was generated using GraphPad Prism 10 software. For the
volcano plot analysis, Perseus version 2.0.3.0 (Computational Systems
Biochemistry; Tyanova et al., 2016) was used to perform Student's t-
tests between the control and FTY720 treatment groups. A threshold
value of p<0.05 was considered statistically significant. In addition,
lipids had to demonstrate a fold change of <0.77 or 21.3 to be con-
sidered statistically significant. Both volcano plots were generated
in GraphPad Prism 10 software. A linear mixed effects model was
performed on the full data set using R and the Ime4 package (Bates
et al., 2015) confirming a significant drug effect of FTY720. The lipidr
package in R (Mohamed et al., 2020) was used to perform OPLS-DA
(orthogonal partial least squares discriminant analysis) to visualise the
significant FTY720-mediated drug effect. To analyse the degree of
unsaturation and changes in fatty acid chain length of individual lipid
classes, two-way ANOVAs were performed in GraphPad Prism 10
software with $idak's multiple comparison correction tests. To study

FIGURE 3 FTY720 decreases immobility time in the forced swim paradigm but increases immobility and reduces total distance travelled in
the open field arena. Mice were first exposed to the forced swim test on postnatal day 38 after 17 days of FTY720 treatment. (a) The amount of
time that mice spent trying to climb and escape from the forced swim apparatus was calculated, and there was no statistical difference between
control and FTY720-treated mice (29.2+7.4 vs. 50.5+17.7s, t=0.048, df =9, p=0.96). (b) The time it took for mice to stop swimming initially
(latency to immobility) in the forced swim apparatus was calculated, and there was no statistical difference between control and FTY720-treated
mice (51.2+11.7 vs. 98.0+£23.4s,t=2.098, df =9, p=0.06). (c) The total amount of time mice spent immobile in the forced swim apparatus

was calculated, and there was a statistical difference between control and FTY720-treated mice (54.8+£15.6 vs. 2.6 +0.9s,t=6.557, df=9,
p=0.0001). On postnatal day 39, mice were tested in the open field arena. (d) The duration of time mice spent in the central zone (Z1) and the
peripheral zone (Z2) was calculated, and the ratios of time spent in zone 2 vs. zone 1 (Z2/Z1) were calculated. There was no statistical difference
between control and FTY720-treated mice (8.3+1.2 vs. 8.8+2.1, t=0.106, df=9, p=0.92). (€) The amount of time that mice spent immobile in
the open field arena was calculated, and there was a statistical difference between control and FTY720-treated mice (44.2+13.1 vs. 92.6 +19.8s,
t=2.355, df=9, p=0.04). (f) The total distance that each mouse travelled in the open field arena was calculated, and there was a statistical
difference between control and FTY720-treated mice (58.9+4.5 vs. 42.1+2.8s, t=3.109, df =9, p=0.01). On postnatal days 40 and 41, mice
were trained in the Morris water maze spatial learning task. FTY720 did not exert any significant effects on spatial learning or memory retention
in the Morris water maze paradigm. (g) The time it took for mice to find the hidden platform on day 2 decreased significantly from times recorded
on day 1 (two-way ANOVA, F(1, 18)=24.19, p=0.001). (h) On postnatal day 42, the spatial memory of each mouse was tested in a probe trial. The
amount of time control and FTY720-treated mice spent swimming in the platform quadrant was significantly greater than the time spent in the
opposite quadrant (two-way ANOVA, F(1, 9)=166.9, p=0.001). (i) Finally, the number of times each mouse entered the platform quadrant was
calculated. There was no statistical difference between control and FTY720-treated mice (21.2+1.1vs. 23.8+1.8,t=1.17,df=9,p=0.27). In all
bar charts, vehicle control mice are depicted by white bars and FTY720-treated mice are represented by grey bars.
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changes in the %mol composition of individual lipid classes, individual
Student's t-tests were performed in GraphPad Prism 10 software. To
investigate whether FTY720 exerted a dose-dependent effect on the
concentration of individual lipid species, Pearson's r correlations were

performed using GraphPad Prism 10 software (Figure 2d).

3 | RESULTS

3.1 | FTY720 decreases depression-like behaviour
in the forced swim test but increases anxiety-like
behaviour in the open field test

Seventeen days of treatment with FTY720 from weaning age (P21) to
postnatal day 38 had a significant effect on mouse behaviour in the
forced swim paradigm (Figure 3a-c). FTY720 dramatically reduced
the amount of time mice spent immobile (54.8+15.6 vs. 2.6+0.9s,
p=0.0001). However, FTY720 did not significantly increase climbing
or escape-like behaviour in the forced swim test (control: 29.2+7.4 vs.
FTY720: 50.5+17.7s, p=0.96). The following day (postnatal day 39),
mouse behaviour was then assessed in the open field test (Figure 3d-
f). Control mice spent the same proportion of time as FTY720-treated
mice in the centre (zone 1) versus the borders of the arena (zone 2;
8.3+1.2 vs. 8.5+ 1.7, respectively, p=0.92). Interestingly, in contrast
to the forced swim test, the FTY720-treated group of mice spent over
double the amount of time immobile in the open field arena compared
to control mice (44.2+13.1 vs. 92.6+19.8s, respectively, p=0.04).
FTY720 also significantly reduced the total distance travelled by mice
when compared to vehicle controls (58.9+4.7 vs. 42.1+2.8 metres,
respectively, p=0.01). On postnatal day 40, after 19 consecutive days
of FTY720 exposure, mice were trained in the Morris water maze spa-
tial learning paradigm (Figure 3g). Both control and FTY720-treated
mice demonstrated significant decreases in escape latency on training
day 2 (P41), suggesting that both groups learned the spatial memory
task (control: 53.3+21.7 vs. 20.5+8.4s; and FTY720: 69.6+28.4 vs.
20.3+8.3s). Moreover, mice treated with FTY720 spent approxi-
mately the same amount of time (ca. 50%) as control mice swimming in
the platform quadrant on day 3 of the MWM test (i.e. the probe trial),
suggesting that they did indeed remember the hidden platform loca-
tion (Figure 3h). There were also no significant differences between
control and FTY720-treated mice in the number of entries to the plat-
form quadrant in the probe trial (Figure 3i), nor in the distance swum in
60s (data not shown). Therefore, FTY720 did not appear to exert any

beneficial or detrimental effect on spatial memory.

