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1. Lipids in brain 

Brain can be considered mostly a lipid organ. It is a longstanding fact that the 

main part of the dry mass of the brain corresponds to lipid molecules, mainly to 

phospholipids (PL), sphingolipids (SL) and cholesterol (O’Brien and Sampson, 

1965; Macala et al., 1983). Aforementioned lipids constitute the 50 - 60% of the 

cellular membranes (Cermenati et al., 2015). The development of increasingly 

precise biochemical techniques during the last decade has allowed the 

description, localization and identification of lipids. Consequently, it has been 

possible to determine that there is a super-specialization of lipids in the brain 

(Bozek et al., 2015). These lipid molecules have a wide range of functions, 

including structural (cell membranes) where different membrane proteins are 

anchored (e.g., receptors and ion channels), metabolic and, furthermore, they 

can be a source of energy under specific conditions. More recently it has been 

determined that membrane lipids are also reservoir of lipid mediators and 

signaling agents. The lipids with signaling activity reach their maximum level of 

specialization and diversity in the Central Nervous System (CNS), where they 

can act as neuromodulators of important processes. 

1.1 Neurolipids 

Some of these endogenous lipid-based signaling molecules are considered as 

neurotransmitters with agonistic and/or neuromodulatory properties, which can 

be denominated as neurolipids (in a similar way to the term “neuropeptides”). 

Neurolipids are originated from membrane lipid precursors by the action of 

different enzymes such as phospholipases, sphingomyelinases or cytochrome 

P450 hydroxylases (Manuel et al., 2020). Neurolipids could include 

endocannabinoids, lysophospholipids (LP), free fatty acids, platelet activating 

factor, some SL-derived neurolipids such as ceramide, ceramide 1-phosphate, 

sphingosine, sphingosine 1-phosphate (S1P). Finally, some cholesterol-derived 

lipid mediators, as 24- and 25-hydroxycholesterols, seem to behave also as 

neurotransmitters and could also be considered neurolipids (Ledeen and Wu, 

2006; Farooqui, 2009). Furthermore, they act as autocrine or paracrine mediators 

participating in physiological functions, such as cell proliferation, differentiation, 
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cell migration, inflammation and apoptosis, but also in the development of 

different pathologies. Whereas water-soluble neurotransmitters and second 

messengers have restricted access to the hydrophobic core of the membrane, 

lipids are amphipathic compounds that are generated within the bilayer and have 

the chance to operate either inside or outside its boundaries (Piomelli et al., 

2007). Neurolipids are synthesized on demand in a calcium-dependent manner 

from precursor membrane lipids. Other neurotransmitter systems such as 

glutamatergic, γ-aminobutyric acid (GABA)ergic, dopaminergic or cholinergic 

system are modulating their synthesis. With some exceptions, neurolipids would 

have relatively short half-life (seconds to minutes), and can be metabolized both 

enzymatically and non-enzymatically by oxidative degradation (Shimizu, 2009). 

Different G protein-coupled receptors (GPCR) for neurolipids have been 

identified and some GPCR orphan receptors could also be their target (Shimizu, 

2009).  

The distribution of their receptors has been clearly identified and described in 

detail for some of these neurolipids, such as the endocannabinoid system. 

However, the neurolipids belonging to the lysophospholipid family, the 

lysophosphatidic acid (LPA) and the S1P, and the study of their receptors in the 

CNS is not so clear.  

The endocannabinoids (eCB) are endogenous lipid mediators that activate the 

cannabinoid receptors (CB). The 2-arachidonoyl-glycerol (2-AG) and the N-

arachidonoyl-ethanolamine (AEA, anandamide) have been identified as the main 

eCB molecules. Two receptors subtypes for endocannabinoids have been 

identified so far, CB1 and CB2, and both are GPCR. The CB2 receptor is mainly 

expressed in the periphery, more specifically in the immune cells and the 

gastrointestinal tract (Brunt and Bossong, 2020). While the CB1 receptor is 

primarily found in the CNS, with the highest levels in the basal ganglia, the 

hippocampus, the cerebral cortex and the cerebellum (Herkenham et al., 1991). 

Moreover, this receptor has been reported to be involved in a wide range of 

actions as movement, coordination, sensory perception, learning and memory, 

and processing of reward and emotions (Hill et al., 2009; Zanettini et al., 2011; 

Van Hell et al., 2012; Bossong et al., 2014). In addition, modulation of the eCB 
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system has been described in neurodegenerative diseases such as Alzheimer’s 

disease (AD), in both human postmortem samples from patients (Manuel et al., 

2014) and rodent models (Manuel et al., 2016; Llorente-Ovejero et al., 2017, 

2018). 

The lysophosphatidic acid (LPA) has been identified as one of the main 

neurolipids in the CNS, it is a metabolite of membrane PL biosynthesis (Bandoh 

et al., 2000). The biosynthesis of LPA is not fully understood, but the autotaxin 

enzymatic pathway is the main source, and the second most important pathway 

is the production of LPA from membrane PL (Aoki et al., 2002; van Meeteren et 

al., 2006). LPA acts as a neurotransmitter through six different receptors, LPA1 

to LPA6, which are GPCR. In the CNS, the main activity of LPA1 receptor has 

been found in white matter myelinated tracts (González de San Román et al., 

2015). Starting in the 1990s, LPA emerged as a signaling molecule with certain 

biological properties such as a mediator in tissue regeneration (Moolenaar, 

1994), but nowadays it is known that can exert a great variety of cellular 

responses in different cell types as migration, neurite contraction, prevention of 

apoptosis, neurogenesis, differentiation or myelination (Hecht et al., 1996; 

Bandoh et al., 2000; Hu et al., 2005; Matas-Rico et al., 2008; Kim et al., 2011a; 

Sun et al., 2011; Yung et al., 2011, 2015; Kihara et al., 2015). Furthermore, given 

the relationship of LPA with neurogenesis, it has also been studied in AD, both in 

human postmortem samples of AD patients (Moreno-Jiménez et al., 2019), and 

in animal models (Dong et al., 2004). Additionally, autotaxin, which is the enzyme 

responsible for LPA synthesis, is increased in the frontal cortex of AD patients 

(Umemura et al., 2006), and LPA levels are increased in mild cognitive 

impairment (MCI) (Zhang et al., 2017). The interaction between the CB1 and LPA1 

receptors in the CNS, indicates the involvement of both neurolipids in prenatal 

and/or postnatal development (González de San Román et al., 2019). 

The present study analyzes the S1P system in healthy brain and in Alzheimer’s 

disease to identify a possible therapeutic target. S1P system is involved in 

neurogenesis, cell proliferation, migration and a wide range of functions related 

with the cell survival. Moreover, the plausible relationship between the S1P and 

the cannabinoid signaling system is analyzed. 



INTRODUCTION 

6 

2. Sphingosine 1-phosphate system  

2.1. Historical background 

The SL are common lipids present in the cellular membranes of mammal whose 

metabolism produces signaling molecules. At present, it is known that the 

metabolites of SL significantly contribute in a wide range of crucial cellular 

processes. One of these metabolites, the S1P, is a lipid mediator with a large 

number of biological activities.  

The S1P was described for the first time in 1968 as a metabolite from the 

degradation of the sphingosine (Stoffel et al., 1968). However, it was not until the 

1990s when S1P was established as a regulator of the release of intracellular 

calcium and cellular proliferation (Zhang et al., 1990, 1991). More recently, S1P 

has been identified as mediator of a broad variety of biological responses such 

as cell growth, survival, cell trafficking and cytoskeletal rearrangement (Spiegel 

and Milstien, 2003; Hla, 2004; Alvarez et al., 2007). S1P and other 

phosphorylated long-chain SL have been conserved during evolution. It has been 

detected in simple organisms such as yeast, but also in worms and flies (Mendel 

et al., 2003; Saba and Hla, 2004; Phan et al., 2007). S1P was firstly described as 

a LP acting through endothelial differentiation gene (EDG) GPCRs family, but 

later this family of receptors was renamed and differentiated in S1P and LPA 

receptors (Lee et al., 1998; Hla et al., 2001; Chun et al., 2002). S1P receptors 

were in turn differentiated into five subtypes (S1P1, S1P2, S1P3, S1P4, y S1P5) 

that regulate diverse signaling pathways due to coupling to different 

heterotrimeric G proteins (Hla and Maciag, 1990; Lee et al., 1998; Ancellin and 

Hla, 2000; Hla et al., 2001). 

2.2. Sphingolipid metabolism 

SL contain a 18-carbon backbone of sphingoid bases, which commonly is 

sphingosine. The hydrolysis of the sphingomyelin (SM), present in the plasma 

membrane by the activation of the sphingomyelinase (SMase), produce 

phosphocholine and ceramides, being the last the central axis of the SL 

metabolism (Figure 1). 
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Figure 1. Structure and metabolism of sphingolipids. Sphingolipid species: SM: Sphingomyelin; 

C1P: Ceramide 1-phosphate; S1P: Sphingosine 1-Phosphate; GlcCer: Glucosylceramide; 

GalCer: Galactosylceramide; LacCer: Lactosylceramide; ST: Sulfatide; Gb2: galabiosylceramide; 

GM4: sialyl GalCer; GLS: Glycosphingolipids; Enzymes: SPT: Serine palmitoyl-CoA transferase; 

CerS: Ceramide synthase; DES: Desaturase; SMS: Sphingomyelin synthase; SMase: 

Sphingomyelinase; CDase: Ceramidase; SphK: Sphingosine Kinase; SPP: Sphingosine 1-

phosphate phosphatase; S1P lyase: Sphingosine 1-phosphate lyase; LPP: Lipid phosphate 

phosphatase; CPP: Ceramide 1-phosphate phosphatase; GalCerS: Galactosylceramide 

synthase; GlcCerS: Glucosylceramide synthase; LacCerS: Lactosylceramide synthase (modified 

from Yamaji and Hanada, 2015 and Presa et al., 2020). 

Different SL are synthesized using ceramides as starting point, such as ceramide 

1-phosphate. In this case, ceramide is phosphorylated by ceramide kinase (CerK) 

that could be located in the cytosol, the nucleus and the plasma membrane, but 

it is mainly placed at the Golgi apparatus (Presa et al., 2020). SM are also 

synthesized from ceramides. These SM are produced after the addition of 

phosphocholine to ceramide by sphingomyelin synthase. The glycosphingolipids 

(GLS) are also produced from ceramides by adding a sugar molecule, and is 

mediated by the glucosyl- and galactosyl-ceramide synthases that produce 

glucosylceramide (GlcCer) or galactosylceramide (GalCer), respectively (Hannun 

and Obeid, 2018). These GLS could, in turn, be modified by different enzymes to 

obtain a wide range of other different GLS, for instance, the GalCer could be 
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sulphated, by cerebroside sulfotransferase to produce sulfatides, as well as 

galactosylated to produce galabiosylceramide (Gb2) or sialylated to produce 

GM4 ganglioside. In the case of the GlcCer is galactosylated by lactosylceramide 

synthase to produce lactosylceramide (LacCer), which could be modified into 

lacto, neolacto, globo, asialoganglio or ganglio series (Yamaji and Hanada, 

2015).  

Other different pathways to generate ceramides have been described mainly at 

the endoplasmic reticulum, including the novo synthesis. The first step of this 

synthesis is the condensation of the serine and palmitoyl-CoA by the serine 

palmitoyl transferase to produce sphinganine. Once sphinganine is produced, 

ceramide synthase (CerS) adds a fatty acid to sphinganine to synthesize the 

dihydroceramide. Specifically, there are six different types of CerS (CerS1-6), 

each one of those has a specific affinity for a particular length of acyl chain 

generating specific ceramide species (Cingolani et al., 2016). Then, the 

desaturase enzyme produces the ceramides after the introduction of the trans 

double bond between carbons 4 and 5. 

Another one is the salvage pathway. In that route, the sphingosine generated by 

the metabolism of complex SL is transformed to ceramide by adding an acyl chain 

to sphingosine mediated by CerS (Presa et al., 2020). 

These ceramides can be catabolized by ceramidase into sphingosine, a lyso-

sphingolipid, which can be reconverted to ceramide by ceramide synthase. 

Furthermore, in a subsequent step, the sphingosine can also be phosphorylated 

by the sphingosine kinases (SphK) to produce S1P. Moreover, this S1P can be 

dephosphorylated by S1P phosphatase to return to sphingosine. The 

phosphorylation for the S1P production is highly regulated by two isoforms of 

SphK (SphK1 and SphK2) that are located in different subcellular locations (Chan 

and Pitson, 2013; Kunkel et al., 2013). SphK1 is distributed in the cytoplasm, but 

it has to be recruited to the plasma membrane upon stimulation with growth 

factors or cytokines to produce the phosphorylation of the sphingosine into S1P 

(Chan and Pitson, 2013; Gassowska et al., 2014). Whereas the SphK2, even less 

studied, is located on cellular organelles as endoplasmic reticulum, mitochondria 

and the nucleus (Neubauer and Pitson, 2013). In addition, the nuclear SphK2 

produce the S1P where it binds to histone deacetylases (HDAC) modulating their 
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activity that could epigenetically regulate the gene expression (Hait et al., 2009). 

Once the SphK1 has produced S1P on the membrane, it can be translocated 

through the plasma membrane by the spinster homolog 2 (SPNS2) or ABC 

transporters to the extracellular space, where S1P can act by autocrine or 

paracrine signaling through the activation of S1P receptors (Spiegel et al., 2019). 

Finally, S1P is irreversibly metabolized by S1P lyase to ethanolamine phosphate 

and hexadecenal (Serra and Saba, 2010). 

2.3. Sphingosine 1-phosphate receptors 

Sphingosine 1-phosphate receptors (S1PR) belong to the family of 

lysophospholipid receptors and are GPCR. This family was firstly identified as 

EDG family when in 1990 the EDG-1, an orphan GPCR, was cloned (Hla and 

Maciag, 1990). Later on, when S1P was identified as a ligand for EDG-1 in 1998 

(Lee et al., 1998), this receptor was renamed as S1P1. This identification was 

based on the description in 1996 of the ventricular zone gene (vzg-1), which was 

identified as EDG-2 and showed a high affinity for LPA. Therefore, the EDG family 

receptors are now differentiated in S1PR and LPA receptors (Hecht et al., 1996). 

To date five receptors for S1P have been identified, being the S1P1 (former EDG-

1) the first one in 1990, whereas S1P2 (former EDG-5) and S1P3 (former EDG-3) 

were described in 1997, and finally S1P4 (former EDG-6) and S1P5 (former EDG-

8) were identified in 2000 (Hla and Maciag, 1990; An et al., 1997; Lee et al., 1998; 

Im et al., 2000; Yamazaki et al., 2000; and reviewed in Toman and Spiegel, 2002; 

Choi and Chun, 2013; Kihara et al., 2015; O’Sullivan and Dev, 2017). Moreover, 

other orphan receptors as GPR3, GPR63, GPR6 and GPR12 have also shown 

some selectivity for S1P (Uhlenbrock et al., 2002; Ignatov et al., 2003b, 2003a; 

Niedernberg et al., 2003), but there is still controversy about it due to the 

impossibility to replicate these results using other indirect assays like measuring 

β-arrestin activity (Yin et al., 2009; Southern et al., 2013). To further increase the 

complexity of the signaling by S1P, some of the effects mediated by S1P are not 

mediated by specific GPCR. Considering the nuclear location of SphK2, it was 

described that the S1P produced in the nucleus by SphK2 inhibits HDAC 1/2, 

which increases the histone acetylation regulating the specific transcription of 

target genes (Hait et al., 2009). 
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As above mentioned, S1PR are GPCR receptors, although the intracellular 

signaling is different depending on the subtype of the S1PR. In general, the α 

subunit of G-proteins is divided into 4 large subfamilies such as Gαi/o that inhibit 

adenylate cyclase, Gαq/11 that activate phospholipase C, Gα12/13 which regulate 

the Rho family protein and Gαs that activate adenylate cyclase (Jacoby et al., 

2006) (Figure 2). 

 

Figure 2. Sphingosine 1-Phosphate (S1P) is generated after the breakdown of the sphingomyelin 

(SM) by sphingomyelinase (SMase) to form ceramide (Cer), which can be catabolized to 

sphingosine (Sph) by ceramidase (CDase). The last step to form S1P is the phosphorylation of 

Sph by sphingosine kinase (SphK). This S1P is transported through the plasma membrane by 

the spinster homolog 2 (SPNS2) transporter. S1P recognize different S1P receptor (S1PR) 

subtypes activating diverse signaling pathways through different G-protein (modified from 

O’Sullivan and Dev, 2017). 

2.3.1. S1P1 Receptor 

The S1P1 receptor was the first S1PR identified and the best pharmacologically 

characterized. Expression of the s1pr1 gene has been observed in many tissues, 

being especially abundant in spleen, brain, heart, lung, fat tissue, liver, thymus, 

kidney and skeletal muscle (Zhang et al., 1999). In humans, S1P1 receptor is 

strongly expressed in lymphocytes (Balthasar et al., 2006), wherein the S1P1 

receptor is crucial for the egression of the mature T-cells from the thymus to the 
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periphery (Allende et al., 2004; Matloubian et al., 2004). Furthermore, an 

adequate S1P gradient between lymphatic vessels and lymph nodes could be 

necessary for the lymphocyte migration (Schwab et al., 2005). S1P1 receptor is 

also important for the development. In this regard, S1P1-null mice have shown 

severe defects in the vascular maturation and die between E12.5 to E14.5 in the 

uterus due to rupture of the unreinforced vessels (Liu et al., 2000).  

About the intracellular signaling, the S1P1 receptor transduces its signaling 

through activation of Gαi/o protein, which produce the inhibition of the adenylate 

cyclase, the activation of phosphatidylinositide 3-kinase and Ras, and the 

stimulation of phospholipase C. All of these actions induce a wide variety of 

biological responses such as effects on the immune response, the regulation of 

the cellular barrier integrity, cell proliferation, migration, proliferation, and 

angiogenesis (Garcia et al., 2001; Matloubian et al., 2004; Spiegel and Weinstein, 

2004; Ben Shoham et al., 2012; Pyne and Pyne, 2017; Liu et al., 2019; Camp et 

al., 2020). 

2.3.2. S1P2 receptor 

S1P2 receptor is coupled to a wide range of G-proteins as Gαi/o, Gαq/11 and Gα12/13 

that transduce a variety of intracellular signaling cascades. The S1P2 receptor is 

expressed in the lung and heart, but it is not so abundant in the adult brain 

(Okazaki et al., 1993; Zhang et al., 1999). Given its distribution, it has been 

described that the S1P2 receptor signaling is involved in the control of the 

vascular system, including the vasoconstriction, the angiogenesis, as well as the 

general vascular homeostasis (Choi and Chun, 2013). During the embryonic 

development, the S1P2 is widely expressed in the brain (MacLennan et al., 1994), 

and seems to be implicated in the development of the auditory system. S1P2-null 

mice show progressive hearing loss and balance due to degeneration of 

vestibular and cochlear hair cells (MacLennan et al., 2006; Herr et al., 2007; Kono 

et al., 2007). 

2.3.3. S1P3 receptor 

S1P3 receptor is also coupled to Gαi/o, Gαq/11 and Gα12/13. The S1P3 anatomical 

localization described in mice shows that it is highly expressed in heart, lung, 

spleen, kidney, intestine, diaphragm and certain cartilaginous regions (Ishii et al., 
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2001). The first studies of S1P3 knockout mice did not observe any 

developmental defects (Ishii et al., 2001), but further studies suggested that the 

S1P3 receptor plays an important role on the bleomycin-induced pulmonary 

inflammation and fibrosis (Murakami et al., 2014). 

2.3.4. S1P4 receptor 

Regarding the intracellular signaling, the S1P4 receptors have been found 

coupled to Gαi/o and Gα12/13 types of G-proteins. The s1p4r gene expression is 

abundant in lymphoid tissue, including the immune system cells (Gräler et al., 

1998). Moreover, this receptor is present in the smooth muscle cells of the human 

lung (Jolly et al., 2002). Although no obvious deficiencies have been described in 

the S1P4-null mice, a disturbance was observed in the cellular morphology of the 

megakaryocytes (Golfier et al., 2010). Furthermore, the specific depletion of the 

S1P4 receptor from immune cells induces a CD8+ T cell expansion that improves 

chemotherapy response and the reduction of tumor growth (Olesch et al., 2020). 

2.3.5. S1P5 receptor 

The S1P5 receptor has also been found coupled to Gαi/o and Gα12/13 types of G-

proteins. This receptor is located in the spleen and in the white matter fibers of 

the CNS, mainly in the oligodendrocytes (Im et al., 2000; Brana et al., 2014). 

Depending on the developmental stage of the oligodendrocyte lineage, the 

activation of S1P5 receptor modulates retraction processes and cell survival 

(Jaillard et al., 2005). In addition, studies in the S1P5-null mice indicate that this 

receptor modulates the output of the natural killer cells through the mechanism 

of transcription of the factor T-bet/Tbx21, involved in several immune 

compartments (Jenne et al., 2009). 

2.4. Sphingosine 1-phosphate in CNS 

SL, more specifically SM, are the main components of myelin. As previously 

mentioned, one of the most active metabolites of SL is the S1P. In the CNS not 

all the S1PR subtypes are present, and therefore, S1P neurolipid binds to four of 

the five subtypes of the S1PR: S1P1, S1P2, S1P3 and S1P5 receptors which are 

present in the brain. The expression of the S1PR in the different cell types of the 

CNS remains unclear since there are no reliable tools such as radioligands or 
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even very specific antibodies to some of these receptors. Despite this, the 

expression of S1PR on the different CNS cells is mainly characterized by nucleic 

acid-based methods (PCR, in situ hybridization), as well as by 

immunohistochemistry (IHC) or western blotting (Nishimura et al., 2010; Brana et 

al., 2014). Furthermore, the activity of the S1PR has been studied by the 

[35S]GTPγS assay in rat tissue using S1P and in mouse measuring the stimulation 

mediated by the agonist for S1P1, SEW2871 (Waeber and Chiu, 1999; Sim-Selley 

et al., 2009, 2018). In addition, the presence or activity of S1PR has been 

described in most cell types present in the CNS by different pharmacological 

approaches, including endothelial cells at the blood-brain barrier (BBB), neurons, 

astrocytes, oligodendrocytes, and microglia as will be explained in more detail 

later on (Jaillard et al., 2005; Kimura et al., 2007; Wu et al., 2008; van Doorn et 

al., 2012a) (Figure 3). 

 

Figure 3. Distribution and functions of sphingosine 1-phosphate (S1P) receptor subtypes in cells 

resident in the central nervous system (CNS) (modified from Groves et al., 2013). 

Moreover, the expression levels of the S1PR can vary depending on temporal, 

spatial or environmental conditions. Thus, during the stages of development, the 

S1P1 receptor is involved in cortical neurogenesis and midbrain development, 

while the S1P1, S1P2 and S1P3 receptors are implicated in cerebral angiogenesis 

(McGiffert et al., 2002). On the contrary, in adult cells, these receptors can play 

an important role in the cytoskeleton rearrangements that regulate immune cell 
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trafficking, vascular homeostasis and cell communication in the CNS (Brinkmann, 

2007; Choi and Chun, 2013). 

The S1P1 receptor is expressed preferentially in gray matter (Nishimura et al., 

2010). The signaling through S1PR in neurons has been studied in different 

models, from ex vivo studies of cell cultures to in vivo models using 

pharmacological models or knock out (KO) animals. The S1P1 receptor is 

involved in a very wide range of functions in different brain areas, from regulation 

of brain development and neurogenesis, cell migration of neuronal precursors in 

spinal cord or olfactory bulb, to growth cone formation and neurite extension. 

(while S1P2 and S1P5 receptors mediate the neurite retraction) (MacLennan et 

al., 2000; Toman et al., 2004; Ishii et al., 2004; Mizugishi et al., 2005; Kajimoto et 

al., 2007; Kimura et al., 2007; Sim-Selley et al., 2009; Chun and Hartung, 2010; 

Deogracias et al., 2012; Alfonso et al., 2015; Efstathopoulos et al., 2015; Patnaik 

et al., 2020). Regarding the S1P1 mediated synaptic activity, they promote the 

release of glutamate in the hippocampus and inhibit the glutamatergic 

neurotransmission in the cortex (Kanno et al., 2010). Moreover, neuromodulatory 

effects of S1P1 receptors have been reported on antinociception, hypothermia, 

catalepsy, and locomotion (Sim-Selley et al., 2009). 

Regarding the glia, the role of the S1PR is widely studied. In astrocytes, it is 

described that the expression of S1P1 and S1P3 receptors is more abundant than 

S1P2 (Groves et al., 2013). The expression of S1P5 receptor, instead, is almost 

undetectable under basal conditions, however, it is up-regulated when exposed 

to growth factors in cell cultures (Rao et al., 2004). Furthermore, when S1P is 

administered both in vitro and in vivo, astrogliosis and expression of glial fibrillary 

acidic protein (GFAP) is promoted but also proliferation and migration of 

astrocytes (Chun and Hartung, 2010). This means that the axis of S1P/S1PR 

signaling can play an important role in pathological processes such as 

neuroinflammation. These effects seem to be mediated mainly by the S1P1 and 

S1P3 receptor subtypes (Wu et al., 2008; Choi and Chun, 2013). 

In the oligodendrocytes, several S1PR are detected, being the S1P5 receptors 

the most intensely expressed, although the S1P1 and S1P3 receptors are also 

expressed but at lower levels (Terai et al., 2003; Yu et al., 2004; Miron et al., 

2008). Therefore, the signaling in the oligodendrocytes of S1P1 receptors through 
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Gαi/o proteins mediates the activation of Rac1 and Ras GTPase, which involves 

membrane dynamics and cell survival. However, the signaling of S1P3 and S1P5 

receptors through Gα12/13 protein involves activation of the RhoA GTPase pathway 

resulting in process retraction but also cell survival (Spiegel and Milstien, 2003; 

Toman et al., 2004; Jaillard et al., 2005; Jung et al., 2007). As a result, the S1P5 

receptor mediates cell survival and myelinization in mature oligodendrocytes, 

despite the fact that in the s1pr5-null model there is no difference in myelinization 

during development stage (Jaillard et al., 2005). On the contrary, the specific 

deletion of the s1pr1 in oligodendrocytes show deficiencies in myelin sheaths and 

a decrease in myelin proteins (Kim et al., 2011b). In view of this facts, the S1P1 

receptor plays a very important role in both myelin formation and maintenance 

processes in the CNS, in addition to protecting against ceramide-induced 

apoptosis (Bieberich, 2011). 

In the microglia, the expression of the S1PR seems to depend on the state of 

activation of the cell. Thus, in the native cells, the S1P1 and S1P3 receptors 

appear to be expressed more intensely than the S1P2 receptors, but when the 

microglia is activated the pattern of regulation is the opposite (Tham et al., 2003). 

These patterns are observed in some animal models that show inflammatory 

processes, for example in the model of lysolecithin-induced demyelination in 

cultures of cerebellar slices, in which fingolimod was able to increase the number 

of microglial cells and GFAP in astrocytes but did not produce any change in the 

microglia-mediated phagocytosis processes (Miron et al., 2010). In addition, in 

the model of demyelination by lysophosphatidylcholine, fingolimod was able to 

reduce proinflammatory cytokines as tumor necrosis factor alpha (TNF-α) and 

interleukin-1 (IL-1), nitric oxide metabolites, and apoptosis mediators (caspase 3 

and -7) mediated by microglia (Jackson et al., 2011). Moreover, the genetic 

manipulation of S1p1r for a deficient phosphorylation that implies a defective 

internalization of S1P1 receptor is a model of experimental autoimmune 

encephalomyelitis, in which the activation of the microglia is increased (Tsai et 

al., 2019). Hence, the S1PR seems to play an important role in the activation and 

secretion of cytokines in neuroinflammatory processes. 

The pharmacological study of the S1PR in the CNS made a leap with the 

development of the fingolimod, which, once it is phosphorylated in the body to 
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fingolimod-P, is able to bind to S1P1, S1P3, S1P4, and S1P5 receptors as a high 

affinity agonist (Brinkmann et al., 2002; Mandala et al., 2002). Further studies 

showed that this high affinity of fingolimod for S1PR is able to induce a 

downregulation of the S1P1 receptors at the cell membrane by receptor 

internalization, therefore this compound is also considered a “functional S1P1 

antagonist” (Gräler and Goetzl, 2004; Oo et al., 2007). In 2010, the FDA approved 

fingolimod as the first oral treatment for multiple sclerosis. The proposed 

mechanism of action was based on functional antagonism of fingolimod in 

lymphocytes, which reduce lymphocytes egression and prevent multiple sclerosis 

relapses (Chun and Hartung, 2010). Nevertheless, recently it has been 

suggested that fingolimod may also act on the regulation of mitochondrial 

oxidative stress in neurons (Martín-Montañez et al., 2019). Therefore, the 

pharmacological effects of fingolimod not only highlight the S1P system 

involvement in immunomodulation, but also in other mechanisms of action relying 

on different cell types present in the CNS and BBB. In this sense, the implication 

of S1PR in other neurological diseases is becoming more relevant, including from 

AD (Hemmati et al., 2013; Asle-Rousta et al., 2014; Fukumoto et al., 2014; 

Carreras et al., 2019), Parkinson’s disease (Zhao et al., 2017; Motyl et al., 2018; 

Vidal-Martinez et al., 2019; Yao et al., 2019), Huntington’s disease (Di Pardo et 

al., 2014; Miguez et al., 2015), amyotrophic lateral sclerosis (Potenza et al., 2016; 

Berry et al., 2017), epilepsy (Gol et al., 2017; Leo et al., 2017; Gao et al., 2018; 

Pitsch et al., 2019), stroke (Kimura et al., 2008; Wei et al., 2011; Salas-Perdomo 

et al., 2019), brain/spinal cord injury (Lee et al., 2009; Sim-Selley et al., 2018) to 

brain tumors (Estrada-Bernal et al., 2012; Kolodziej et al., 2020). Furthermore, 

the S1P system could also modify the outcome of different diseases by regulating 

the permeability of the BBB (Brinkmann et al., 2004; van Doorn et al., 2012b; 

Groves et al., 2013). 
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2.5. Relationship of the S1P system with other 

neurolipid-mediated systems: the endocannabinoid 

The interaction between the S1P and the eCB system has been studied due to 

some evidences that would suggest that the S1PR and the CB1 receptor could 

be interacting in the CNS. Considering the phylogeny of both families of neurolipid 

receptors, it is noticeable their evolutionary proximity, that suggests their common 

ancestors shared a similar sequence of aminoacids. Indeed, both receptor 

families belong to the denominated cluster MECA, in which are also included the 

LPA, adenosine, melanocortin receptors and some orphan GPCR such as GPR3, 

GPR6 and GPR12 (Fredriksson et al., 2003) (Figure 4). Moreover, the main 

receptor subtypes of both neurolipid systems that are present in the CNS, the 

S1P1 and CB1, are activated by endogenous neurotransmitters, which could arise 

from membrane lipid precursors. In this sense, the S1P could be derived from the 

degradation of SM and signaling through the S1P1 receptor, while the AEA or 2-

AG, which could be originated from the degradation of phosphatidylethanolamine 

(PE) or phosphatidylinositol triphosphate (PIP3) respectively, are responsible for 

the CB1 receptor activation (Toman and Spiegel, 2002; Pertwee et al., 2010; 

Manuel et al., 2020). Regarding structural homology, sequence analyses showed 

a moderate sequence identity between CB1 and S1P1 receptors (14% overall, 

27% in TM regions). Nevertheless, the main structural difference is found in the 

extracellular portion, being unique the conformation of the N-terminal loop of the 

CB1 receptor, but in both the N-terminal has an important role in ligand recognition 

(Hua et al., 2016). However, one of the big differences regarding the receptor 

interaction is the chemical nature of the charge of the ligand heads, i.e. where 

the S1P1 ligands are negatively charged phosphate groups, the molecule heads 

of CB1 ligands use to be neutral (Hua et al., 2016). The orphan GPCR: GPR3, 

GPR6 and GPR12, have been proposed as “putative cannabinoids receptors”, 

but only the cannabidiol compound seems to modulate them. So, it has been 

proposed that some SL could act as endogenous ligands for these receptors. 

However, the results are inconsistent and more studies are needed (Morales et 

al., 2018). 
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Figure 4. Phylogenetic tree representation of the MECA cluster. The sphingosine 1-phosphate 

receptors (S1PR), cannabinoids receptors (CBR) and the orphan GPR3/6/12 receptors are 

highlighted using the following color-coding: S1PR in blue; CBR in yellow and GPR3/6/12 in gray 

(modified from Morales et al., 2018). 

Regarding the effects on the behavior, the central administration of S1P produced 

in vivo effects that mimic the actions of the cannabinoids such as thermal 

antinociception, hypothermia, catalepsy and hypolocomotion, but these effects 

were not reversed when the specific antagonist of CB1 receptor, rimonabant 

(SR141716A) was co-administered (Sim-Selley et al., 2009). Also, another 

evidence of the interaction between AEA and S1P it is at the peripheral level. 