3.2 | FTY720 exerts a significant drug effect
on the mouse hippocampal lipidome

Label-free shotgun lipidomics was performed on hippocampal tissue
from 6-week-old male C57BL/6 mice that were chronically treated
for 3weeks either with vehicle control or with FTY720. These mice
were not exposed to any behavioural tasks. To confirm that dosing

mice with FTY720 in the drinking water resulted in a measurable
accumulation of drug in the brain, mass spectrometric detection of
FTY720 in hippocampal lipid samples was performed (Figure 4a-c).
All ten mice demonstrated significant expression of FTY720 in the
hippocampus compared to the nine controls treated with DMSO
and compared to background readings (Figure 4d). In addition, a
total of 599 lipid species were identified in all mice and they can be
grouped into 4 main lipid categories, namely glycerolipids, glycer-
ophospholipids, sphingolipids (i.e. sphingomyelins), and sterol lipids
(i.e. cholesteryl esters; Figure 5a). The most abundant lipid classes
identified (19 in total) were the phosphatidylethanolamines (PEs), the
phosphatidylinositols (Pls), the plasmenyl-PE plasmalogens, and the
phosphatidylcholines (PCs), whereas the least abundant lipid classes
were the hydroxy-phosphatidylethanolamines (PEOHSs), the alkanyl-
triacylglycerols, and the alkenyl-triacylglycerols (Table 1). The heat-
map in Figure 5b displays the relative abundance of each lipid class
per mouse hippocampus, in both control (1=9) and FTY720-treated
(n=10) groups. A linear mixed effects model suggested a significant
effect of the drug, and OPLS-DA (orthogonal partial least squares
discriminant analysis) confirmed that FTY720 drug-treated mice dis-
played a hippocampal lipid signature that diverged from control ani-
mals (Q2 value of 0.594 and R2Y value of 0.784; Figure 5c). Q2 and
R2Y values represent the predictability and goodness of fit of the
model, respectively.

3.3 | FTY720reduces hydroxy-phosphatidylcholine
(PCOH) monounsaturated fatty acids and increases
PCOH polyunsaturated fatty acids

Saturated fatty acids (FAs) have no double bonds, while unsaturated
FAs exhibit one or more double bonds (Lei et al., 2016) and can be fur-
ther classified into monounsaturated fatty acids (MUFAs) and polyun-
saturated fatty acids (PUFAs). We analysed the effects of FTY720 on
the degree of unsaturation of all identified lipid classes in the mouse
hippocampus (Figure 6). When analysing the total lipid content, we
found that FTY720 caused a significant increase in the proportion of
lipids possessing 3-4 carbon-carbon double bonds (Figure 6a). We
then investigated the saturation status of each lipid class individually.
Hydroxy-phosphatidylcholine (PCOH) MUFAs containing one double
bond were reduced following 3weeks of FTY720 drug treatment (con-
trol: 9.4+1.3% vs. FTY720: 5.9+0.2%, p=0.018; Figure 6c), whereas
there was a concomitant increase in PCOH-PUFAs containing two
or more double bonds (control: 87.9+1.7% vs. FTY720: 92.4+0.3%,
p=0.002). There were no significant changes in the degree of unsatura-

tion of any other lipid classes identified.
3.4 | FTY720 increases the fatty acid chain
length of hydroxy-phosphatidylcholine lipids

Fatty acids can also be classified by their hydrocarbon chain length
and the number of carbon-carbon bonds present. For example,
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FIGURE 4 Detection of FTY720 in the mouse hippocampus using liquid chromatography-mass spectrometry. (a) Mass spectrum of a
hippocampal tissue sample from a mouse treated with FTY720 for 3weeks. The base peak mass-to-charge ratio (m/z) of 308.256-308.260
was detected at a retention time (RT) of 13.62min. (b) Collision-assisted dissociation mass spectra of FTY720 (m/z 308.3 — 255.2; Xue

et al., 2020). (c) Relative ion intensity peak of 308.3 confirms the presence of FTY720 (fingolimod) in the drug-treated brain tissue samples.
(d) The relative concentration of FTY720 for each drug-treated mouse was calculated as the peak area and compared to background levels
and to control hippocampal tissue samples. There were no differences between DMSO vehicle control-treated mice and background,
whereas FTY720-treated mice, on average, displayed ca. 25 times larger peak areas, confirming the presence of FTY720 in hippocampal
tissue samples.

short-chain FAs possess 2-5 carbon atoms; medium-chain FAs, 6-12 on the FA hydrocarbon chain length of all lipids identified in the

carbons; long-chain FAs, 13-21 carbons; and very long-chain FAs, 222 mouse hippocampus (Figure 7). A small proportion (2.6-2.7%) of the

carbons (Lei et al., 2016). We analysed the effects of FTY720 exposure lipids identified could be classed as long-chain FAs possessing 14-20
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FIGURE 5 Chronic FTY720 treatment
alters hippocampal lipid expression.

(a) Horizontal boxplots displaying the
dynamic range of lipid class expression
in the mouse hippocampus. The relative
abundance of four lipid categories
(glycerolipids, glycerophospholipids,
sphingolipids (i.e. sphingomyelins),

and sterol lipids) comprised of 19 lipid
classes, and a total of 599 lipid species
are expressed as Log,, nanomolar
concentrations. (b) A heatmap showing
the relative expression of each lipid
class for every mouse hippocampus in
the control (n=9) and FTY720-treated
(n=10) groups. (c) OPLS-DA (orthogonal
partial least squares discriminant
analysis) plot illustrating a significant
effect of FTY720 drug treatment. The
goodness of fit and predictability of the
model are represented by R2X=0.529,
R2Y=0.784, and Q2=0.594. CE,
cholesteryl ester; DG, diacylglycerol;
LysoPC, lysophosphatidylcholine;
LysoPE, lysophosphatidylethanolamine;
PA, phosphatidic acid; PC,
phosphatidylcholine; PCOH,
hydroxy-phosphatidylcholine; PE,
phosphatidylethanolamine; PEOH,
hydroxy-phosphatidylethanolamine;
PG, phosphatidylglycerol;

Pl, phosphatidylinositol; PS,
phosphatidylserine; SM, sphingomyelin;
TG, triacylglycerol.
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carbons (Figure 7a), whereas the vast majority were very long-chain
FAs possessing 222 carbons. There were no changes in the overall pro-
portions of FA chain lengths following FTY720 treatment (Figure 7a).
Interestingly, we found an increase in the expression of hydroxy-
phosphatidylcholine lipid species containing 38-carbon FA chains
(control: 30.0£2.2% vs. FTY720: 35.7+0.9%, p=0.0003; Figure 7c).
Since the data are expressed as a proportion, if one FA chain length
significantly increases following FTY720 exposure, then the other hy-
drocarbon chain lengths should decrease as a result. Following that
logic, it appeared as though there was a concomitant decrease in the
expression of PCOH lipid species containing 34 carbons (control:
9.0+1.2% vs. FTY720: 5.84+0.2%, p=0.11). However, the multiple

comparison-adjusted p-value was not statistically significant. There

TABLE 1 Lipid categories and
lipid classes identified in the mouse

JNC

were no significant changes in the FA hydrocarbon chain length of any

Neurochemistry

of the other lipid classes identified.