AEA is able to evoke an endothelium–dependent vasodilation in the rat coronary 

artery. This effect seems to be mediated by the generation of the S1P by SK1 in 

response to AEA, that activates the S1P1 receptor producing the regulation of the 

blood pressure and hypotension (Mair et al., 2010; Greig et al., 2019). In addition 

to all these effects, it has also been described how the activation of cannabinoid 

receptors in primary astrocytes can generate in vitro an increase in the 

concentration of ceramides. Interestingly, the production of ceramides via CB1 

receptor was differentiated according to the duration of receptor activation 

(reviewed in Velasco et al., 2005). Moreover, it has been recently reported that 

the treatment with a fatty acid amide hydrolase inhibitor, which induce an increase 

of AEA levels, reduce the SM accumulation via FAN in a Niemann-Pick type A 

disease animal model improving the motor, cognitive and psychiatric alterations 

observed (Bartoll et al., 2020). 
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3. Alzheimer’s disease 

3.1 History of Alzheimer’s disease 

In 1907, the physician Alois Alzheimer described the disease that today bears his 

name following during five years the progression of dementia in a 51 years old 

patient, Auguste Deter, and neuropathological analysis of her postmortem brain. 

The clinical symptoms described by Alois Alzheimer ranged from aggressiveness 

to the inability to remember events that had occurred in a recent time. The 

postmortem analysis of the patient showed cerebral atrophy and the 

Bielschowsky’s silver staining revealed the tangle of fibrils indicating the place 

where the neuron was located and also the deposition of a special substance, 

which now are called neurofibrillary tangles and senile plaques, respectively 

(Alzheimer, 1907; Alzheimer et al., 1995). In the same year, Oskar Fischer 

described the presence of the neuritic plaques in 12 diagnosed cases of senile 

dementia (Fischer, 1907; Goedert, 2009). It has taken many years to elucidate 

the biochemistry of the biomolecules that are components of these structures. In 

the 1960s, with the development of new techniques, which showed the structures 

of neurofibrillary tangles and senile plaques, already described by Alzheimer and 

Fischer, these types of dementia became known as Alzheimer's disease (AD) 

(Roth et al., 1966). 

During the mid-1980s, the biochemical composition of these histological 

structures began to be elucidated. Firstly, in the composition of the neuritic 

plaques, aggregates of a 4 kDa polypeptide were identified and named as 

amyloid β protein (Aβ) (Glenner et al., 1984). More recently, it has been described 

that soluble Aβ forms are more toxic than the aggregates (Abdel-Hafiz et al., 

2018). Secondly, the tau protein was isolated from the neurofibrillary tangles, and 

also that this protein was abnormally hyperphosphorylated (Grundke-Iqbal et al., 

1986a, 1986b). 
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3.2. Pathology 

AD is the most common cause of dementia, affecting around 50 million people 

worldwide and could reach 152 million patients by 2050 following the actual 

progression (World Health Organization, 2020). AD is a disabling disease 

characterized at the earlier symptoms by progressive memory loss together with 

language difficulties. It has long been known that disease progression is related 

to impairment in specific brain regions and certain cell phenotypes are more 

vulnerable within these areas, leading to gradual neuronal degeneration and 

specific loss of synaptic connections. Independently of the topographical location 

of the affected brain areas, the connection between them seems to be important 

for the progression of the disease. These areas include basal forebrain, the 

entorhinal cortex and the parahippocampal gyrus, cortical areas, the 

hippocampus and the amygdala (Figure 5). The pathology in the cortex has been 

correlated with the corticocortical connections arising from the parieto-temporal 

and frontal lobes to the cingulate cortex and to the hippocampus. Moreover, the 

most affected neurons of the different cortical layers are found primarily in layers 

III and V, while layer IV would be less affected (Pearson and Powell, 1989). 

 

Figure 5. Macroscopic changes in brain of AD patients. It is noteworthy that the atrophy is often 

accompanied by enlargement of the frontal and temporal horns of the lateral ventricles as 

highlighted by the arrows (modified from DeTure and Dickson, 2019)). 
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Attending to the presence or not of genetic factors, the AD patients can be 

classified into sporadic, which are the most common cases (around 90%), or 

familial. Sporadic AD usually occurs at more advanced ages (65-70 years) and 

the trigger factor/s have not yet been elucidated. Apart from age, some other risk 

factors are being identified such as the genotype of the apolipoprotein E (APOE). 

It has been extensively detailed that carrying the allele ε4 predisposes to develop 

AD. Nevertheless, other risk factors have been proposed to increase the 

vulnerability to develop AD such as cardiovascular and metabolic disorders, 

hypercholesterolemia, unhealthy dietary pattern, poor physical and cognitive 

activity, smoking, and even stress and glucocorticoid levels (Barnard et al., 2014; 

Xu et al., 2015; Caruso et al., 2019). However, cases of familial AD (FAD) have 

a genetic component (autosomal dominant) more marked and responsible for the 

hereditary form, which are usually related to an early-onset (Götz and Ittner, 

2008). This FAD cases are caused by several mutations in different genes e.g. in 

the amyloid precursor protein (APP) and the two presenilins genes (PSEN1 and 

PSEN2) as will be explained below (Chartier-Harlin et al., 1991; Goate et al., 

1991; Sherrington et al., 1995).  

3.3. Progression of AD 

The classification of the severity of AD patients can be done according to different 

parameters. On the one hand, the classification established by the Consortium to 

Establish a Registry for Alzheimer's disease (CERAD) considers the clinical, 

neuropsychological and neuropathological evaluation of AD patients. On the 

other hand, AD can be divided into six stages according to Braak's classification, 

which is based on neurofibrillary pathology and is much more precise than the 

classification by number and/or distribution of amyloid plaques (Braak et al., 

2006a; Murray et al., 2015). These Braak's stages are in turn grouped into three 

general types attending to the progressive deterioration of clinical symptoms: 

early, moderate and severe AD. This last classification is the one used in the 

present study (Figure 6). 
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Figure 6. The progression of AD classified in the six different Braak's stages attending to 

neurofibrillary pathology in 100 µm thickness polyethlylene glycol-embebed hemisphere sections 

immunostained for hyperphosphorylated tau (AT8, Innognetics); * superior temporal gyrus; 

(modified from Braak et al., 2006b). 

3.3.1. Early AD 

This stage comprises the first two Braak's stages of AD and usually lasts 2 to 4 

years. It is the earliest stage of the disease where the first symptoms of dementia 

are diagnosed. Patients often have short-term memory problems as well as minor 

changes in their abilities for daily living and behavior such as lack of motivation 

or changes in social behavior. 
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The neuronal damage that occurs at this stage, which can be divided into two 

stages depending on the degeneration of the paralymbic cortex, slightly impairs 

the transmission of neocortical sensory information to the alocortical centers of 

the limbic system and amygdala (Braak et al., 2006a). 

Stage I: The transentorhinal region is affected in the first episodes of 

neurodegeneration. The most vulnerable cells are the neurons of the entorhinal 

cortex that project onto the medial surface of the rhinal sulcus (Braak et al., 

2006b). Subcortical nuclei such as magnocellular nuclei of the basal forebrain 

(also the locus coeruleus use to be affected (James et al., 2020)), occasionally 

show the earliest alterations in the absence of cortical involvement (Braak et al., 

2006a). 

Stage II: The lesions in the transentorhinal region are more severe and extends 

into the superficial cellular layer of the entorhinal region. In addition, different 

sectors of the hippocampal formation become involved to a variable degree 

(Braak et al., 2006b). 

3.3.2. Moderate AD 

This stage of AD use to lasts 2-10 years. Patients experience greater difficulties 

related to memory, lack of judgment and confusion, and increasingly need help 

in their daily lives with complex tasks such as controlling finances, grocery 

shopping or the housework. In addition, patients may begin to confuse family 

members as well as lose both temporal and spatial orientation. Hallucinations, 

deliriums, apathy or depression become more frequent. 

The neuronal damage that occurs at this stage, which can be also divided into 

two stages depending on the severity of the degeneration, impairs the 

transmission of neocortical sensory information from the entorhinal region and 

the hippocampal formation to the prefrontal neocortex (Braak et al., 2006a). 

Stage III: The lesions previously involved in stage II worsen in the deeper layers 

of the entorhinal cortex. Additionally, occipito-temporal cortex and lingual gyrus 

begin to degenerate (Braak et al., 2006b). 
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Stage IV: Histopathological markers of degeneration are increased, and progress 

to the neocortical association areas. In the temporal lobe, it gradually extends up 

to the superior temporal gyrus (Braak et al., 2006b). 

3.3.3. Severe AD 

In this final stage, cognitive decline is also accompanied by a decrease in physical 

abilities. Patients show serious difficulties to communicate, since they are not 

able to articulate complete sentences and are not able to maintain a coherent 

conversation. They also present a total dependence on a person who helps them 

in their personal care as well as in feeding. Moreover, the difficulty of sitting or 

even the inability to walk of the patient is present, due to muscle rigidity, which 

may even cause the patient to have difficulty to swallow. 

The neuronal damage that occurs at this stage, which can be also divided into 

two stages, completely disconnects the allocortex and the amygdala from the 

neocortical association areas of the prefrontal cortex (Braak et al., 2006a). 

Stage V: The neocortical pathology spreads to frontal, superolateral, and 

occipital areas reaching to peristriatal regions (Braak et al., 2006b). 

Stage VI: The secondary and primary areas of the neocortex become involved. 

In the occipital lobe, the pathological process extends through the parastriatal 

area to the striatal area (Braak et al., 2006b). 

3.4. Neuropathological hallmarks 

Concerning the neuropathological hallmarks of AD, they can be differentiated in 

“histological” lesions; as senile plaques and neurofibrillary tangles, and in 

“neurotransmission” lesions; as neuronal and synaptic loss. 

3.4.1. Synaptic loss 

Synaptic loss, both in pre- and post-synaptic sites, contributes to cortical atrophy 

of the brains in AD patients. Dendritic damage was described using the Golgi 

staining in postmortem human cerebral cortex samples of AD patients, in which 

the loss of dendritic spines in AD is revealed (Scheibel et al., 1976). Nowadays, 

it is being studied using massive biochemical analysis techniques such as 

proteomics, genomics or lipidomics, and applied to AD transgenic mice models 
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of familial AD and human postmortem samples from patients (Alzate, 2010; Dey 

et al., 2020; Martínez-Cué and Rueda, 2020). 

The dramatic loss of synapses and dendritic spines in AD was corroborated by 

morphometric analysis of both autopsy and biopsy samples from AD patients. It 

was evidenced a 50% loss of dendritic spines and a 15-35% of synaptic loss in 

surviving neurons (Davies et al., 1987; Ferrer and Gullotta, 1990). The most 

pronounced synaptic loss has been described in the hippocampus (Scheff et al., 

2007). Recently, strong relation between spinophillin-positive dendritic spines 

from the precuneus area and cognitive impairment in early AD has been 

described (Mi et al., 2017). Regarding the cortical regions, the least affected 

areas are the neocortex as well as the occipital cortex and the distribution pattern 

of the synaptic impairment is similar to the neurofibrillary degeneration described 

at the different Braak’s stages (Braak and Braak, 1991). 

In addition, the development of new antibodies specific to synaptic markers has 

made it possible to quantify this synaptic loss in AD. Thus, the synaptophysin 

presynaptic marker is strongly diminished in the frontal cortex and hippocampus, 

accordingly to the degree of memory impairment evaluated by cognitive test 

(DeKosky and Scheff, 1990; Terry et al., 1991; Sze et al., 1997; Reddy et al., 

2005; Scheff et al., 2006; Bereczki et al., 2016). The increase in the size of 

synapses has been related to synaptic loss in some cortical regions of patients 

with AD, which may reflect a compensatory function of surviving synapses to 

increase synaptic activity (Scheff et al., 1990). 

3.4.2. Neuritic plaques 

Neuritic plaques, also known as senile plaques, accumulate non-soluble 

fragments of the APP, Aβ protein, that are more predominant in limbic regions 

(Dickson, 1997). Aβ protein is a 40-42 amino acids peptide that is formed by the 

cleavage at the C-terminal region of the APP, which is encoded by the gen APP 

on the human chromosome 21 (Selkoe and Hardy, 2016). Despite being well 

identified, the physiological role of the native APP protein has yet to be 

elucidated. The cleavage of APP to form Aβ protein has been identified and 

include the consecutive action of a β-secretase and a subsequent γ-secretase. 

This enzymatic complex is called PSEN, The 95% of extracellular Aβ protein 
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contains the 40-amino acid peptide (Aβ1-40), while the other 5% is composed of 

the 42-amino acid peptide (Aβ1-42) (Gandy, 2005). However, the Aβ1-42 has been 

described as the main component of the senile plaques as well as the trigger of 

senile plaque formation (Iwatsubo et al., 1994; Gandy, 2005) (Figure 7).  

 

Figure 7. Aβ precursor protein processing. APP can be cleaved by α-secretase into the non-

amyloidogenic pathway (left) or by β-secretase into the amyloidogenic pathways (right) (modified 

from Gandy, 2005). 

Thus, the APP can be processed by two different pathways; the non-

amyloidogenic pathway or the amyloidogenic pathway. On the one hand, under 

the non-amyloidogenic pathway, the APP is cleaved by α-secretase into secreted 

APP (sAPP)α and membrane-bound C83 fragment, which can be cleaved again 

by γ-secretase into extracellular fragment p3 and intracellular carboxy-terminal 

fragment (CTF)γ. On the other hand, under the amyloidogenic pathway, the APP 

is cleaved by β-secretase instead the α-secretase originating the sAPPβ and 

membrane-bound C99 fragment, which can then be cleaved by γ-secretase into 

Aβ and intracellular CTFγ. In the last step, γ-secretase can process the APP at 

different sites producing Aβ of diverse lengths. Finally, β -secretase could also 

cleave APP within the Aβ region to produce C89 and truncated amyloid species. 
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The activity of α-secretase is associated with several members of the ADAM 

family, ADAM9, ADAM10 and ADAM17 (also named TNF-α convertase), but 

other proteases could also be contributing (Zhang and Song, 2013). 

As described above, the length of Aβ can vary depending on where the γ-

secretase cut, producing also the soluble Aβ forms that are able to constitute 

oligomers. These oligomers are molecules containing from 3 to 24 subunits of Aβ 

peptide that are supposed to be highly neurotoxic. It was not until 1998 that it was 

first described how the soluble form of Aβ can produce neurotoxicity (Lambert et 

al., 1998). Later, was confirmed that Aβ oligomers can disrupt the cognition and 

synaptic plasticity (Walsh et al., 2002; Cleary et al., 2005; Townsend et al., 2006). 

In addition, soluble Aβ oligomers seem to induce the inhibition of the long-term 

potentiation (LTP) in vivo and the reduction of the neuronal excitability in the 

hippocampus (Walsh et al., 2002; Yun et al., 2006). Recently, it has been 

described that unsaturated fatty acids, especially docosahexaenoic acid (DHA), 

play an important role in reducing the formation of aggregates of Aβ (Eto et al., 

2019). Moreover, the levels of soluble Aβ oligomers correlated with the neuronal 

loss and the severity of cognitive damage (Lue et al., 1999; McLean et al., 1999). 

On the contrary, the senile plaques do not correlate with the synaptic loss, neither 

with the severity of the disease (Arriagada et al., 1992; Scheff and Price, 1993; 

Giannakopoulos et al., 2003; Ingelsson et al., 2004). However, mutations in APP 

and PSEN are considered as risk factors for developing AD (Kumar-Singh et al., 

2006). 

3.4.3. Neurofibrillary tangles (NFT) 

Tau protein belongs to the family of proteins associated to microtubules. Tau 

protein is in charge of promoting the assembly and stabilization of microtubules 

that are necessary for morphogenesis and transport of axons (Johnson and 

Hartigan, 1999). This tau protein interacts with tubulin to stabilize microtubules 

and promote the assembly of both. The interaction between microtubules and tau 

is controlled by the phosphorylation of tau at specific sites. In normal brain, it has 

been described approximately 2-3 moles of phosphate per mol of tau protein, 

whereas in AD brain it is hyperphosphorylated from 3 to 4 folds (Köpke et al., 
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1993). Abnormally hyperphosphorylated tau is the principal protein subunit of 

paired helical filaments that makes the NFT (Grundke-Iqbal et al., 1986a, 1986b). 

The gene that encodes for tau consists of 16 exons and is located at the 

chromosomal locus 17q21 (Neve et al., 1986), six tau isoforms are generated in 

the CNS, varying from 352 to 441 amino acids in length. Tau protein can be 

divided into three domains: an acidic region in the N-terminal projection, a proline-

rich domain and a microtubule-binding domain (Mandelkow et al., 1996). 

Generally, physiological tau protein is phosphorylated in serine and threonine 

residues (Buee et al., 1989), but the excess of phosphorylation, the 

hyperphosphorylation, triggers the aggregation (Alonso et al., 1996). 

Aberrant phosphorylation is a key feature of tau isolated from the brains of 

individuals with AD as well as many other diseases exhibiting tau pathology. This 

hyperphosphorylation shows an abnormal activity of phosphatases and protein 

kinases, which can be explained either by upregulation of the activity of protein 

kinases or by their lack of regulation. Some of the protein kinases that have been 

found increased in AD are active cyclin-dependent-like kinase 5 (Cdk5), and 

active glycogen synthase kinase-3β (GSK3β) and its regulator c-JUN N-terminal 

kinase (JNK), which are related to neurofibrillary pathology (Shukla et al., 2012; 

Tell and Hilgeroth, 2013; Yarza et al., 2015). Interestingly, each of these kinases 

phosphorylate tau at different sites, S202/T205, S235 and S404 are the sites 

where Cdk5 phosphorylates tau and T175, T181, S199, T212, T217,T231, S235, 

S396, S400, S404, and S413 are the sites where the GSK3β phosphorylates tau 

(Chidambaram and Chinnathambi, 2020). Furthermore, these protein kinases are 

not exclusive of tau phosphorylation, Cdk5 is also involved in other functions such 

as the deposition of Aβ, indirect reduction of nerve growth factor (NGF) and 

activation of JNK, among others (Liu et al., 2016; Wilkaniec et al., 2016). In the 

case of GSK3β, it has been related to the axonal formation and transport (Cai et 

al., 2012). In contrast, the protein phosphatase 2A (PP2A) is responsible for over 

70% of the total tau phosphatase activity (Liu et al., 2005). The PP2A, which also 

regulates GSK3β, CDK5 and JNK activity, is significantly reduced in AD (Sontag 

and Sontag, 2014). All these proteins have been studied as tau-targeting 

therapies for AD (Congdon and Sigurdsson, 2018). 
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Although NFTs are implicated in mediating cognitive decline in AD, accumulating 

evidence suggests that prefibrillar oligomers are likely the more neurotoxic 

species of tau (Tiernan et al., 2018). 

3.5. Neurochemical changes 

Neurochemical changes in AD are irretrievably linked to the vulnerability of the 

cholinergic neurotransmission system and its relationship with memory and 

learning processes (Davies and Maloney, 1976; Lang and Henke, 1983; Probst 

et al., 1988). Nevertheless, other neurotransmission systems, which can modify 

the cholinergic synaptic activity, have been modified during the disease 

progression such as monoaminergic, glutamatergic, GABAergic or neurolipidic 

systems (reviewed in Lombardero et al., 2020; Manuel et al., 2020). Moreover, 

other neurochemical changes observed in AD are the modification of 

neurotrophic factors such as NFG, with no direct effect on neurotransmission but 

able to regulate cell survival (Mufson et al., 2019). 

3.5.1. Cholinergic system in AD 

One of the main hallmarks of AD is the loss of the basal forebrain cholinergic 

neurons (BFCN) in the nucleus basalis of Meynert (nbM), initially described by 

Davies and Maloney and corroborated in subsequent studies (Davies and 

Maloney, 1976; Whitehouse et al., 1981, 1982; Arendt et al., 1983; Vogels et al., 

1990; Lehéricy et al., 1993; Cullen and Halliday, 1998; Geula et al., 2008). Both 

the cortex and the hippocampus are receivers of the main source of cholinergic 

innervation from the BFCN at the nbM, while the amygdaloid complex is 

innervated from BFCN at the medial septum-diagonal band of Broca. Thus, the 

loss of cortical cholinergic innervation in AD can be attributed to the loss of BFCN 

present in the nbM (Whitehouse et al., 1981, 1982; McGeer et al., 1984; Rogers 

et al., 1985; Saper et al., 1985; Etienne et al., 1986; Vogels et al., 1990; Geula et 

al., 1998; Mesulam, 2004; Ikonomovic et al., 2007). Moreover, the high affinity 

choline transporter is significantly decreased in the hippocampus, entorhinal and 

frontal cortex of AD brains (Rodríguez-Puertas et al., 1994). Therefore, the 

cholinergic hypothesis of the AD propose that the clinical characteristics of 

dementia are attributed to specific cholinergic deficits in these basalo-cortical 

pathways (Bartus et al., 1982). 
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Concerning the muscarinic acetylcholine receptors (mAChR), the first study in AD 

found a general decrease in the cortex and hippocampus of mAChR (Quirion et 

al., 1989). mAChR are GPCR and five subtypes can be differentiated: M1, M3 and 

M5 subtypes are considered to have a postsynaptic localization and are coupled 

to Gαq proteins, while the M2 and M4 are coupled to Gαi/o proteins. M2 is considered 

to be the autoreceptor mainly at the presynaptic site. In AD patients, a dramatic 

decrease of the M2 mAChR subtype in cortex and hippocampus has been 

described, which could be explained by the loss of BFCN during the disease 

(Reinikainen et al., 1990; Nordberg et al., 1992; Rodríguez-Puertas et al., 1997). 

In contrast, the M1 mAChR subtype and the cortical M4 mAChRs subtype have 

been found to be preserved in AD patients (Araujo et al., 1988; Giacobini, 1990; 

Rodríguez-Puertas et al., 1997). When the activity of the receptors was analyzed, 

a loss of high-affinity agonist binding to M1 mAChR was described in the frontal 

cortex of patients with AD (Flynn et al., 1991). Moreover, the activation of 

phospholipase (PLC)-β by Gαq/11 after mAChR stimulation was impaired in AD 

(Jope et al., 1997). In addition, it has been reported the importance of the mAChR 

subtype in cognitive processes through the experiments in the M2 KO mice 

(Tzavara et al., 2003). Accordingly, the hippocampal activation of M2 mAChR 

subtype induces the so-called ‘muscarinic LTP’, essential to explain hippocampal 

neuronal plasticity (Segal and Auerbach, 1997). 

Regarding the ligand-gated ion channel nicotinic cholinergic receptors (nAChR), 

a partial loss of nicotinic receptors in AD patients has been described by 

autoradiographic techniques in the cortical layers of the temporal cortex, the 

presubiculum and parahippocampal gyrus using [3H]nicotine, [3H]epibatidine, and 

[3H]cytosine. These results correlate with a decrease in choline acetyltransferase 

(ChAT) activity (Kása et al., 1997). Furthermore, a decrease in the α7 nAChR has 

been recently found both in the hippocampus and in the cortical regions of AD 

patients by immunofluorescence (Ren et al., 2020). 

On the one side, the relationship between the cholinergic system and the APP 

metabolism seems to be direct, since it has been observed that selective M1 

mAChR subtype agonists induce the non-amyloidogenic pathway of APP 

processing (Nitsch et al., 1992; Pavía et al., 1998). Recently, it has been 

corroborated that the activation of M1 mAChR subtypes rescued Aβ-induced 
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cognitive impairments (Zhao et al., 2019). In addition, muscarinic agonists 

regulate APP levels in vivo after treatment in normal rats as well as in aged and 

cholinergic denervation in rats (Lin et al., 1999). On the other side, regarding the 

other main histopathological marker, the neurofibrillary tangles, the mAChR could 

also control the tau processing. For instance, the activation of mAChR in 

transfected cells by a selective M1 mAChR subtype agonist, AD102D, decreased 

the levels of phosphorylated tau and this effect was reverted by atropine (Sadot 

et al., 1996). 

3.5.2. Monoaminergic systems in AD 

The monoaminergic systems, including the catecholaminergic system, are 

modified during the progression of the disease. In this sense, the noradrenergic 

system suffers a significant neuronal loss in the locus coeruleus that is one of the 

main noradrenergic nuclei of the brain and which probably is related to the 

degeneration of the cholinergic innervation of this area in AD (Strong et al., 1991). 

Recently it has been described that the impairment in working memory and 

hippocampal neurogenesis is related to the damage of noradrenergic neurons in 

the locus coeruleus (Coradazzi et al., 2016). In this context, it has been observed 

an increase in noradrenergic α2 and β2 receptors in the prefrontal cortex and the 

hippocampus of patients with AD, although there is still controversy about these 

results (Kalaria et al., 1989; Yu et al., 2011). 

Regarding the serotonergic system, some subtypes of serotonergic receptors are 

also modulated in AD patients, such as the 5-Hydroxytriptamine4 receptor (5-

HT4R), since the activation of this receptor seems to improve cholinergic 

neurotransmission and to bias the processing of APP to follow the non-

amyloidogenic pathway (Shen et al., 2011). The expression of this receptor 

seems to be decreased in hippocampus of AD patients (Reynolds et al., 1995). 

Moreover, the agonist of 5-HT4R, RS67333, has been successfully assayed in 

transgenic mouse models of AD (Giannoni et al., 2013).  

3.5.3. Glutamatergic system in AD 

Within the glutamatergic system, the N-methyl-D-aspartate (NMDA) receptor has 

long been implicated in excitotoxicity leading to neurodegeneration in the later 

stages of AD. Indeed, nowadays, the NMDA receptor antagonist memantine is 
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one of the scarce treatments approved for the treatment of the AD to prevent the 

neurons from degeneration. The relationship between NMDA receptors and Aβ 

appears to be close, thus, A oligomers produce an increase in extracellular 

glutamate levels which causes a regulation of the NMDA receptor (Li et al., 2009). 

Moreover, it has been described that Aβ peptides can bind to NMDA receptors 

disturbing mitochondrial Ca2+ levels, which triggers the apoptosis, and the 

treatment with the NMDA antagonist reverts this effect (Alberdi et al., 2010). 

Furthermore, the effects of glutamate can also be mediated by other receptors 

such as α-amino-3-hydroxy-5-methyl-4-isoxazolepropionate (AMPA) and 

metabotropic receptors (mGluR). About the AMPA receptors, it has been 

described the relation of this receptor with synaptic plasticity, and, moreover, its 

dysregulation can be linked to neurological disorders such as AD (Jurado, 2017). 

In this sense, in Tg2576-APP transgenic mouse model, the Aβ oligomers produce 

the loss of hippocampal dendritic spines which is related to the decrease of AMPA 

receptor-mediated synaptic transmission (D’Amelio et al., 2011; Cavallucci et al., 

2013). Regarding the mGluR, these receptors can be differentiated in group I 

(mGluR1 and mGluR5), group II (mGluR2 and mGluR3) and group III (mGluR4, 

mGluR6, mGluR7, and mGluR8). In this sense, it has been reported that both the 

depletion of mGluR5 or the pharmacological antagonism of this receptor are 

protective in an AD mice model, indicating a relevant role in the cognitive 

impairment associated with AD (Hamilton et al., 2016). Moreover, the mGluR7 

could have a protective role for the basal forebrain neurons after its activation, 

reducing NMDA-currents and therefore the excitotoxicity (Gu et al., 2014). Thus, 

it seems that the activation of the group III of mGluR could induce neuroprotective 

effects both at in vitro and in vivo models of AD (Domin et al., 2014). 

3.5.4. GABAergic system in AD 

The GABAA and GABAB are the two receptors of the GABAergic system present 

in the CNS. The GABAA receptor has been studied by binding techniques with 

radiolabeled ligands such as [3H]-flumazenil and [3H]-GABA, which showed a 

moderate reduction of this receptor in AD patients (Chu et al., 1987; Vogt et al., 

1991). In contrast, an upregulation in frontal and temporal cortex of AD patients 

of an alternative splicing of GABAB receptor has been showed (Massone et al., 
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2011), which is triggered by inflammatory processes, provoking an altered 

GABAB signaling that increased the secretion of Aβ (Khedr et al., 2011). Finally, 

it has been reported that the antagonism of GABAB receptor improves learning 

and memory behavior in a transgenic mouse model of Down syndrome 

(Kleschevnikov et al., 2012). 

3.5.5. Neurotrophic factors in AD 

The NGF can exert its functions through the high tyrosine kinase (TrkA) or p75 

pan-neurotrophin receptor (p75NTR). It has been described that the degeneration 

of BFCN in AD may be influenced by deregulation of both NGF levels and their 

receptors, especially important in the BFCN (Mufson et al., 1999). The NGF that 

comes from its precursor proNGF, is maturated to the mature NGF (mNFG). This 

mNGF activates the TrkA receptor that provoke the effects of growth and survival, 

while the proNGF through p75NTR has a wide range of functions such as apoptosis 

and cell death (Miller and Kaplan, 2001). Moreover, the physiological effects of 

TrkA and p75NTR signaling depend on their interactions with either proNGF and 

mNGF. In this sense, the proNGF is the predominat form of NGF in cortex of 

elderly and cognitively healthy humans and its levels are increased in MCI or mild 

AD cortex (Fahnestock et al., 2001; Peng et al., 2004). Furthermore, Mini-Mental 

Status Examination (MMSE) scores correlated positively with TrkA levels in 

cortical areas, while the increase of cortical proNGF correlated negatively with 

MMSE scores (Counts et al., 2004; Peng et al., 2004). All together suggests that 

dysregulation of NGF and its receptors underlie cholinergic neurons dysfunction 

in AD (Mufson et al., 2019). 

3.5.6. Neurolipid systems in AD 

As previously mentioned, the neurolipid systems constitute a complex signaling 

system. During the last few decades the neuroscientists are unravelling the 

important effects mediated by these neurolipid systems in the brain and 

consequently their high potential as therapeutic targets for the treatment of 

neurological diseases, including neurodegenerative diseases such as AD. In the 

following lines, it is briefly described the implication of some of these neurolipid 

systems in the AD: the eCB, the LPA or the orphan receptors lipid-mediated 

signal. Thereupon, a detailed update of the S1P system in AD is included. 
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The modulation of the eCB system in AD remains ambiguous since the results 

are not entirely consistent among them (Berry et al., 2020). E.g. the results of 

CB1 receptor in the cortex are controversial due to their variability. In some 

studies, the binding of the specific agonist of CB1/CB2 receptor, the radioligand 

[3H]CP55,940, was reduced in the cortex of AD patients (Westlake et al., 1994), 

while in other studies no differences were found in cortex and hippocampus 

(Mulder et al., 2011). In addition, a decrease in the levels of CB1 receptor 

signaling was found in cortical areas of AD patients (review in Basavarajappa et 

al., 2017). Considering the progression of the disease according to the Braak’s 

classification, it has been described that the binding of [125I]SD7015 is increased 

in the frontal cortex at the initial stages of AD and subsequently decrease during 

the progression of the disease (Farkas et al., 2012). In contrast, a previous 

detailed autoradiographic study from our research group showed an increase in 

binding levels of [3H]CP55,940 during the middle stages of AD but not in the early 

stages, demonstrating a negative correlation of the CB1 receptor density with tau 

accumulation. Moreover, the activity of CB1 receptor was studied showing a 

similar hippocampal regulation to that observed for the [3H]CP55,940 binding, 

and increase of CB1 receptor activity in the frontal cortex at the initial stages of 

AD, preceding the increase of CB1 receptor density (Manuel et al., 2014). 

The CB1 receptor has also been widely studied in models of excitotoxicity. An 

eCB activation seems to contribute to the worsening of memory and learning 

processes (Stella et al., 1997; Kim et al., 2006), but other studies report that CB1 

receptor can confer neuroprotection by modulating glutamatergic 

neurotransmission (Sonkusare et al., 2005). In addition, the synthetic agonist HU-

211 antagonizes NMDA receptors in the same way that memantine does, 

representing a therapeutic approach (Nadler et al., 1993). Furthermore, old 

rodents treated chronically with low doses of ∆-9-tetrahydrocannabinol improved 

the learning and memory task by enhancing the expression of synaptic proteins 

(Bilkei-Gorzo et al., 2017). In previous results of our research group, a modulation 

of the CB1 receptor-mediated signaling has been observed in the triple transgenic 

mouse model of AD (3xTg-AD) (Manuel et al., 2016; Llorente-Ovejero et al., 

2018). 
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On the other hand, LPA is a neurolipid known for its important role during brain 

development and for regulating the cellular proliferation and neuronal processes 

sprouting. However, the role of LPA in neurodegenerative diseases remains 

largely unknown. LPA modifies the GSK3β-mediated interactions to promote the 

neurite extension and axon differentiation (Fukushima and Morita, 2006). In 

relation to the Aβ peptide, LPA increases the Aβ production through the 

upregulation of the β-secretase expression in experimental models of AD (Shi et 

al., 2013). Moreover, the autotaxin, responsible for the LPA production among 

others, and LPA own level are upregulated in plasma from MCI patients (Zhang 

et al., 2017). 