3.5 | Chronic oral treatment with FTY720
significantly increases expression of 99 distinct lipid
species in the mouse hippocampus

A total of 599 distinct lipid species were detected by LC-MS in mouse
hippocampal tissue samples (Table 1): 423 belonged to the category
of glycerophospholipids, 37 were sphingomyelins, 134 were glyc-
erolipids, and 5 were cholesteryl esters. We analysed the effect

of chronic FTY720 exposure on the expression of each of the 599

Number of lipid Sum total (nmol/

hippocampus by label-free shotgun Lipid categories and lipid classes species hippocampus)
lipidomic methods. Glycerophospholipids

Phosphatidylcholine (PC) 117 62.82+12.34
Hydroxy-phosphatidylcholine (PCOH) 66 0.64+0.34
Lysophosphatidylcholine (LysoPC) 20 3.26+0.73
Phosphatidylethanolamine (PE) 55 76.54+19.11
Hydroxy-phosphatidylethanolamine (PEOH) 9 0.02+0.01
Lysophosphatidylethanolamine (LysoPE) 15 3.16+0.48
Phosphatidylinositol (PI) 18 80.18+30.88
Phosphatidic acid (PA) 4 3.09+1.11
Phosphatidylglycerol (PG) 15 2.10+0.29
Phosphatidylserine (PS) 3 0.91+0.40
Plasmanyl-PC 40 5.62+1.25
Plasmanyl-PE 12 8.91+1.22
Plasmenyl-PE 49 62.91+16.90
Total 423 310.16

Sphingolipids
Sphingomyelin (SM) 37 4.24+0.52
Total B 4.24

Glycerolipids
Triacylglycerol (TG) 90 1.62+0.99
Alkanyl-TG 0.0068+0.0015
Alkenyl-TG 4 0.012+0.021
Diacylglycerol (DG) 33 6.48+2.06
Total 134 8.12

Sterol lipid
Cholesteryl ester (CE) 5 6.21+4.23
Total 5 6.21

Total 599 328.73

Note: A total of 599 lipid species were identified, including 423 distinct glycerophospholipids that
made up 94% of the total lipid concentration of the hippocampus. The most abundant lipid classes
were the phosphatidylinositols (Pl, 24% total lipid composition), phosphatidylethanolamines (PE,

23%), plasmenyl-PE (19%), and phosphatidylcholines (PC, 19%). A total of 37 very long-chain fatty
acid sphingomyelin (SM) lipid species were identified, as well as 5 long-chain fatty acid cholesteryl

ester (CE) lipids.
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FIGURE 6 FTY720 treatment leads to a decrease in monounsaturated FAs and an increase in polyunsaturated FAs of the PCOH lipid
class in the mouse hippocampus. (a) Changes to the saturation status of all lipid species identified in the hippocampus of control and
FTY720-treated mice were analysed. Polyunsaturated fatty acids containing 3 or 4 carbon double bonds were significantly elevated in

drug-treated mice (unpaired Student's t-tests with Holm-Sidak's corrections for multiple comparisons, t =3.099, p=0.007). (b)-(t) The degree

of unsaturation of each of the 19 distinct lipid classes was also analysed in both control and FTY720-treated mice. Each of the 599 lipid
species was described as ‘saturated’ (fatty acid hydrocarbon chains containing zero double bonds), ‘monounsaturated’ (FA chains containing
one double bond), or ‘polyunsaturated’ (FA chains containing two or more double bonds). The degree of unsaturation was expressed as a

percentage (%) of the total molecular composition of that particular lipid class. White bars represent control animals, and grey bars represent

FTY720-treated mice. (c) 3weeks of exposure to FTY720 caused a decrease in MUFAs (Sidak's multiple comparison post hoc test, p=0.018)
and an increase in PUFAs (Sidak's multiple comparison post hoc test, p=0.002) of the hydroxy-phosphatidylcholine (PCOH) lipid class (two-
way ANOVA, F(2, 51)=6511, p=0.0001). FTY720 did not alter the degree of saturation of any other lipid class.
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FIGURE 7 FTY720 treatment caused an increase in the fatty acid chain length of hydroxy-phosphatidylcholine (PCOH) lipids in the
mouse hippocampus. (a) 599 lipid species were identified by HPLC-MS, belonging to 19 separate lipid classes. Long-chain FAs (14-21
carbons) comprised approximately 2.6-2.7% of total lipids, and the remaining were very long-chain FAs with 22- to 66-carbon chain lengths.
FTY720 did not cause an overall change in FA hydrocarbon chain length in the mouse hippocampus. (b)-(t) Each lipid class was composed of
lipids that displayed a range of FA hydrocarbon chain lengths. Most of the lipid classes were composed of lipid species with very long-chain
FAs (i.e. 222 hydrocarbons), apart from (c) LysoPC, (g) LysoPE, and (s) CE, which predominantly contained long-chain FAs (14-20 carbon
atoms). (c) FTY720 caused an increase in the proportion of PCOH lipids with a FA hydrocarbon chain length of 38 (two-way ANOVA, F(5,
102) =344, Sidak's multiple comparison post hoc test, p=0.0003). It appeared that FTY720 may also cause a decrease in the proportion of
PCOH lipids with a FA chain length of 34 carbons; however, the multiple comparison-adjusted p-value was not significant (Sidak's post hoc
test, t=2.376, p=0.11). FTY720 did not alter the FA chain length of any other lipid class.