Some orphan GPCR, could be considered as neurolipid receptors and be 

modulated in AD (reviewed in Alavi et al., 2018). The GPR3 receptor, for which 

the S1P has showed some affinity, increases the production Aβ peptide after the 

processing of APP (Thathiah et al., 2009). Its depletion in transgenic mouse brain, 

however, leads to reduce the number of amyloid plaques and Aβ levels (Huang 

et al., 2015). In addition, the complement protein C1q, which is activated in AD, 

enhance GPR6 expression after Aβ treatment, and the inhibition of GPR6 revert 

the C1q-induced neuroprotection (Alexander et al., 2008; Benoit et al., 2013). 

Another orphan receptor that seems to prevent the Aβ-induced neurotoxicity in 

vitro is the GPR54 (Milton et al., 2012). Finally, the GPR55, also known as 

cannabinoid-like receptor, is involved in hippocampal plasticity (Hurst et al., 

2017). Moreover, GPR55 antagonism provokes an anti-inflammatory effect in rat 

microglial cultures treated with lipopolysaccharide (Saliba et al., 2018). 
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3.6. S1P and AD 

The role of SL in neurodegenerative diseases, and more specifically in AD, is 

becoming increasingly important (Czubowicz et al., 2019; Alaamery et al., 2020; 

Alessenko and Albi, 2020) (Figure 8). Some studies have related the 

microdomains or "lipid rafts" of membranes rich in cholesterol and SL, with the 

amyloidogenic processing of APP (Kalvodova et al., 2005; Osenkowski et al., 

2008; Holmes et al., 2012). In particular, it has been described that the 

accumulation of the Aβ in the lipid rafts activates the SM hydrolysis, which could 

be mediated by the increase in the expression of neutral (nSMase) and acidic 

(aSMase) sphingomyelinases in AD (Haughey et al., 2010; Filippov et al., 2012). 

Therefore, this SMases activation increases ceramide levels, as has been 

detected during moderate stages of dementia and would decrease during the 

progression of the disease to severe stages (Katsel et al., 2007). In addition, a 

loss of ceramide synthase 2 (CERS2), enzyme responsible for synthesis of very 

long chain ceramides, that are precursors of myelin lipids, has been reported in 

multiple brain regions of subjects with early and moderate stages of AD 

pathology. Interestingly, this CERS2 loss precedes the NFT pathology in 

temporal and frontal gray matter (Couttas et al., 2016). Moreover, the expression 

of SphK1 and SphK2 are decreased in AD, while the S1P lyase expression is 

enhanced leading to a decreased level of the own S1P neurolipid (Ceccom et al., 

2014; Couttas et al., 2014, 2018). Consequently, the levels of S1P are decreased 

in the cytosolic fraction of the gray matter at the frontotemporal brain regions of 

AD patients (He et al., 2010). The decrease of the S1P levels may also contribute 

to the elevation of aSMase (Gómez-Muñoz et al., 2003). In addition, the S1P1 

receptor is also decreased in frontal and temporal cortex when detected by 

immunoblotting (Ceccom et al., 2014). 

 



INTRODUCTION 

37 

 

Figure 8. Changes in brain sphingolipids metabolism and signaling observed in Alzheimer’s 

disease. (modified from Czubowicz et al., 2019). 

Regarding the animal models, it has been described in transgenic mouse models 

that the SphK2 is an important endogenous regulator of both APP processing to 

Aβ, as well as oligodendrocyte survival and myelin content (Lei et al., 2019). 

Moreover, the β-amyloid precursor protein cleaving enzyme 1 is modulated in 

vitro by S1P, suggesting that the S1P levels correlated with Aβ generation 

(Takasugi et al., 2011). Furthermore, the treatment of primary cultured neurons 

with fingolimod decreases the release of Aβ40/Aβ42 (Takasugi et al., 2013). In 

addition, SEW2871, an agonist of S1P1 receptor, is capable of dephosphorylating 

the tau protein in the Ser262 residue through the activation of S1P1 receptor, as 

well as produce BDNF, which controls the phosphorylation at this same 

aminoacid residue (Chen et al., 2012, 2014; St-Cyr Giguère et al., 2017). 

Moreover, SEW2871 improves the spatial memory and attenuates the 

hippocampal neuronal loss after Aβ1-42 intrahippocampal injection (Asle-Rousta 

et al., 2013b). Additionally, the same outcome is obtained following treatment with 

fingolimod (Asle-Rousta et al., 2013a). In the same line, fingolimod modifies the 

age-dependent transcription of genes involved in SL metabolism and pro-survival 
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such as SPHK and CERK signaling in an animal model overexpressing the 

human AβPP (V717L) transgene, suggesting its neuroprotective role (Jęśko et 

al., 2019; Bascuñana et al., 2020). Interestingly, S1P, but not fingolimod, induces 

neurotrophic gene expression in astrocytes protecting hippocampal neurons 

through S1P1 and S1P2 receptors in an in vitro model of excitotoxicity (Tran et al., 

2020). All these previous observations support the idea that deregulation of SL 

metabolism may play an important role in AD. 

3.7. Animal models for AD 

Animal models are potent tools that allow to study the changes that occur during 

the course of the pathological processes, and could help in developing a suitable 

treatment to modify, stop or reverse the progression of the diseases. 

Nonetheless, experimental AD models have been developed for the study of 

selected aspects of the process and for the evaluation of possible treatments. In 

this sense, in the present study two different rodent models have been used. The 

3xTg-AD transgenic mice model of AD, which was developed to mimic the 

mutations that were identified in FAD. Besides, the basal forebrain cholinergic 

lesion model in rat, which mimics the cholinergic dysfunction present clinically in 

AD patients, trying to evoke the sporadic AD. 

3.7.1. 3xTg-AD triple transgenic mice model 

3xTg-AD mice harboring βAPPswe, PS1M146V and tauP301L transgenes, have been 

extensively used to study the familial type of the disease. These animals present 

some characteristics related to AD: accumulation of extracellular Aβ deposits 

prior to tangle formation, as well as deficits in synaptic plasticity which coincides 

with the intracellular accumulation of Aβ in brain areas related to the control of 

memory and emotional processing, such as cortex, hippocampus and amygdala 

(Oddo et al., 2003). Furthermore, a significant reduction of 23% in the number of 

BFCN in the basal forebrain cholinergic system between young and old 3xTg-AD 

mice has been described. Moreover, these animals present an increase in cortical 

levels of proNGF with a reduction in cortical and hippocampal TrkA levels (Perez 

et al., 2011). In addition, other authors suggest that the reduction in the density 

of BFCN in the medial septum and the deficits in the length of hippocampal 

cholinergic axons starts at 4 months of age in this mice model of AD (Girão da 
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Cruz et al., 2012). In the same way, ChAT immunoreactive neurons are 

decreased in the nucleus basalis magnocellularis (B), also including loss of the 

cholinergic fibers in the frontal motor cortex and hippocampal area at 11 months 

postnatal 3xTg-AD mice (Orta-Salazar et al., 2014). In the same way, the 3xTg-

AD model has a mild impairment of the cholinergic muscarinic activity at 4 months 

postnatal age in amygdala, but it is increased in motor cortex at 15 months 

(Manuel et al., 2016). These results reveal a cholinergic dysfunction in 3xTg-AD 

mice. Additionally, when the BFCN is depleted by 192IgG-saporin in 12-month-

old transgenic mice, there is an increase in Aβ-plaques and hyperphosphorylated 

tau as well as enhanced gliosis, suggesting that the basal forebrain cholinergic 

dysfunction contributes to worsen AD-like pathology in the 3xTg-AD mouse 

model (Härtig et al., 2014). As a result, the 3xTg-AD mice show a wide range of 

pathological hallmarks of AD, which include cholinergic dysfunction, senile 

plaque formation, intracellular tangle accumulation, and cognitive impairment. 

Therefore, represents a useful model for the study of the different processes 

associated to the progression of the FAD. 

3.7.2. Model of basal forebrain cholinergic lesion 

The classic methods of mechanical lesions or those performed with cholinotoxins 

or excitotoxins have not succeeded to induce adequately selective death of 

cholinergic cells at the basal forebrain of rats (Smith, 1988). For this reason, the 

use of 192IgG-saporin immunotoxin has become a powerful tool to induce 

permanent cortical cholinergic dysfunction and show a selective and specific 

death of BFCN (Wiley et al., 1991). The 192IgG-saporin immunotoxin consists of 

a monoclonal antibody 192IgG raised against the p75NTR, coupled by a disulfide 

bond to saporin, a ribosome-inactivating protein. After immunotoxin 

administration, the toxin binds to p75NTR, which is internalized as the endogenous 

ligand, and enzymatically inactivates the large ribosomal subunit. Consequently, 

the protein synthesis is blocked resulting in cell death by apoptosis, provoking a 

neurodegenerative process. This lesion allows a degree of selectivity and 

extension that has not been achieved by any other technique (Wrenn and Wiley, 

1998). 192IgG-saporin can be administered by intracerebroventricular injection 

where the immunotoxin is taken up by cholinergic terminals and retrogradely 

transported to cell soma in the basal forebrain, or by intraparenchymal injection 
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to specific nuclei of the basal forebrain, such as in the proximity of BFCN (Heckers 

et al., 1994; Wenk et al., 1994). The neurotransmission after the 192IgG-saporin 

administration in B has been extensively analyzed and although multiple 

neurotransmitter systems are affected, the cortical cholinergic neurotransmission 

is specifically impaired. The cholinergic markers as ChAT activity and density, 

acetylcholinesterase (AChE) activity, or sodium-dependent high-affinity choline 

uptake (SDHACU) density are strongly decreased at cortical projection areas 

(Gil-Bea et al., 2005; Ljubojevic et al., 2014; Llorente-Ovejero et al., 2017). In 

addition, M1 mAChR density is increased whereas M2 mAChR density is less 

affected in the parietal cortex one week after 192IgG-saporin infusion (Rossner, 

1997). Nevertheless, in contrast with these data, recent studies show decrease 

of M2/M4 mAChR-mediated activity in cortical and septal areas two weeks after 

192IgG-saporin infusion (Moreno-Rodríguez, 2018). Finally, some data showed 

the affectation of other neurotransmitter systems directly related to cholinergic 

system. For instance, a decrease of GABAergic immunoreactivity in cortical areas 

together with increase in the activity of CB1 receptors after one week of toxin 

infusion (Llorente-Ovejero et al., 2017). All these neurochemical modifications 

are translated into the impairment in the memory and learning processes that has 

been extensively studied by nonmatching-to-position task, object recognition 

task, object location task, T-maze task, operant conditioning task, Morris water 

maze, Barnes maze and passive avoidance test (Torres et al., 1994; Berger-

Sweeney et al., 1994; Baxter et al., 1995; McGaughy and Sarter, 1998; Pizzo et 

al., 2002; Butt and Bowman, 2002; Bailey et al., 2003; Paban et al., 2005; Gibbs 

and Johnson, 2007; Dashniani et al., 2009; Rastogi et al., 2014; Lee et al., 2016; 

Llorente-Ovejero et al., 2017; Moreno-Rodríguez, 2018). Therefore, this model is 

useful as a rodent model of sporadic AD. 
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4. Lipidomics in health and disease 

Lipidomics, or, in other words, the systematic study of lipids and their functions in 

the biological systems, has become an area of great interest for biomedical 

development during the last few years. The technological advances in mass 

spectroscopy have not only allowed a faster and more accurate identification of 

lipids, but also their anatomical localization thanks to the development of the 

imaging mass spectrometry (IMS). The lipid molecules are well known by their 

structural and energy metabolism functions, but thanks, to a large degree, to 

these technological advances they are also being recognized as biomolecules 

involved in signaling in complex biological functions. In this way, lipid analysis 

has traditionally been performed by gas chromatography-mass spectrometry 

(GC-MS), but the development of matrix-assisted laser desorption/ionization 

(MALDI) method as well as the use of the ultrahigh-pressure liquid 

chromatography tandem mass spectrometry (UHPLC-MS), has significantly 

increased the range of lipids that can be simultaneously analyzed by mass 

spectroscopy. The use of these above-mentioned techniques is also been used 

for the search of biomarkers that help in the early detection of lipid-related 

diseases that could include the AD (Mapstone et al., 2014). 

In the human brain, lipids have reached the highest level of specialization. In a 

comparative study between the brains of rodents, primates and humans, it was 

observed that up to 75%, of the almost 6,000 different types of lipids analyzed in 

the human brain, are found in a proportion that is unique for human beings. 

Moreover, the cerebral cortex is the area of the brain that is most evolved and 

differentiates us from animals (Bozek et al., 2015). In this sense, a very recent 

study determined the composition of the cell-type-specific lipids present in the 

mice brain, in which also correlated the lipid information with the proteomic data 

in order to evaluate the influence of dietary fatty acids (Fitzner et al., 2020). In 

addition, Yan et al., (2020) also showed the cell-type-specific metabolic profile in 

mice brain by desorption electrospray ionization mass spectrometry (DESI) 

combining it with immunofluorescence detection. However, none of these 

previous and very recent studies was able to analyze the lipid anatomical 

distribution by IMS of detected species. In this way, the MALDI imaging mass 

spectrometry (MALDI-IMS) has an advantage over conventional mass 
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spectrometry (MS) techniques, because in addition to identifying a multiplicity of 

lipid molecules, it offers unbiased visualization of the spatial arrangement of lipids 

in tissue. This feature allows to obtain results to infer the physiological functions 

of membrane lipids in the brain in both healthy and pathological conditions 

(Veloso et al., 2011a; Gónzalez de San Román et al., 2017). Furthermore, the 

recent development of new methods of matrix deposition such as silver 

implantation, permits to detect some molecules that otherwise could be 

impossible to detect (Jackson et al., 2014; Muller et al., 2015, 2017; Roux et al., 

2015, 2016; Barbacci et al., 2017). At the same time, the mass spectrometry 

techniques are being used for searching specific pathological biomarkers in 

human samples such as plasma. In this sense, in recent years, PL have been 

described as potential biomarkers in patients serum, predicting seroconversion 

to MCI or AD two or three years before the onset of clinical symptoms (Mapstone 

et al., 2014; González-Domínguez et al., 2016). Furthermore, lipid alterations 

have been reported using the MALDI-IMS in AD postmortem brain samples (Yuki 

et al., 2014; Gónzalez de San Román et al., 2017). In this sense, these lipidomic 

approaches are allowing us to deepen in the study of the relationship of 

neurolipids in the development of pathological processes underlying the 

neurodegenerative diseases. 
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Lipids in the brain have been linked to major functions such as survival, 

proliferation and neuroprotection, acquiring a prominent interest for 

neuroscientist. The physiological consequences of the super-specialization of the 

lipids in the different regions and cellular types of the central nervous system 

(CNS), remain largely being a mystery. In fact, the so-called neurolipids, which 

possess agonistic or neuromodulatory properties, play an essential role both in 

health and in pathological conditions. Thus, the lysophospholipid sphingosine 1-

phosphate (S1P) system is one of these neurolipids involved in immune 

responses and cell survival functions. However, the S1P signaling, anatomical 

distribution and crosstalk with other neurolipid systems (e.g. endocannabinoid) in 

CNS are not fully elucidated. The cannabinoid system is modulated during 

Alzheimer’s disease (AD) progression, suggesting that other neurolipid systems, 

like the S1P, could also be involved, and the main cerebral receptor, the S1P1, 

could become in a promising therapeutic target. 

Consequently, the objectives of the present research study are: 

1. To analyze the anatomical distribution of functional coupling of Gαi/o 

proteins to S1P1 receptor in samples of frontal cortex, temporal cortex, 

caudate-putamen, hippocampus, amygdala, nucleus basalis of Meynert 

and cerebellum of postmortem human brain and rodent models. 

2. To describe the S1P1 receptor activity during the AD progression in 

postmortem human brain samples. 

3. Lipidomic evaluation of human plasma samples from mild cognitive 

impairment (MCI) and AD patients to identify biomarkers for early 

diagnosis. 

4. To determine the functionality of S1P1 receptors in the CNS of 3xTg-AD 

mice model of familial AD and in the rat model of sporadic AD by 

cholinergic basalocortical lesion. 

5.  To analyze the crosstalk between cannabinoid and S1P systems in brain, 

exploring for interactions at receptor binding sites, signaling activity and 

response after in vivo treatments in healthy and AD animal models. 

6. To identify, quantify and anatomically localize potential precursors of 

endogenous ligands for S1P receptors by MALDI-IMS in the rat CNS and 

to determine the “Lipotype” of the main cell types in rat CNS. 
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7. To explore new techniques of matrix deposition to detect and locate the 

distribution of endogenous ligands for neurolipids (2-AG and S1P), and 

lipid species that are poorly detected by MALDI-IMS in the rat CNS. 
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1.- Subjects and animals 

1.1.- Sprague-Dawley rats 

We used two-month-old male Sprague-Dawley rats (200–250 g) for the study. 

The animals were housed four or five per cage (50 cm length x 25 cm width x 15 

cm height) at a temperature of 22°C and in a humidity-controlled (65%) room with 

a 12:12 hours light/dark cycle, with access to food and water ad libitum. These 

type of rats were used for the in vivo administration of 192IgG-saporin as model 

of basal forebrain cholinergic lesion and subsequent histochemical, MALDI mass 

spectrometry and autoradiographic assays. Rats from different ages were used 

for primary cultures of the different cerebral cell types, including glial cells, 

neurons and ependymocytes. Thus, for primary cultures of neurons, E18 

Sprague-Dawley rat embryos were used. But for cell cultures of astrocytes and 

microglia we used newborn (P0–P2) Sprague-Dawley rats. The cell cultures of 

oligodendrocytes were obtained from dissected brains of P12 Sprague-Dawley 

rats. Finally, the ependymocytes were obtained from choroid plexus of 2-month-

old rats.  

Every effort was made to minimize animal suffering and to use the minimum 

number of animals. All procedures were carried out in accordance with European 

animal research laws (Directive 2010/63/EU) and the Spanish National protocols 

that were approved by the Local Ethical Committee for Animal Research of the 

University of the Basque Country (CEEA 388/2014, CEEA M20-2018-52/54).  

1.2.- Swiss mice 

Two-month-old male Swiss mice (25–35 g) were also used for histochemical and 

autoradiographic studies. The animals were housed four or five per cage (29 cm 

length x 16 cm width x 12 cm height) at a temperature of 22°C and in a humidity-

controlled (65%) room with a 12:12 hours light/dark cycle, with access to food 

and water ad libitum. Local Ethical Committee for Animal Research of the 

University of the Basque Country (CEEA 366-1/2014, CEEA M20/2018/192). 
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1.3.-3xTg-AD mice 

The 3xTg-AD, used as a model for FAD, were obtained from the Department of 

Medical Psychology, Universitat Autònoma de Barcelona, Barcelona, Spain, in 

collaboration with Dr. Lydia Giménez Llort. 3xTg-AD mice harboring PS1M146V, 

APPSwe and TauP301L transgenes were genetically modified as described below, 

by LaFerla and colleagues at the Department of Neurobiology and Behavior, 

University of California, Irvine (Oddo et al., 2003). Briefly, two independent 

transgenes (encoding human APPSwe and TauP301L, both under control of the 

mouse Thy1.2 regulatory element) were co-injected into single-cell embryos 

harvested from homozygous mutant PS1M146V knock-in (PS1-KI) mice (Figure 9). 

Figure 9. Generation of 3xTg-AD mouse model (modified from Oddo et al., 2003). 

For the present study, we used 7 month-old male 3xTg-AD mice and age-

matched controls (Non-Tg mice) sharing the same background, but without 

genetic modifications. All the animals were housed and maintained under 

standard laboratory conditions (22ºC, 50-60% humidity, 12:12 hours light/dark 

cycle, and with access to food and water ad libitum). All procedures were 

performed in accordance with European animal research laws (Directive 

2010/63/EU) and the Spanish National Guidelines for Animal Experimentation 

(RD 53/2013, Law 32/2007) and the Use of Genetically Modified Organisms (Law 
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32/2007 and 9/2003). Experimental protocols were approved by the Ethical Local 

Committee for Animal Research of the University of Basque Country 

(CEIAB/21/2010/Rodríguez-Puertas and CEEA 366-1 and 2). These animals 

were used for autoradiographic studies following in vivo cannabinoid 

pharmacological treatments. 

1.4.- Postmortem human brain samples 

Postmortem human brain samples were obtained from different cerebral tissue 

banks: Biobank of the Basque Country, tissue bank of the Asturias Central 

University Hospital (in collaboration with Prof. I. Fernandez-Vega) and by the 

tissue bank of the Neuropathology Institute of the University Hospital of Bellvitge, 

Barcelona (in collaboration with Dr. I. Ferrer). The samples were obtained at 

autopsy after getting informed consent in accordance to the ethics committees of 

the University of Basque Country (UPV/EHU), following the Code of Ethics of the 

World Medical Association (Declaration of Helsinki), and warranting the privacy 

rights of the human subjects. These samples were initially differentiated in two 

main groups, control and AD patients. Control samples (n=8) had not shown any 

evidence of metabolic or neurological disease, and after the neuropathological 

study, no abnormality was observed in the brain. However, AD samples (n=38) 

were separated after the neuropathological study into three different groups 

according to the Braak's stages (AD I – II, AD III – IV and AD V – VI) (Braak et 

al., 2006a). The brain samples were immediately frozen at -80°C after autopsy. 

These samples were used for histochemical and autoradiography assays. The 

mean of age and postmortem time are shown in the following table (Table 1). 

Table 1. Demographic data from human samples. Data are mean ± SEM. 

 

Total E C

Control 8 5 3 74 ± 4.7 9 ± 2.3
AD
    I - II 14 8 6 81 ± 3.4 12 ± 2.2
    III - IV 14 5 9 84 ± 3.3 14 ± 3.0

    V - VI 10 4 6 84 ± 4.1 18 ± 2.9

n Postmortem 
(hours)

Age       
(years)

Samples
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1.5.- Human plasma samples. 

Human plasma samples were obtained from the BioCruces institute 

corresponding to 30 patients. The experimental procedures were approved by 

the ethics committees of the BIOEF and University of Basque Country (PI+CES-

BIOEF 2018-03; CEISH/244MR/2015/RODRIGUEZ PUERTAS). All the study 

with human plasma samples was performed as a double-blind study. After the 

assay was analyzed the samples were identified as control (n=10), MCI (n=10) 

and AD patients (n=10). Plasma samples were frozen at -80ºC until the study was 

carried out. These samples were used for Ultrahigh-Pressure Liquid 

Chromatography –tandem mass spectrometer (UHPLC-MS) assay. 

1.6.- Human recombinant cells over-expressing CB1 

cannabinoid receptors or S1P1 sphingosine 1-

phosphate receptors. 

We used two different human recombinant cells lines overexpressing CB1 or 

S1P1 receptors (HTS019M and HTS176M respectively). Membrane preparations 

from wild type (WT) Chem 1 cells of rat were used as control group (HTS000MC1) 

(Millipore, CA, USA). These membrane preparations were used for radioligand 

binding affinity assays. 
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2.- Materials 

2.1.- Reagents 

[3H]CP55,940 (175 Ci/mmol), and [35S]GTPγS (1250 Ci/mmol) were obtained 

from PerkinElmer (Boston, MA, USA). The [3H]-microscales and [14C]-

microscales, used as standards in the autoradiographic experiments, and [3H] D-

erythro-sphingosine 1-phosphate ([3H]S1P, 21 Ci/mmol) were purchased from 

ARC (American Radiolabeled Chemicals, Saint Louis, MO, USA). Carestream 

Biomax MR film (β-radiation sensitive films), bovine serum albumin (BSA), DL-

dithiothreitol (DTT), guanosine 5’-O-(3-thiotriphosphate) (GTPγS), ketamine, 

xylazine, acetylthiocholine iodide, toluene, ammonium formate, 

tetraisopropylpyrophosphoramide (iso-OMPA), sigmacote®, 2-

mercaptobenzothiazol (MBT) and α-cyano-4-hydroxycinnamic acid (CHCA) were 

all acquired from Sigma-Aldrich (St Louis, MO, USA). Guanosine 5’-diphosphate 

(GDP) was purchased from Jena Bioscience Gmbh (Jena, Germany). 192IgG-

saporin (Batch 2441969) was acquired from ATS (Carlsbad, CA, USA). Methanol, 

water, acetonitrile (ACN), 2-propanol (IPA) and formic acid of analytical quality 

were supplied from Fisher Scientific (Fair Lawn, NJ, USA). Finally, Splash® 

lipidomix® and Cer/Sph mixture I, used as internal standard in UHPLC-MS 

assays, were obtained from Avanti Polar Lipids (Alabaster, Alabama, USA). The 

compounds necessary for the preparation of the different buffers and the 

treatment of slides were of the highest commercially available quality for the 

purpose of our studies. 
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2.2.- Drugs 

2-({4-[5-(3,4-Diethoxyphenyl)-1,2,4-oxadiazol-3-yl]-2,3-dihydro-1H-inden-1-

yl}amino)ethan-1-ol (CYM-5442, Ref.:C1997), [(2S,3R)–2–amino-3-

hydroxyoctadec- 4-enyl] dihydrogen phosphate (Sphingosine 1-phosphate, 

Ref.: 73914), [(3R)–3–amino-4-[(3-hexylphenyl)amino]–4-oxobutyl] phosphonic 

acid (W146, Ref.: W1020) and 2-[(1R,2R,5R)–5–hydroxyl-2-(3-

hydroxypropyl)cyclohexyl]–5-(2–methyloctan–2-yl) phenol (CP55940, 

Ref.:C1112) were purchased from Sigma-Aldrich; (11R)-2-Methyl-11-

[(morpholin-4-yl)methyl]-3-(naphthalene-1-carbonyl)-9-oxa-1-

azatricyclo[6.3.1.04,12]dodeca-2,4(12),5,7-tetraene  (WIN55,212-2, Ref.: 1038) 

and N-(Piperidin-1-yl)-5-(4-chlorophenyl)-1-(2,4-dichlorophenyl)-4-methyl-1H-

pyrazole-3-carboxamide hydrochloride (SR141716A, Ref.: 0923/10) from Tocris; 

4-nitrophenyl-4-[bis(1,3-benzodioxol-5-yl)(hydroxy)methyl]piperidine-1-

carboxylate (JZL-184, Ref.: 13158) (Table 2).  

Table 2. Mechanisms of action of used drugs. 

 

  

DRUG MECHANISM OF ACTION

CYM-5442 S1P1 receptor agonist

S1P S1P receptors agonist

W146 S1P1 receptor antagonist

CP55940 CB1 / CB2 receptor agonist

WIN55,212-2 CB1 / CB2 receptor agonist

SR141716A CB1 receptor antagonist

JZL-184 Irreversible inhibitor for monoacylglycerol lipase
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3.- Methods 

3.1.- Primary brain cells cultures for the determination 

of the lipid composition (cell “lipotype”) 

3.1.1.- Neurons 

Cortical neurons were isolated from the cortical lobes of rat E18 Sprague-Dawley 

embryos, as described previously (Alberdi et al., 2010), and resuspended in B27 

Neurobasal medium plus 10% fetal bovine serum (FBS). Subsequently, neurons 

were seeded onto poly-L-ornithine coated glass coverslips at 10,000 cells/cm2. 

After 24h, the medium was replaced with serum-free (B27-supplemented 

Neurobasal® medium). The cultures were essentially free of astrocytes and 

microglia, and maintained at 37ºC and 5% of CO2. 

3.1.2.- Oligodendrocytes 

Oligodendrocytes were isolated from optic nerves of P12 Sprague-Dawley rats, 

as described previously (Sánchez-Gómez and Matute, 1999), with minor 

modifications (Alberdi et al., 2002). Cells were seeded onto poly-D-lysine coated 

glass coverslips at 10,000 cells per coverslip. The cultures were maintained at 

37ºC and 5% CO2 in a chemically defined medium (Barres et al., 1992). 

3.1.3.- Microglia 

Microglia cells were derived from cortical tissue of P0 - P2 Sprague-Dawley rats 

as described previously (Vázquez-Villoldo et al., 2014). After 2 weeks, confluent 

monolayer of cultured astrocytes was removed from microglia by mechanical 

shaking. Free-floating microglial cells were purified by plating them on non-

coated plastic Petri dishes (SterilinTM plates). After 24h, non-adhered cells were 

eliminated and microglial cells were re-plated on poly-D-lysine coated coverslips. 

Following these conditions, the purity of cultured microglia was higher than 99%. 

The cultures were maintained at 37ºC and 5% CO2. 
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3.1.4.- Astrocytes  

Astrocytes were isolated from cerebral cortical tissue of P0–P2 Sprague-Dawley 

rats, as described elsewhere (McCarthy and de Vellis, 1980). After 2 weeks, cells 

were trypsinized and astrocytes were plated onto poly-lysine cell culture vessels 

at 15,000 cells/cm2. The cultures were maintained at 37ºC and 5% CO2. 

3.1.5.- Ependymocytes 

Ependymocytes were derived from epithelium of the choroid plexus containing 

ependymal cells of two-month-old Sprague-Dawley rats. The tissues were 

trypsinized for 20 minutes and then centrifuged for 5 minutes at 200g. The 

supernatant was removed and the pellet was resuspended by mechanical 

digestion with Dulbecco's Modified Eagle Medium (DMEM). Cells were seeded 

onto poly-D-lysine coated glass coverslips. The cultures were maintained at 37ºC 

and 5% CO2. 

3.2.- In vivo experiments 

3.2.1.- Model of basal forebrain cholinergic lesion in rat 

All surgery and stereotaxic administration was carried out under aseptic 

conditions. We separated randomly rats in two groups; Lesion group, in which we 

administered 192IgG-saporin to deplete selectively basal forebrain cholinergic 

neurons (BFCN) in the nucleus basalis magnocellularis (B); and Control group, 

in which we administered the artificial cerebrospinal fluid (CSF) as vehicle 

following the same stereotaxic coordinates. The vehicle was prepared mixing 

NaCl 0.15 M, KCl 2.7 mM and MgCl2 0.85 mM (pH 7.4), and sterilized by filtration 

with 0.4 μm-Ø filters (EMD Millipore, CA, USA). Otherwise, CSF containing 130 

ng/μl of 192IgG-saporin was used. Before the surgery, rats were anesthetized 

with ketamine/xylazine (90/10 mg/kg; s.c.) and then placed in stereotaxic 

instrument (Kopf, Tujunga, CA, USA). We carefully used 10 μl Hamilton syringe 

(NeurosTM syringe, 1701RN; Bonaduz, Switzerland) with a 0.210 mm diameter 

needle to minimize brain damage. The intraparenchymal infusions were made 

into the B following these stereotaxic coordinates: - 1.5 mm anteroposterior from 

Bregma; ± 3 mm mediolateral from midline; + 8 mm dorso-ventral from the cranial 

surface (Paxinos and Watson, 2007). Vehicle, for Control group, or 192IgG-
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saporin, for Lesion group, was bilaterally administered (1 μl/hemisphere) at a 

constant rate of 0.2 μl/min. In order to avoid a possible backflow and to allow a 

complete diffusion, the needle was kept in for 5 minutes before it was gently 

removed. During surgery, the body temperature was controlled and the eyes were 

kept hydrated with warm saline solution (NaCl 0.9%). After the surgery and 

stereotaxic administrations the wounds were closed with braided silk sutures and 

a broad-spectrum intramuscular antibiotic was injected (2.25 mg/kg 

oxytetracycline). The rats were allowed to recover from surgery for 15 days, 

thereafter, the animals were sacrificed. 

3.2.2.- Cannabinoid pharmacological treatments 

WIN55,212-2 administration in a model of basal forebrain cholinergic 

lesion 

WIN55,212-2 (0.5 mg/kg) was administered intraperitoneally (IP) once per day, 

for five consecutive days. WIN55,212-2 was dissolved in pure DMSO, and diluted 

with Kolliphor EL (Sigma-Aldrich) and 0.9% saline to a proportion of (1:1:18), 

respectively. The same dilution without drugs used as vehicle was administered 

to the Control animals. After 2 days of wash-out, the animals were sacrificed. 

Cannabinoid administration in 3xTg-AD mice 

Cannabinoids were administered IP once per day, for seven consecutive days. 