lipid species identified by plotting the -Log, (p-value) against the
Log,(fold change), as represented by the volcano plot (Figure 8a). 161
lipid species were significantly altered following 3 weeks of exposure
to FTY720. However, we then set more stringent criteria that also
considered the magnitude of the fold change. Only lipid species that
demonstrated a fold change of 21.3 or <0.77 were considered sig-
nificant. Based on these criteria, 99 lipid species were up-regulated
and 3 lipid species were down-regulated following FTY720 expo-
sure (Figure 8b). When the individual lipid species were grouped into
their respective lipid classes, there was a significant up-regulation in
plasmenyl-PE plasmalogens (Figure 8f). The plasmenyl-PE lipid class
composes 17.0+1.3% of the total molar composition of lipids in the

hippocampus of control mice, and this increased to 20.5+0.9% Mol
composition (t-test, p=0.035, Figure 8f) following FTY720 exposure.
On the contrary, there was a significant decrease in phosphatidic
acid (PA) lipids 3weeks post-FTY720 treatment. The PA lipid class
composes 1.1+0.2% of the total molar composition of lipids in the
hippocampus of control mice, and this decreased to 0.5+0.07% Mol
composition (t-test, p=0.019, Figure 8l) following FTY720 exposure.
Table S1 provides a comprehensive list of the individual lipid species
that were significantly up- or down-regulated in expression in the
mouse hippocampus following 3weeks of oral FTY720 exposure.
Among them are 18 sphingomyelin lipid species that display fold
changes between 1.32 and 1.76 in FTY720-treated mice.
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FIGURE 8 FTY720 effects on the expression of lipids in the mouse hippocampus. (a) Volcano plot of individual lipid species. The negative

Log,, of the p-value (Y-axis) is plotted against the Log, of the fold change in lipid expression of FTY720-treated mice versus the control
group. Black dots represent no significant change (p>0.05) with FTY720 treatment, the blue dots represent down-regulated lipids, and

red dots represent up-regulated lipids. (b) When a fold change cut-off of 21.3 or <0.77 is also applied to the data in addition to the p-value
threshold, the number of lipid species that met these criteria decreased and is represented by the coloured dots. Individual lipid species are

listed in Table S1. (c)-(u) Lipid composition of hippocampus of control mice (white bars) or mice treated with FTY720 (grey bars). Graphed on
the Y-axes are the percentage (%) molar compositions. Values are mean+SEM. Control (n=9) and FTY720 (n=10) mice per group. Statistical

analyses were performed using unpaired two-tailed Student's t-tests, *p <0.05. FTY720 caused an increase in (f) plasmenyl-PE lipids (t-test,
t=2.283, df=17, p=0.035) and a concomitant decrease in (I) phosphatidic acid lipids (t-test, t=2.591, df=17, p=0.019).
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FIGURE 9 Hippocampal FTY720 concentration versus lipid concentration. A total of 102 lipid species demonstrated significant
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changes in expression following 3weeks of FTY720 exposure. 17 of those lipids demonstrated a dose-dependent regulation of their
expression levels. (a, b) Two hydroxy-phosphatidylcholine (PCOH) lipid species demonstrate a dose-dependent increase in concentration,
as does (c) LysoPC 18:2. Similarly, both (d) TG 16:0_16:0_20:4 and (e) TG 56:4 display positive correlations with hippocampal FTY720

concentration (calculated as peak area). (f-i) Four phosphatidylethanolamine (PE) lipids display dose-dependent increases in concentration,
and (j-) three plasmenyl-PE plasmalogens also show positive correlations with hippocampal FTY720 levels. (m) PEOH 42:10 demonstrates
the strongest positive relationship with hippocampal FTY720 concentration (Pearson's r=0.85, R?=0.72). (n-0) Both SM d32:1 and SM
d35:2 sphingomyelins display a dose-dependent increase in expression following 3weeks of FTY720 exposure, whereas (p) SM d36:0
sphingomyelin is the only lipid to show a dose-dependent decrease in concentration (Pearson's r=-0.73, R>=0.53). Finally, (q) SM d43:1
displays a moderate increase in concentration with increasing hippocampal FTY720 concentrations (Pearson's r=0.63, R?=0.40).
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3.6 | Several lipid species display dose-dependent
changes in expression following FTY720 exposure

Finally, since label-free shotgun lipidomics enabled us to detect the
relative abundance of FTY720 in each mouse hippocampus, we in-
vestigated whether any of the significantly changing lipid species
also demonstrated dose-dependent regulation of their expression
levels. Using Pearson's r correlation analysis, we plotted the abun-
dance (peak area) of FTY720 in each mouse hippocampus against the
nanomolar concentration of each lipid and found that 17 out of 102
lipids displayed dose-dependent changes in expression (Figure 9).
Interestingly, 16 lipid species demonstrated positive correlations
and only one showed a negative correlation; that is, as FTY720
levels increased, the concentration of that single lipid decreased
(Figure 9p). The three most abundant lipid species that displayed
positive correlations and dose-dependent increases in expression
were the plasmalogens, Plasmenyl-PE 18:0_22:5 (Pearson's r=0.64;
Figure 9j), Plasmenyl-PE 18:0_24:4 (Pearson's r=0.84; Figure 9k),
and Plasmenyl-PE P40:1 (Pearson's r=0.83; Figure 9l). Three sphin-
gomyelin lipid species also demonstrated dose-dependent increases
in expression because of FTY720 accumulation in the hippocam-
pus, namely SM d32:1 (Pearson's r=0.69; Figure 9n), SM d35:2
(Pearson's r=0.69; Figure 90), and SM d43:1 (Pearson's r=0.63;
Figure 9q). Sphingomyelin SM d36:0, on the contrary, displayed a
dose-dependent decrease in expression with increasing FTY720
accumulation in the hippocampus (Pearson's r=-0.73; Figure 9p).
Further research will be necessary to investigate whether these
17 lipid species, in particular, are important mediators of FTY720's
myriad actions on different cell types in the central nervous system.

4 | DISCUSSION

In the present study, we have investigated the impact of chronic
FTY720 drug treatment on both adolescent mouse behaviour and
the lipidomic signature of the hippocampus. FTY720 was the first
oral disease-modifying therapy for relapsing-remitting multiple
sclerosis (Brinkmann et al., 2010; Sharma et al., 2011) and is now
approved for use in children and adolescents over the age of 10.
As such, studying the CNS effects of FTY720 at this key stage in
brain maturation is timely and clinically relevant. Because of its
high oral bioavailability (>90%), lipophilic properties, and relatively
long half-life (6-9 days in humans; David et al., 2012), FTY720 can
cross the blood-brain barrier and accumulate in lipid-rich areas of
the brain and spinal cord, particularly in white matter tracts (Dev
et al.,, 2008; Foster et al., 2007; Hunter et al., 2016). Using mass
spectrometry, our measurements confirmed that FTY720 was pre-
sent in the hippocampus of chronically treated mice at ca. 25 times
above background levels (Figure 4). FTY720 has been shown to
have beneficial effects on cognition in a number of animal models
of CNS disorders, such as schizophrenia (Yu et al., 2023), multiple
sclerosis (de Bruin et al., 2016; dos Santos et al., 2019), stroke (Nazari
et al., 2016), Alzheimer's disease (Asle-Rousta et al., 2013; Fagan