WIN55,212-2 and JZL-184 were dissolved in pure DMSO and diluted with 

Kolliphor EL (Sigma-Aldrich) and 0.9% saline to a proportion of (1:1:18), 

respectively, as vehicle. Two independent sets of mice were randomly assigned 

to one of the following five groups (n=10): [1] Non-Tg-vehicle, [2] 3xTg-

AD.vehicle, [3] 3xTg-AD-WIN55,212-2 (0.1 mg/kg), [4] 3xTg-AD-WIN55,212-2 (1 

mg/kg) and [5] 3xTg-AD-JZL-184 (8 mg/kg). After 2 days of wash out, the animals 

were sacrificed. 
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3.3.- Sample/Tissue preparation 

3.3.1.- Animal fresh tissue 

All animals (3xTg-AD mice, Swiss mice and Sprague-Dawley rats) used in the 

present study were anesthetized with ketamine/xylazine (90/10 mg/kg; IP) and 

then sacrificed by decapitation. The brain samples were quickly removed by 

dissection (4°C), fresh frozen and kept at -80°C. 

On one side, fresh frozen tissues were raised to -20°C, and 20 µm thick slices 

were cut in a cryostat (Microm HM550, Walldorf, Germany) and mounted onto 

gelatin-coated slides. These slices were kept at -25°C until used in 

autoradiographic studies, histochemical methods or MALDI-IMS assays. 

On the other side, for the purpose of the membrane preparation, all the brain 

cortex was dissected from 4 animals in a same pool that was homogenized using 

a Potter-Elvehjem tissue homogenizer in homogenization buffer (Sucrose 250 

mM, Tris-HCl 50 mM, MgCl2 3 mM, EGTA 1 mM and DTT 1 mM; pH 7.4). The 

homogenate was centrifuged for 5 minutes at 1,500 rpm and 4ºC. Subsequently, 

the supernatant was centrifuged for 15 minutes at 14,000 rpm and 4ºC. The re-

suspension of the pellet was made in homogenization buffer without sucrose, and 

later, centrifuged for 15 minutes at 14,000 rpm and 4ºC. The resulting dry pellet 

was stored at -80ºC until the experiment was carried out. Before the experiment, 

protein concentration was determined using Bradford method using BSA as 

standard (Bradford, 1976).  

3.3.2.- Postmortem human brain tissue 

The frozen tissue was raised to -20°C, and 20 µm thick slices were cut using a 

cryostat (Microm HM550, Walldorf, Germany) and mounted onto gelatin-coated 

slides. Finally, the slices were kept at -25°C until used in the different 

experiments. 
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3.3.3.- Preparation of cells homogenates for lipotype analysis 

All cell cultures of different brain cell types were incubated in constantly agitation 

with 500 µL of trypsin for 15 minutes. The supernatants were centrifuged for 5 

minutes at 16,000 rpm and 4ºC. The pellets were re-suspended in phosphate-

buffered saline and later were centrifuged for 5 minutes at 16,000 rpm and 4ºC. 

The resulting dry pellets were stored at -80ºC until the experiment was performed. 

3.3.4.- Plasma sample preparation for UHPLC-MS 

The plasma samples (80 µL) were spiked with 20 µL of the internal standard (10 

µL of Splash™ LipidoMix™ standards and 10 µL of Ceramide/sphingoid internal 

standard mixture). Mixtures (100 µL) were precipitated by addition of 4 volumes 

of IPA pre-cooled at -20ºC. Then, these were vortexed for 1 minute and incubated 

at room temperature for 10 minutes. After that, mixtures were centrifuged at 

13,000 (g) for 20 minutes at 4ºC. The upper phases were dried in a vacuum 

centrifuge and stored at -80ºC until the experiment was carried out. Before the 

experiment, the samples were reconstituted in 120 µL of ACN:IPA (50:50) and 

transferred to a maximum recovery chromatography vials for subsequent 

injection in a UHPLC-Q-ORBITRAP-HF-X equipment (Thermo Fisher Scientific, 

San Jose, CA, USA). 

3.4.- [3H]CP55940 binding assay in membranes 

For these type of assays, we used cells that overexpress the CB1 or the S1P1 

receptor, using WT cells as controls. The membrane protein concentration was 

0.05 mg/ml. For other set of similar experiments membranes homogenates 

(isolated as previously described) from rat cortex were used at a concentration of 

0.1 mg/ml of membrane protein. The membrane aliquots were thawed at 4ºC and 

resuspended in the reaction buffer (Tris-HCl 50 mM, EDTA 1 mM, MgCl2 3 mM 

and BSA 1%; pH 7.4). We calculated the % of inhibition of [3H]CP55940 binding 

by different compounds. All the compounds were used as different concentrations 

ranging from 1 pM to 10 µM. SR141716A compound was included as a reference 

CB1 receptor antagonist, W146 (specific antagonist of S1P1 receptor), CYM-5442 

(specific agonist of S1P1 receptor) and S1P (agonist for all S1P receptor 

subtypes). All the compounds were firstly diluted in pure DMSO. The reaction 

was performed in borosilicate glass tubes treated with sigmacote® to avoid 
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unspecific binding to tubes, in the presence of 0.5 nM of [3H]CP55940. The non-

specific binding to membrane homogenates was defined as the [3H]CP55940 

binding in the presence of 10 µM WIN55,212-2. All the different experimental 

conditions were performed by duplicated or triplicated whenever possible. The 

incubation was performed at 37ºC for 2h with agitation. The reaction was stopped 

adding ice-cold wash buffer (Tris-HCl 50 mM and BSA 0.5%; pH 7.4). Afterwards, 

the membranes were retained by vacuum filtration to a Whatman® GF / C glass 

microfiber filter (Sigma-Aldrich, St Louis, MO, USA), that were prehydrated with 

reaction buffer using a 48-well Dottikon CH-5606 harvester (Inotech, Dottikon, 

Switzerland). The filters, in which the membranes with the bound radioligand 

were trapped, were rinsed twice with the ice-cold reaction buffer and were 

transferred to vials containing 5 mL of Ultima Gold cocktail (Perkin Elmer, Boston 

MA, USA). Radioactivity was measured in a Packard Tri-Carb 2200CA liquid 

scintillation counter (PerkinElmer, Boston MA, USA). The non-specific binding 

was subtracted from the total bound radioactivity to determine the specific 

binding. The data analysis is described later in the statistical analysis section. 

3.5.- Autoradiographic studies 

3.5.1.- Labeling of activated Gαi/o proteins by [35S]GTPyS binding 

assay 

Fresh 20 μm sections obtained from both the brains of all the groups of animals 

and postmortem human samples, were dried, followed by two consecutive 

incubations in HEPES-based buffer (HEPES 50 mM, NaCl 100 mM, MgCl2 3 mM, 

EGTA 0.2 mM and BSA 0.5%; pH 7.4) for 30 min at 30°C to remove the 

endogenous ligands. Briefly, slices were incubated for 2h at 30°C in the same 

buffer but supplemented with GDP 2 mM, DTT 1 mM and 0.04 nM [35S]GTPγS. 

Basal binding was determined in two consecutive slices in the absence of the 

agonist. The agonist-stimulated binding was determined in another consecutive 

slice with the same reaction buffer, yet in the presence of the corresponding 

receptor agonists, WIN55,212-2 for CB1/CB2 receptors and CYM-5442 for S1P1 

receptor. Specific receptor antagonists were used in consecutives slices to 

ascertain that the activation was mediated by of those specific receptor subtypes. 

Thus another consecutive slices were incubated in the presence of W146 (10 



MATERIALS AND METHODS 

61 

μM) together with CYM-5442 (10 μM) to evaluate the S1P1 specificity, or with 

SR141716A (10 μM) together with WIN55,212-2 (10 μM) to determine the CB1 

specificity. Non-specific binding was defined by competition with GTPγS (10 μM) 

in another further section. Then, slices were washed twice in cold (4°C) 50 mM 

HEPES buffer (pH 7.4), dried and exposed to β-radiation sensitive film with a set 

of [14C]-standards calibrated for 35S. After 48h the films were developed, scanned 

and quantified by transforming optical densities into nCi/g tissue equivalent (nCi/g 

t.e.) units using a calibration curve defined by the known values of the [14C]-

standards (ImageJ, Bethesda, MD, USA). Background, and non-specific binding 

were substracted from all experimental conditions. Then the net stimulations 

were calculated by substracting the basal binding. 

3.5.2.- Cannabinoid receptor autoradiography  

Using a similar procedure, 20 μm sections from control animals and postmortem 

human samples were air-dried and submerged in 50 mM Tris-HCl buffer 

containing 1% of BSA and 3 mM MgCl2 (pH 7.4) for 30 minutes at room 

temperature to remove the endogenous ligands. They were then incubated in the 

same buffer in the presence of the agonist of CB1/CB2 receptor radioligand, 

[3H]CP55940 (3 nM) for 2h at 37°C. Also in other conditions, W146, antagonist of 

S1P1 receptors, was incubated with [3H]CP55940 in different concentrations from 

1 pM to 10 µM in consecutive slices to evaluate the affinity of W146 for CB1 

receptors. Non-specific binding was measured by competition with CB1/CB2 

receptor agonist WIN55,212-2 (10 μM) in another consecutive slice. Then, slices 

were washed in ice-cold buffer (4°C) to stop the reaction and to remove unbound 

radioligand. Autoradiograms were generated by exposure (at 4ºC of the tissues 

for 21 days) to β-radiation sensitive films together with [3H]-microscales used to 

calibrate the optical densities to fmol/mg tissue equivalent (fmol/mg t.e.) by using 

the ImageJ software (Bethesda, MD, USA).  
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3.5.3.- Sphingosine 1-phosphate autoradiography 

Fresh 20 μm sections from control animals and postmortem human samples were 

air-dried and submerged in 50 mM Tris-HCl buffer containing 1% of BSA and 3 

mM MgCl2 (pH 7.4) for 30 min at room temperature to remove the endogenous 

ligands. They were then incubated in the same buffer in the presence of the 

agonist of S1P receptor radioligand, [3H]S1P (1 nM) for 2h at 37°C. Also in other 

conditions, W146, antagonist of S1P1 receptor, was incubated with [3H]S1P at 10 

µM in consecutive slices to evaluate the S1P1 receptor density. Non-specific 

binding was determined by competition with S1P receptor agonist S1P (10 μM) 

in another consecutive slice. Then, slices were washed in ice-cold buffer (4°C) to 

stop the reaction and to remove unbound radioligand. Autoradiograms were 

generated by exposure at 4ºC of the tissues to β-radiation sensitive films together 

with [3H]-microscales. Since these were the firsts steps towards starting up the 

[3H]S1P autoradiography method, we also evaluated different exposure times 

(20, 23, 47, 77, 104 and 184 days). 

3.6.- Histochemical methods 

3.6.1.- Histochemistry for AChE activity detection 

Acetylcholinesterase (AChE) activity was measured in control rats to determine 

cholinergic areas in the brain tissue. The slices were dried for 20 minutes at room 

temperature, post-fixed in 4% paraformaldehyde in PBS for 30 minutes at 4ºC 

and washed in 0.1M PBS, pH 7.4 (PBS) for 20 minutes. 

Cholinergic areas were stained using “direct coloring” thiocholine method for 

AChE (Karnovsky and Roots, 1964). The slices were rinsed twice in 0.1 M Tris-

maleate buffer (pH 6.0) for 10 minutes and incubated in complete darkness, with 

constant and gentle agitation in the AChE reaction buffer (Tris-maleate 0.1 M; 

sodium citrate 5 mM; CuSO4 3 mM; iso-OMPA 0.1 mM; K3Fe(CN)6  0.5 mM and 

acetylcholine iodide 2 mM as reaction substrate). The incubation time was 100 

minutes for staining of cholinergic fibers. Finally, the enzymatic reaction was 

stopped by two consecutive washes for 10 minutes each in 0.1 M Tris-maleate 

(pH 6.0). Slices were then dehydrated in increasing concentrations of ethanol and 

covered with di-n-butyl phthalate in xylene (DPX) as the mounting medium. 
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3.6.2.- Thionine staining 

We performed the thionine staining to facilitate the identification of 

neuroanatomical structures, adjacent sections to those used in [35S]GTPyS 

autoradiography or MALDI-IMS were stained with thionine. Tissues mounted onto 

gelatin-coated slides were hydrated after thawing. The hydration was performed 

by immersing tissues for 5 minutes in ethanol solutions in descending order 

(100%, 96%, 70% and 50%). Then sections were submerged in thionine solution 

for 5 minutes. Later, tissues were washed with deionized water and introduced in 

ethanol solutions (50%, 70%, 96% and 100%) to dehydrate the tissue and 

covered with DPX as the mounting medium. 

3.7.- Matrix - Assisted Laser Desorption Ionization – 

Imaging Mass Spectrometry (MALDI - IMS) 

We used MALDI – IMS for the mapping of the lipid composition with anatomical 

resolution of the control rat brain and to describe the “lipotype” of the main 

different cell types present in brain. The Core Research Facilities at the Central 

Analysis Unit of the University of Basque Country (SGIker) were used. In a similar 

way, the detection of small molecules such a endogenous ligands (S1P, 2-AG) 

with anatomical resolution was assayed in control rat brain at the National 

Institute on Drugs Abuse (NIDA) in Baltimore (USA) as part of my pre-doctoral 

stay in the group of Dr. Amina Woods. 

3.7.1.- Sample preparation and matrix sublimation. 

For the experiments aimed to identify the cells “lipotype”, we used a cell 

homogenate pellet of diverse types of cells, including neurons, glial cells an 

ependymocytes. The dry pellets were thawed at 4ºC and resuspended in distilled 

water. 5 - 10 µL of the suspensions were deposited onto gelatinized slides and 

dried at room temperature to replicate the conditions of tissue sections measured 

by MALDI – IMS. Besides that, slices from control rat brain tissue were used 

following the same preparation than described before for autoradiography 

studies. The tissue samples were dried by a glass sublimator (ACE glass 8023, 

USA) at room temperature for 15 minutes prior to deposition of the matrix onto 

the tissue. For the experiments that were performed in the SGIker of the 
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UPV/EHU (Leioa, Spain), the samples were sublimated with 300 mg of MBT in a 

sublimator at 100°C for 23 minutes, followed by a re-crystallization process on 

the bottom of a Petri plate with methanol at 38°C for one minute (Martínez-

Gardeazabal et al., 2017). Additionally, the samples, that were analyzed in the 

NIDA (Baltimore, USA), were implanted with 8 nm diameter silver nanoparticles 

by an NPlanter (Ionwerks, Houston, TX, USA), which are uniformly implanted at 

500 eV and later sprayed (four passes) with CHCA (at 10 mg/ml concentration in 

50 % methanol) using a Tissue MALDI sprayer (TM sprayer, HTX Technologies, 

LCC, Carrboro, NC, USA) with a flow rate of 120 ml/min and at 70ºC of nozzle 

temperature. 

3.7.2.- Mass spectrometer 

MALDI – IMS analyses were carried out by using a LTQ – Orbitrap – XL mass 

spectrometer (Thermo Fisher Scientific, San Jose, CA, USA). The system was 

equipped with a nitrogen laser of λ = 337 nm, using a repetition rate = 60 Hz and 

a spot size= 80 × 120 μm. 

In the SGIker experiments, each sample was scanned in both positive ionization 

mode, in the range of m/z 500 – 1000, and negative ionization mode, in the range 

of m/z 400–1100. The parameters were 2 μscans/step with 10 laser shots and a 

raster step size of 100 μm at laser fluence of 15 - 40 μJ. 

On the contrary, in the experiments at NIDA (USA), the samples were measured 

in positive ionization mode, in the range of m/z 100 – 500. The parameters were 

2 μscans/step with 10 laser shots and a raster step size of 75 μm at laser fluence 

of 8 μJ. 
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Figure 10. MALDI-IMS workflow. 
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3.7.4.- Peak assignment and statistics 

A large number of molecules were detected, with some of them sharing very 

similar mass. This made it challenging to accurately assign an m/z value to a 

specific lipid molecule. Some of the m/z values obtained were assigned using 

different reference database (e.g., Lipid Maps, www.lipidmaps.org or Human 

metabolome Database, www.hmdb.ca/). In addition, our data were also 

compared with previous publications from our research group and from others 

using similar methodological approaches. All the assignments were made with a 

5 ppm mass accuracy as the tolerance window. 
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3.8.- Ultrahigh-Pressure Liquid Chromatography – 

tandem mass spectrometer (UHPLC-MS) assay 

We used the UHPLC–MS technique for the human plasma samples to evaluate 

the differences in lipid composition among Control, MCI and AD patients. This 

analysis was designed as a double-blind assay to avoid interference of the 

experimenters in the interpretation of the results. The samples were only decoded 

when all the data were obtained. This analyses were performed using the SGIker 

equipment at the UPV/EHU (Leioa, Spain).  