et al., 2022; Fukumoto et al., 2014; Kartalou et al., 2020), Parkinson's
disease (Vidal-Martinez et al., 2019), Huntington's disease (Miguez
et al., 2015), and even radiation-induced cognitive deficits (Stessin
etal., 2017). Here, however, we found no obvious effects of FTY720
on adolescent mouse behaviour in the Morris water maze spatial
learning task. This is not so surprising given that young healthy mice
were used. Therefore, we can conclude that FTY720, in our hands,
does not act as a nootropic agent in the strict sense of the definition,
as it failed to enhance spatial memory over and above normal levels
in young wild-type male mice. FTY720 did, however, decrease the
amount of time that mice spent immobile in the forced swim test
(FST). Inrecent years, the FST has received a lot of criticism regarding
the types of mouse behaviours it can measure and the conclusions
that can be drawn from calculating how long mice spend immobile,
or alternatively, how long they spend struggling to escape (Molendijk
& de Kloet, 2019; Reardon, 2019; Yankelevitch-Yahav et al., 2015).
For example, we could infer from our results that FTY720 decreases
depression or despair-like behaviour in adolescent mice (Figure 3c).
However, the (non-significant) increase in climbing and escape-like
behaviour in two out of five FTY720-treated mice could also indi-
cate an increase in anxiety in the novel water environment. Coupled
with results from the open field test, that is, a significant decrease
in locomotion (Figure 3f) and a doubling of the time spent immo-
bile (Figure 3e), it could be argued that FTY720 induces anxiogenic
behaviours in adolescent male mice. On the contrary, others have
shown anti-depressant (di Nuzzo et al., 2015; Guo et al., 2020) and
anxiolytic (Guo et al., 2020) effects of FTY720 in classic mouse mod-
els of depression and chronic stress. In our hands, however, FTY720
appears to exert negative effects on behaviour in young healthy
(non-depressed) wild-type mice, a plausible result given its potent
immunosuppressant actions (Graler & Goetzl, 2004) and the fact
that the neural centres of the brain responsible for emotion, impulse
control, and mood regulation are still maturing in adolescent mice
during this three-week time window post-weaning (Hammelrath
et al., 2016; Semple et al., 2013). Previously, using young adult fe-
male mice (11weeks old), we have shown that FTY720 rescues
locomotion deficits in the experimental autoimmune encephalomy-
elitis (EAE) model of multiple sclerosis (Sheridan & Dev, 2014). So,
depending on whether mice are ill or healthy, FTY720 may exert op-
posing effects on mouse locomotion. Therefore, from a clinical per-
spective, the results we present here suggest that physicians should
be mindful of potential adverse effects of FTY720 on mood and be-
haviour when conducting clinical trials and investigating the poten-
tial beneficial effects of FTY720 for non-life-threatening conditions
(e.g. chemotherapy-induced neuropathic pain; National Library of
Medicine [NLM], 2019, NCT03943498). In non-depressed patients,
adverse drug reactions that impact mood and increase anxiogenic
behaviour can often mask any modest analgesic effects of the same
drug (Leung et al., 2022).

In addition to its numerous direct S1P receptor-mediated ac-
tions on neurons (Di Menna et al., 2013; Oyama et al., 1998; Rossi
et al., 2012), astrocytes (Groves et al., 2013; Miron et al., 2008;
Mullershausenetal.,2007; Osinde et al.,2007; O'Sullivan et al., 2018;
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Wu et al., 2013), microglia (Groves et al., 2013; Nayak et al., 2010;
O'Sullivan et al., 2018; Qin et al., 2017), oligodendrocytes (Groves
et al., 2013; Miron et al., 2008), and cerebrovascular endothelial
cells (Brinkmann, 2007; Brinkmann et al., 2004; Zhao et al., 2018),
FTY720 may also impact cell signalling pathways by interacting with
phospholipid membranes. FTY720 is an amphipathic molecule, pos-
sessing both hydrophobic and hydrophilic groups that incorporate
into lipid bilayers. In aqueous solutions, FTY720 forms micellar ag-
gregates that can interact with biological membranes and modulate
lipid packing, thus affecting membrane permeability, stiffness, and
fluidity (Swain et al., 2013). For example, FTY720, at high concentra-
tions, has been shown to induce externalisation of phosphatidylser-
ine (PS) in the outer membrane leaflet of tumour cell lines, leading to
celldeath (Youngetal.,2019). In addition to its impact on the biophys-
ical properties of the outer cell membrane, FTY720 may regulate the
composition and properties of organelle membranes, including the
Golgi apparatus, endoplasmic reticulum, endosomes, and mitochon-
dria (Breslow & Weissman, 2010; Hagihara et al., 2020; Nagahara
et al.,, 2000). S1P receptor-independent up-regulation of reactive
oxygen species (ROS) has been proposed to underlie FTY720's anti-
tumorigenic actions (Takasaki et al., 2018). The concentrations of
lipid metabolites in the cytosol and in subcellular compartments of
neurons and glia may also be modified by FTY720-mediated inhibi-
tion of enzymes, including ceramide synthase, S1P lyase, sphingosine
kinase (SphK1), and acid sphingomyelinase (Bandhuvula et al., 2005;
Dawson & Qin, 2011; Lahiri et al., 2009; Lim et al., 2011). For exam-
ple, FTY720 reportedly inhibits the up-regulation of ceramide in the
retina in response to high-intensity light exposure, thus promoting
neuroprotection (Chen et al., 2013).

4.1 | Effectsof FTY720 on membrane
phospholipids

The goal of this study was to investigate the effects of FTY720 on
the lipid content of the hippocampus of young healthy (control) mice
whose brains are at a key stage of functional maturation. The com-
position of the phospholipid bilayer impacts membrane biophysics
(Dymond, 2021) and thus the conformational flexibility of receptor
complexes, as well as the opening and closing probabilities of trans-
membrane ion channels involved in neurotransmission and synap-
tic plasticity (Aureli et al., 2015; Olsen & Feergeman, 2017). The dry
weight of the brain is comprised of approximately 50% lipids (Chang
et al., 2009; O'Brien & Sampson, 1965; Woods & Jackson, 2006),
and it has been suggested that up to 20% of the brain's energy
needs are fulfilled via fatty acid oxidation, which predominantly
occurs in astrocytes (Ebert et al., 2003). Fatty acids are basic lipid
monomers and can exist as free FAs or as part of a complex lipid
with a head group attached. The hydrocarbon chain length and the
degree of unsaturation of FAs can determine the biophysical prop-
erties of phospholipid membranes. Moreover, because fatty acids
usually contain double bonds in the cis configuration under physi-
ological conditions, unsaturated lipids can cause an increase in the
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volume of the plasma membrane while simultaneously lowering its
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density (Samuli Ollila et al., 2007). Therefore, a change in the length
of FA chains or their ability to pack tightly together could modify
membrane curvature or rigidity and potentially influence neuronal
functioning in the hippocampus, for example, via modified respon-
siveness of transmembrane receptors to ligand binding or altered
ion channel kinetics (Carta et al., 2014). Here, we report a decrease
in the monounsaturated FA component and a concomitant increase
in polyunsaturated FAs of hydroxy-phosphatidylcholine (PCOH) li-
pids following FTY720 exposure (Figure 6c). Unsaturated fatty acids
can increase membrane fluidity, and so a decrease in MUFA-PCOH
with a commensurate increase in PUFA-PCOH lipids could indicate
a decrease in the rigidity of neuronal or glial cell membranes in the
hippocampus. Interestingly, it has been shown that increasing mem-
brane fluidity, by enriching cell membranes with PUFAs, promotes
the non-amyloidogenic cleavage of amyloid precursor protein (APP)
by a-secretase enzymes, thus inhibiting Ap,_,, accumulation and en-
hancing neuroprotection (Yang et al., 2011, 2014). This could explain
how FTY720 leads to a reduction in APP and phosphorylated tau
and acts to dampen neuroinflammation in the hippocampus of the
3xTg-AD mouse model of Alzheimer's disease (Fagan et al., 2022).
Polyunsaturated FA chains tend to occupy a larger volume at
the lipid-water interface than monounsaturated or saturated FA
chains, suggesting that PUFAs are curled and able to easily switch
between different conformations of equivalent energies (Antonny
et al., 2015). The conformational flexibility of PUFAs facilitates fast
and sudden changes in transmembrane protein shape, for example,
the movement of a-helices in the rhodopsin G protein-coupled recep-
tor expressed in rod cells of the retina (Gawrisch & Soubias, 2008).
PUFAs may also adapt their flexible conformations to a bent plasma
membrane curvature, more easily than MUFAs, and thus enhance
the functions of ion channels that normally bend the membrane,
such as the mechanically gated cation channel Piezol, as an example
(Romero et al., 2019). Proteins and ion channel subunits embedded
within the plasma membrane of cells and organelles are subjected to
large anisotropic push and pull forces. Lateral membrane tensions
are balanced by the repulsions between polar head groups and acyl
tails of complex lipids. Modifying lipid structure or composition can
alter the magnitude and direction of membrane forces and, thus, the
ability of transmembrane proteins and ion channels to change shape
(Lee, 2004). Whether the observed up-regulation in PCOH-PUFAs,
mediated by FTY720, renders membrane proteins more ‘mechano-
sensitive’ (Caires et al., 2017; Cordero-Morales & Vasquez, 2018;
Vasquez et al., 2014) or more likely to respond to their endogenous
ligands in a physiologically relevant manner (Jobin et al., 2023) is as
yet unknown. Interestingly, we also measured an increase in PCOH
lipids possessing 38-carbon chain lengths (Figure 7c). In general, cell
membranes containing longer fatty acids are more rigid and less per-
meable. However, approximately 88% of the PCOH lipids identified
in the hippocampus of FTY720-treated mice were PUFAs, and while
FTY720 increased PCOH fatty acid chain length, it also increased
total PUFA composition (Figure 6a), particularly those with 3 or 4
carbon-carbon double bonds. Therefore, we hypothesise that the
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aggregate mechanism of action of FTY720 may be to increase cell
membrane fluidity in the mouse hippocampus, since FTY720 is a
known inhibitor of ceramide synthase and a decrease in ceramide
production leads to enhanced membrane fluidity in cancer cells
(Szlasa et al., 2020). It is known that certain surfactants can reduce
the van der Waals' interactions between FA acyl chains in the hy-
drophobic region of membranes, thus perturbing lipid packing and
increasing membrane fluidity. At high concentrations, FTY720 can
also perturb lipid packing without affecting membrane integrity
(Swain et al., 2013). However, others have shown that activation of
acid sphingomyelinase (SMase) can cause an increase in membrane
fluidity. FTY720 is a known inhibitor of acid SMase (Dawson &
Qin, 2011) and, therefore, speculating that FTY720 increases mem-
brane fluidity in the mouse hippocampus must be treated with cau-
tion. Future work into the effects of FTY720 on neuronal and glial
membrane fluidity could be investigated in more detail in vitro using
pure or mixed cell culture systems.

4.2 | FTY720 and lipid signalling in the brain

One of the most widely studied regions of the brain, because of its
known involvement in learning and memory formation, is the dor-
sal hippocampus (Fanselow & Dong, 2010; Klur et al., 2009; Moser
et al., 1995; Pothuizen et al., 2004). Interestingly, FTY720 promotes
neurogenesis in the dentate gyrus of the hippocampus, which may
explain its ability to enhance spatial memory in adult male mice
(8-9weeks old) that typically exhibit lower rates of neurogenesis
compared to 3- to 6-week-old mice (Sun et al., 2016). Moreover, MS
patients can experience cognitive deficits because of demyelina-
tion and scarring of both grey and white matter-rich brain regions
and FTY720 has been shown to improve learning and memory
deficits in both mice (de Bruin et al., 2016; dos Santos et al., 2019)
and humans (Comi et al., 2017; Fonseca, 2015; Kappos et al., 2015;
Langdon et al., 2021; Petsas et al., 2019). Learning and memory
are dependent on neurotransmitter release probability and synap-
tic plasticity, which, in turn, are dependent on key lipid signalling
proteins at synaptic membranes (Postila & Rog, 2020). Lipids that
compose the cell membrane, such as sphingolipids, are important
for regulating neurotransmission and the function of ion channels
involved in long-term potentiation (LTP) at the synapse (Sonnino &
Prinetti, 2016; Olsen & Faergeman, 2017), for example. Therefore,
lipids and lipid signalling molecules can exert direct and indirect ef-
fects on learning and memory formation, as well as mood, which
are regulated by similar synaptic plasticity-associated mechanisms.
Using LC/MS, we measured a significant change in 102 lipid spe-
cies in the mouse hippocampus in response to 3weeks of FTY720
treatment (Table S1; 99 lipid species were up-regulated, and 3 were
down-regulated). Seven distinct phosphatidylcholine lipids (PC
16:0_24:4; PC 18:0_22:5; PC 32:2; PC 33:5; PC 36:7; PC 40:10; and
PC 44:12) were up-regulated by 1.3-fold to 1.7-fold in the hippocam-
pus of FTY720-treated mice. Phosphatidylcholine lipids have been
shown to increase neurogenesis and neural plasticity (Magaquian

et al., 2021) and can enhance memory formation in rodents (Zhou
etal., 2016). PC is the most abundant phospholipid in cell membrane
bilayers (Miiller et al., 2015), and the choline required for neuro-
transmission is stored as phosphatidylcholine (Blusztajn et al., 1987),
thus serving as a crucial reservoir for normal brain function. PC lipids
can be cleaved by phospholipase A2 (PLA2) converting them into
lysophosphatidylcholines (LysoPC; Figure 10; Gauster et al., 2005),
which can impact membrane permeability and membrane fluidity
(Mller et al., 2015). Interestingly, seven distinct LysoPC lipids were
also up-regulated in the hippocampus of FTY720-treated mice (see
Table S1). LysoPC lipids made up ca. 1% of the total lipid concentra-
tion of the mouse hippocampus, and FTY720 caused a 25% increase
in the LysoPC concentration from 3.26 to 4.09 nmoles/hippocam-
pus. The increase in LysoPC lipid species in FTY720-treated animals
appears to be somewhat counterintuitive since high concentra-
tions of LysoPC can induce axonal demyelination (Ghasemi-Kasman
et al., 2022; Velasco-Estevez et al., 2020; Yazdi et al., 2015), and yet
FTY720 can inhibit the degeneration of CNS white matter (Sheridan
& Dev, 2012). LysoPC levels are also increased following traumatic
brain injury (Tzekov et al., 2016) and post-spinal cord injury (Hanada
et al., 2012) and are high in the cerebrospinal fluid (CSF) of MS pa-
tients (Pieragostino et al., 2015). The fact that FTY720 is an FDA-
approved therapeutic for treating relapsing-remitting MS and has
been shown to inhibit phospholipase A2 (PLA2; Payne et al., 2007)
suggests that, in theory, FTY720 should decrease LysoPC levels.
However, the somewhat modest increases in LysoPC lipids observed
in our young healthy mice may not be sufficient to induce CNS pa-
thology and are thus, most likely, not a cause for concern.

Notably, there were 15 lipid species that demonstrated fold
change increases between 1.9 and 2.3 in response to chronic
FTY720 exposure (Table S1), and twelve of these top-changing
lipids can be classed as hydroxy-phosphatidylcholines (PCOHs).
Oxidised lipids are often found to be elevated under inflammatory
physiological settings (Chang et al., 2002). Many oxidised lipids are
bioactive compounds that can contribute to diseases involving oxi-
dative stress, for example, atherosclerosis (Que et al., 2018), renal
ischaemia (Solati et al., 2018), and Alzheimer's disease (Gamba
et al,, 2015). Moreover, elevations in pro-inflammatory bioactive
lipid species may help to explain the anxiogenic behavioural effects
(Chiurchiu & Maccarrone, 2016) of FTY720 reported here in young
mice (Figure 3a-f). The lipids PCOH 39:10 (1.59-fold increase) and
PCOH 41:10 (1.92-fold increase) also demonstrated apparent dose-
dependent elevations in response to FTY720 treatment (Figure 9a,b).
Although oxidised lipids can induce inflammation, it has also been
shown that oxidised lipids are potent inhibitors of toll-like recep-
tor-4 (TLR4)-mediated inflammatory signalling cascades (Oskolkova
et al., 2010). Therefore, at low concentrations, oxidised lipids may
act to inhibit lipopolysaccharide (LPS)-induced up-regulation of pro-
inflammatory cytokine release from cells. Indeed, we have previously
shown that FTY720 inhibits LPS-induced LIX chemokine (CXCL5) re-
lease from astrocytes and microglia (O'Sullivan et al., 2018) and can
decrease the release of LIX, MIP-1a, and MIP-3a from cerebellar slice
cultures exposed to the demyelinating agent, lysolecithin (Sheridan
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& Dev, 2012). Another observation with potential functional sig-
nificance was that 7 of the 17 lipid species that demonstrated
FTY720-mediated elevations between 1.5-fold and 1.9-fold above
control levels belonged to the sphingomyelin (SM) class (Table S1).
SMs can suppress oxidised phosphatidylcholine-mediated increases

in phospholipase A2 (PLA2) enzyme activity in a dose-dependent
manner (Korotaeva et al., 2010), which may explain FTY720's abil-
ity to inhibit PLA2 (Payne et al., 2007) and reduce inflammation.
Moreover, the lipids SM d35:2 (1.5-fold increase) and SM d32:1
(1.64-fold increase) also demonstrated dose-dependent elevations
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in response to chronic FTY720 exposure (Figure 9n,0), highlighting
their potentially important roles in FTY720's mechanism of action
in the brain.

Interestingly, 8 out of the top 25 most abundant lipid species
identified in the mouse hippocampus were increased follow-
ing chronic FTY720 treatment. Five of these lipids belonged to
the phosphatidylethanolamine (PE) lipid class (PE 18:0_20:4; PE
18:0_22:6; PE 16:0_22:6; PE 18:1_18:0; and PE 16:0_20:4), and
three belonged to the plasmenyl-PE lipid class (plasmenyl-PE
18:0_22:6; plasmenyl-PE 18:0_22:4; and plasmenyl-PE 16:0_22:4).
PE is located on the inner leaflet of the plasma membrane (Fadeel
& Xue, 2009), and an increase in this class of glycerophospholipid
can lead to enhanced membrane fluidity and facilitate formation
and fusion of vesicles with the synaptic membrane, thus regulating
neurotransmission (Glaser & Gross, 1995; Lohner, 1996). In total, 23
distinct phosphatidylethanolamine lipid species were up-regulated
in the hippocampus of FTY720-treated mice, with PE 18:0_22:5
showing the highest fold change of 1.59 times above control ani-
mals. Plasmalogens are also abundant in the brain, and these glyc-
erophospholipids are located in the cell membranes of all CNS cell
types (Fitzner et al., 2020; Koch et al., 2020). We identified 101
distinct plasmalogens in our hippocampal tissue samples, and the
plasmenyl-PE lipids were, by far, the most concentrated class of
plasmalogens (49 species in total) in the hippocampus. Moreover,
plasmenyl-PE lipids were the only lipid class to demonstrate a sig-
nificant up-regulation following FTY720 exposure (Figure 8f). They
are known to be important for the assembly and stability of micro-
domains in lipid rafts and in cholesterol-rich regions of the cell mem-
brane. Plasmenyl-PE lipids contain a vinyl-ether and an ester bond
in glycerol backbone sn-1 and sn-2 positions, respectively (Messias
et al., 2018), unlike other glycerophospholipids. Plasmalogens also
tend to form tightly packed membranes, which may be attributed
to the highly ordered state of the sn1 chain and the close packing
of sn1 and sn2 chains (Han & Gross, 1990; Rog & Koivuniemi, 2016).
Therefore, the physicochemical properties of cell membranes, their
rigidity, and the bilayer thickness may all be regulated by changes
in the concentration and the distribution of plasmalogens (Rog &
Koivuniemi, 2016). Importantly, plasmalogens can protect lipid bilay-
ers against the damaging effects of oxidation by scavenger radicals,
such as ROS and reactive nitrogen species. As such, decreased plas-
malogen concentrations may increase one's susceptibility to devel-
oping neurodegenerative or neuroinflammatory disorders, such as
Alzheimer's disease (Azad et al., 2021; Han et al., 2001), Parkison's
disease, or MS (Ferreira et al., 2021; Mawatari et al., 2020). Here, we
demonstrate that FTY720 increases plasmenyl-PE levels from 17.0%
to 20.5% of the total lipid composition of the mouse hippocampus,
which may increase the resistance of vulnerable neurons to oxida-
tive stress (Zoeller et al., 2002) and explain why other studies have
found that FTY720 can reverse cognitive deficits in animal models of
CNS diseases (Fagan et al., 2022; Udagawa & Hino, 2022).

The only lipid class we found to be down-regulated in the
mouse hippocampus following 3weeks of FTY720 exposure was
phosphatidic acid (PA; Figure 8l). PA is a low-abundant membrane

phospholipid (ca. 1% of the total lipid composition of the hippo-
campus). However, PA constitutes the original building block from
which most glycerophospholipids are synthesised and, therefore,
plays pertinent roles in membrane structure and function, as well as
acting as a recruiter and activator of other lipid signalling molecules
(Tanguy et al., 2019). PA exhibits a cone-shaped geometry allowing
it to alter cell membrane topology and reducing the energy bar-
rier for membrane bending, thus acting as a fusogenic lipid (Bills &
Knowles, 2022; Kooijman et al., 2003). A decrease in PA lipids could
be an indirect clue that phospholipase D (PLD)-dependent path-
ways are down-regulated (Figure 10). PLD catalyses the hydrolysis
of phosphatidylcholine (PC) into PA and free choline. Interestingly,
oligomeric AB can enhance PLD activity in cultured neurons (Oliveira
et al., 2010), and so decreasing PLD activity (and consequently PA
expression) may exert a neuroprotective effect in the hippocampus.
However, one must be cautious not to overinterpret the observa-
tions presented here in this study, particularly given that results are
derived from the brains of young healthy mice.

4.3 | Role of sphingolipids in the mechanism of
action of FTY720 in the brain

Of the 99 lipids that were found to be increased in the mouse hip-
pocampus following FTY720 exposure, 17 lipid species displayed
dose-dependent regulation in their expression levels (Figure 9). Four
of these lipids belonged to the sphingomyelin class of lipids. Three of
them (SM d32:1; SM d35:2; and SM d43:1) displayed dose-dependent
increases in expression with increasing FTY720 levels. Interestingly,
although SM d36:0 levels were elevated above control values (fold
change=1.36; -Log,(p-value)=4.35), this particular lipid species
demonstrated a dose-dependent decrease in expression, that is, the
higher the concentration of FTY720, the lower the concentration of
SM d36:0, but only in drug-treated mice since FTY720 levels were
effectively zero in vehicle control animals. Sphingomyelin (SM) is an
important component of the plasma membrane of CNS cells (Levade
etal.,, 1999) and is highly expressed in the myelin sheath of neuronal
axons (Babin et al., 1993). As discussed above, FTY720 can inhibit
the activity of acid SMase and decrease the conversion of sphin-
gomyelins to ceramide (Dawson & Qin, 2011), thus enhancing the
expression of sphingomyelin (SM) lipid species (Crivelli et al., 2022).
Limiting the conversion of SM lipids to ceramide can prevent apop-
totic signalling cascades from being activated in the cell and may
protect vulnerable neurons from degeneration or demyelination.
Indeed, SMase has been investigated as a therapeutic target for the
treatment of Alzheimer's disease (Park et al., 2022), since overactiv-
ity of this ceramide-producing enzyme is implicated in several neu-
ropathologies (Jana et al., 2009; Lee et al., 2014; Mielke et al., 2013;
Ong et al.,, 2015; van Doorn et al., 2012). Interestingly, the anti-
depressant, fluoxetine, has been shown to increase sphingomyelin
levels by inactivating acid SMase (Kornhuber & Gulbins, 2021), a
potential explanation as to why FTY720 may demonstrate anti-
depressant mechanisms of action under certain conditions. Although
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our data show an up-regulation in several sphingomyelin lipid spe-
cies, we are unable to confirm whether there are alterations in any
other lipid classes involved in the SM synthesis pathway, including
S1P or ceramide, which are precursors of sphingomyelin lipids. The
absence of quantitative data regarding FTY720-mediated changes in
ceramide or S1P is a key limitation of this study. Future work should
focus on how the fatty acid chain length, the degree of saturation,
and the relative concentrations of other sphingolipids are altered in

the hippocampus in response to chronic FTY720 exposure.

SUMMARY

We present here a comprehensive overview of the lipidomic signature
of the 6-week-old mouse hippocampus and the lipid species that are
altered because of chronic treatment with the immune-modulating
drug, FTY720. To our knowledge, this is the first detailed account of
how FTY720 impacts the expression of structural and functional lipid
species in a particular brain region, which is known to be important
for learning, memory, and the processing of sensory and emotional
stimuli. It is important to bear in mind that this is an exploratory study
and many of the discussion points raised regarding the potential func-
tional consequences of FTY720-mediated changes to brain lipids
are at this point speculative in nature and require further investiga-
tion. However, this study has clinical relevance given the approval of
FTY720 for children and adolescents above the age of 10years, at a
stage when the brain is still maturing and myelination continues. It is
important to understand the full spectrum of molecular mechanisms
that lipophilic drugs with long half-lives exert on the body's organs
and tissues, including their therapeutic effects, non-therapeutic ac-
tions, and side-effect profiles. Such data will aid in the refinement of
pharmacological treatment regimens and minimise the unwanted ef-
fects of disease-modifying drugs that otherwise help to improve the
lives of people living with currently incurable autoimmune diseases of
the central nervous system.
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