3.8.1.- Design of the analysis 

First, blanks (IPA:ACN, 50:50) were injected at the beginning and at the end of 

the run to evaluate any possible contamination of the sample or carry-over effect 

(the re-appear in later runs of some peaks on the sample which actually do not 

contain the sample). Then, the dilution of the internal standards (IS) (Splash 

lipidomix and Cer/Sph mixture I) were run after the blanks, at the beginning, and 

also after the human samples injections. Later, Quality Control (QC) samples 

were used to check for the sensitivity and the stability of the apparatus, which 

were prepared by homogenizing together a common sample containing equal 

aliquots (20 µL) from each of the samples that were included in each group of the 

study (Control n=10, MCI n=10 and AD n=10). QC system (QCsys) were injected 

before the analyses were started for system conditioning, and QC samples 

(QCsamples) were injected regularly (every 5 injections). The samples were 

injected randomly in order to reduce the effect of the column degradation or the 

contamination of the MS source (Figure 11). Finally, after the sequence, 

QCsample dilution (1:10) were injected (1, 2, 5, 7 and 10 µL) to calculate the 

correlation coefficient in order to assess the linearity of the sample concentration. 

 
Figure 11. Sequence outline. Blank (IPA:ACN, 50:50), IS: Internal Standard (Splash lipidomix 

and Cer/Sph mixture I), QCsys: QC for system conditioning, QCsample: every 5 injections were 

run to check the sensitivity and the stability of the apparatus, and Sample: that were randomly 

injected. 
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Figure 12. Ultrahigh-Pressure Liquid Chromatography – tandem mass spectrometer (UHPLC-

MS) workflow. From plasma sample to the data processing. The plasma samples (80µL) were 

spiked with 20 µL of the internal standard (10 µL of Splash™ LipidoMix™ standards and 10 µL of 

Ceramide/sphingoid internal standard mixture). Mixtures (100 µL) were precipitated by addition 

of 4 volumes of 2-propanol (IPA) pre-cooled at -20ºC. Then, these were vortexed for 1 minute 

and incubated at room temperature for 10 minutes. After that, mixtures were centrifuged at 13,000 

(g) for 20 minutes at 4ºC. The upper phases were dried in a vacuum centrifuge and stored at -

80ºC until the experiment was carried out. Before the experiment, the samples were reconstituted 

in 120 µL of acetonitrile:2-propanol (ACN:IPA; 50:50) and transferred to a maximum recovery 

chromatography vials for subsequent injection in a UHPLC-Q-ORBITRAP-HF-X equipment 

(Thermo Fisher Scientific, San Jose, CA, USA) obtaining the data to process them. 
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3.8.2.- UHPLC-Q-ORBITRAP-HF-X conditions 

Ultimate 3000 (Thermo Scientific, San Jose, CA) was used as UHPLC that was 

coupled to Q Exactive HF-X, an Orbitrap detector (Thermo Scientific, San Jose, 

CA) equipped with an electrospray ionization (ESI) source that was operated in 

both positive and negative modes. A reverse phase column (Acquity UHPLC HSS 

T3 2.1x 100 mm, 1.8 µm (Waters, Milford, MA, USA)) was used at 65°C for 

separation of individual lipids. The flow rate was set on 500 µL/min and injection 

volume was 2 µL. The composition of the mobile phases was for Phase A, 

ACN/H2O (40:60) with 10 mM ammonium formate, and for Phase B, ACN/IPA 

(10:90) with 10 mM ammonium formate. All samples were injected to the mass 

spectrometer by the autosampler at 4°C. The capillary temperature was at 285ºC, 

and the spray voltage was set on at 3.20 kV (ESI + and ESI -). Nitrogen was used 

as desolvation and cone gas. The samples were scanned in positive in the range 

of 250 - 2000, and in negative in the range of 250 - 2000. The mass resolution 

was established at 120,000 and the MS2 (the secondary fragmentation) isolation 

tolerance was 1 Da.  

3.8.3.- MS data processing 

LipidSearch software (v4.2.2) was used to align the chromatograms as well as to 

identify and quantify the peaks that were found. Concerning lipid identification, 

the data obtained at the retention time (± 0.1 min), and the data obtained from 

both the precursor ions (± 5 ppm) and the MS / MS fragment ions (± 5 ppm) were 

merged. These species were assigned only after the detection of lipid class 

and/or fatty acid was completely or partially identified as an ion fragment. 

Univariate statistics were used to reduce the false positive annotations. For this 

reason, the coefficient of variation (CV) was calculated to compare with all the 

QCsamples that were measured, and those assignments that had a CV greater 

than 30% were discarded. Regarding the quantification; the concentrations of 

ceramides (Cer), sphingomyelins (SM), phosphatidylcholines (PC) and 

phosphatidylethanolamines (PE) were determined by using the corresponding 

standards; Cer(d18:1/12:0), SM(d36:2D9), PC(18:1D7/15:0) and PE(18:1D7/15:0) 

respectively, in positive and negative ion detection modes. Besides, 

lysophosphatidylethanolamine (LPE), diradylglycerol (DG) and triradylglycerol 
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(TG) concentrations were determined by LPE(18:1D7), DG(15:0/18:1D7) and 

TG(15:0/18:1D7/15:0) respectively, in positive ion detection. 

3.9.- Statistical analyses 

The two-tailed unpaired Student’s t-test was used for comparisons between 

Control vs Lesion rats and Non-Tg vs 3xTg-AD mice treated with vehicle 

respectively. Non-parametric Kruskal-Wallis test followed by Dunn’s post hoc test 

were used for multiple comparison between; the postmortem human brain 

samples, when controls and patients were compared; treatments in the model of 

basal forebrain cholinergic lesion rats; treatments in 3xTg-AD mice and the 

concentrations of the different compounds in the plasma samples of control and 

patients. About the radioligand binding parameters, IC50 values and total 

percentage of inhibition were calculated by nonlinear regression of concentration 

values versus percentage of inhibition. Additionally, for UHPLC - MS assay the 

CV was calculated to compare with all the QCsamples that were measured to 

reduce the false positive annotations. All statistics were performed using 

GraphPad Prism (San Diego, CA, USA) and Microsoft Office Excel. Every data 

were expressed as mean ± standard error of the mean (SEM). 
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1.-S1P1 receptor localization in the CNS 

1.1.- [3H ]D-erytro-sphingosine 1-phosphate 

autoradiography 

We tried to develop a new method for the anatomical localization of the S1P1 

receptor by autoradiography due to the absence of a protocol in the literature. We 

used [3H]D-erytro-sphingosine 1-phosphate ligand that should bind to all 

subtypes of S1P receptors, as total binding. To evaluate the specific binding to 

S1P1 receptor, we incubated a consecutive slice in presence of W146 (10 µM), 

an antagonist of S1P1 receptor. Non-specific binding was determined with 

sphingosine 1-phosphate (S1P) (10 µM). Different prolonged exposure times to 

beta radiation sensitive films were empirically assayed because of the low 

specific activity of the radioligand. As can be observed in the Figure 13, after 184 

days of exposure, a moderate radioligand binding was detected but similar to the 

non-specific condition assayed. 

Figure 13. Representative autoradiograms corresponding to sagittal sections from CNS of control 

rats showing [3H] D-erytro-sphingosine 1-phosphate total binding at different exposure times (from 

20 to 184 days). Scale bar = 6 mm. 
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Therefore, we decided to localize and analyze the S1P1 receptor by using the 

[35S]GTPγS assay, since S1P1 receptor is coupled to Gαi/o proteins, measuring 

the activity mediated by these receptors. 

1.2.- Experimental conditions for [35S]GTPγS assay 

Preliminary studies were performed to determine the experimental conditions for 

detection of S1P1 receptor activity by [35S]GTPγS assay. As S1P is a lipid ligand, 

we followed a similar protocol to those previously used for detection of activity 

mediated by other lipid neurotransmitters, such as CB1 receptors. Regarding the 

ligand used for the stimulation, we utilized the S1P endogenous ligand, which 

possess affinity for all described subtypes of S1P receptors; and also the agonist 

CYM-5442, that has more affinity for S1P1 receptors according to the 

IUPHAR/BPS. The advantage of using CYM-5442 over S1P is that it allows us to 

evaluate uniquely the activity of S1P1 receptor. All these assays were carried out 

in sagittal rat brain slices.  

It was noted that, despite the specificity of the S1P1 agonist, the CYM-5442 was 

able to stimulate the binding of [35S]GTPγS more than S1P in all areas of the CNS 

that were analyzed. About the gray matter areas, the molecular layer of the 

cerebellum was the area in which the net stimulation evoked by CYM-5442 over 

the basal levels was higher (2644 ± 275 nCi/g t.e.) in comparison with the 

stimulation by S1P (109 ± 74 nCi/g t.e.). This superior stimulation by CYM-5442 

was also observed in other measured areas of gray matter, such as olfactory bulb 

(CYM-5442: 636 ± 107 nCi/g t.e.; S1P: 30 ± 84 nCi/g t.e.), cortex (CYM-5442: 

1251 ± 95 nCi/g t.e.; S1P: 59 ± 72 nCi/g t.e.), striatum (CYM-5442: 775 ± 120 

nCi/g t.e.; S1P: 99 ± 39 nCi/g t.e.), globus pallidus (CYM-5442: 431 ± 100 nCi/g 

t.e.; S1P: -110 ± 85 nCi/g t.e.), thalamus (CYM-5442: 481 ± 97 nCi/g t.e.; S1P: 

78 ± 57 nCi/g t.e.), hippocampus (CYM-5442: 684 ± 86 nCi/g t.e.; S1P: 8. ± 49 

nCi/g t.e.), inferior colliculus (CYM-5442: 425 ± 143 nCi/g t.e.; S1P: 36 ± 43 nCi/g 

t.e.), superior colliculus (CYM-5442: 415 ± 115 nCi/g t.e.; S1P: -29 ± 56 nCi/g 

t.e.) and granular layer of the cerebellum (CYM-5442: 348 ± 39 nCi/g t.e.; S1P: 

109 ± 74 nCi/g t.e.). Furthermore, the same effect was also observed in some 

areas of white matter that were analyzed such as corpus callosum (CYM-5442: 

236 ± 99 nCi/g t.e.; S1P: 87 ± 58 nCi/g t.e.), fimbria of the hippocampus (CYM-

5442: 45 ± 54 nCi/g t.e.; S1P: -54 ± 31 nCi/g t.e.), cerebellar white matter (CYM-
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5442: 21 ± 36 nCi/g t.e.; S1P: -30 ± 39 nCi/g t.e.) and brainstem (CYM-5442: 49 

± 47 nCi/g t.e.; S1P: -36 ± 67 nCi/g t.e.) (Figure 14). 

 

 
Figure 14. [35S]GTPγS binding stimulated by CYM-5442 (10 μM) and S1P (10 μM) in different 

brain areas expressed as nCi/g tissue equivalent (t.e.). Note that the specific S1P1 agonist (CYM-

5442) evoked higher activity than the endogenous ligand, the S1P. Abbreviations: Cx: Cortex; 

Str: Striatum; Hpc: Hippocampus; Th: Thalamus; MoCb: Molecular layer of the cerebellum. Data 

are mean ± S.E.M. 

The compound W146, which is a selective antagonist of S1P1 receptor, was used 

to determine the S1P1 receptor-mediated specificity of the stimulations when 

were co-incubated in the presence of agonists. It was noteworthy that W146 

blocked the stimulations in all areas for both compounds, CYM-5442 or S1P 

(Figure 15E and 15F). 

Moreover, we studied the possibility that the S1P1 receptor activity was 

contributing in some way to the basal binding inherently detected by [35S]GTPγS 

binding technique. If S1P1 receptor was contributing to the basal activity in the 

assayed conditions, W146 would also block the stimulation of the basal binding, 

assuming that W146 is specific of S1P1 receptors at the concentration used. With 

this in mind, we incubated a consecutive slice with W146 in absence of any of 

the agonists (Figure 15D); when the result was compared to basal binding (Figure 

15A) no significant differences were found.  
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Figure 15. Representative autoradiograms corresponding to consecutive sagittal sections from 

control rats showing [35S]GTPγS basal binding (A), stimulated by the specific S1P1 agonist CYM-

5442 (10 μM) (B), stimulated by the agonist S1P (10 μM) (C), basal binding in presence of the 

specific antagonist of S1P1 W146 (10 μM) (D), CYM-5442 (10 μM) stimulation antagonized with 

W146 (10 μM) (E), S1P (10 μM) stimulation antagonized with W146 (10 μM) (F), the non-specific 

binding was defined in the presence of GTPγS (10 μM) (G). Thionine staining (H). [14C]-Standard 

(35000 – 0 nCi/g t.e.) (I). Scale bar = 6 mm. 

In summary, taking all of these results into account, CYM-5442 elicited higher 

S1P1 receptor-mediated stimulations than S1P in the rat CNS. Consequently, we 

hereafter used CYM-5442 as the agonist of choice to analyze S1P1 receptor-

mediated activity using the [35S]GTPγS binding assay, and W146 as antagonist. 

1.3. - Localization of S1P1 receptor-mediated activity by 

[35S]GTPγS autoradiography assay in the rat CNS 

Once the protocol was established, we carried out the mapping of the S1P1 

receptor-mediated activity by [35S]GTPγS autoradiography assay in rat brain. For 

this purpose, we collected slices of the brain cutting them rostro-caudally every 

500 µm to obtain an exhaustive mapping of the S1P1 receptor stimulation in the 

different structures present in the rat brain. The obtained stimulations of 

[35S]GTPγS binding by CYM-5442 (10 μM) showed that the activity of S1P1 

receptor was abundant along the brain and had specific patterns inside the 

different structures that allowed us to decode the anatomical distribution of S1P1 

receptors in rat brain (Figure 16). 
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Figure 16. Representative autoradiograms of [35S]GTPγS stimulated by specific agonist of S1P1 

receptor, CYM-5442 (10 μM) in rat brain. [14C]-Standard (35000 – 0 nCi/g t.e.). Scale bar = 6 mm. 

The activity of 175 different areas was quantified throughout the entire rat brain, 

from the olfactory bulb to the spinal cord. The measurement of the S1P1 activity 

revealed that the basal nucleus magnocellularis was the brain nucleus where the 

stimulation was higher (2889 ± 194 nCi/g t.e.), while the middle cerebellar 

peduncle was the area where stimulation was lower (171 ± 173 nCi/g t.e.) (Figure 

17). Taking the stimulation in these structures as a reference, the following 

ranges of receptor stimulation (nCi/g t.e.) intensities were stablished: very 

abundant, >2300; abundant, 2300- 1700; moderate, 1700- 1100; sparse, 1100-

580; and very sparse, <580. 
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Figure 17. Representative autoradiograms of [35S]GTPγS stimulated by the specific agonist of 

S1P1 receptor, CYM-5442 (10 μM), in rat brain showing the structure with the highest (B: nucleus 

basalis magnocellularis) and the lowest activities (mcp: middle cerebellar peduncles). [14C]-

Standard (35000 – 0 nCi/g t.e.) Scale bar = 6 mm. 

In the olfactory areas, one of the highest stimulations mediated by S1P1 receptor 

was found in the rostral migratory stream (1682 ± 162 nCi/g t.e.). In the olfactory 

tubercle, the stimulation was higher in layer III than in layers II and I (layer I: 947 

± 163 nCi/g t.e.; layer II: 895 ± 164 nCi/g t.e.; layer III: 1786 ± 268 nCi/g t.e.). The 

lateral olfactory part and the anterior olfactory area showed a more sparse 

receptor activity (1078 ± 104 nCi/g t.e. and 1006 ± 105 nCi/g t.e., respectively). 

On the contrary, both the plexiform, internal and external, and glomerular layers 

had one of the lowest stimulations in this area (Table 3). 

Regarding the cerebral cortex, the stimulations were maintained throughout the 

different areas of the cortex: somatosensory (1883 ± 104 nCi/g t.e.), visual (1874 

± 125 nCi/g t.e.), entorhinal (1820 ± 125 nCi/g t.e.), cortex-amygdala transition 

(1615 ± 424 nCi/g t.e.), motor (1465 ± 71 nCi/g t.e.), lateral-orbital (1437 ± 100 

nCi/g t.e.), granular-insular (1369 ± 121 nCi/g t.e.), frontal (1266 ± 184 nCi/g t.e.), 

agranular-insular (1227 ± 79 nCi/g t.e.), cingulate (1041 ± 67 nCi/g t.e.) and 

piriform (984 ± 62 nCi/g t.e.) cortex. Within the different regions of the cortex, it 

was observed that the stimulations of layers V and VI (mostly layer VI) were more 

abundant than layers III and IV (mostly layer IV) and these, in turn, more than 

layers I and II. Another analyzed nuclei with moderate levels were the dorsal 

endopiriform nucleus (1462 ± 122 nCi/g t.e.), intermediate endopiriform nucleus 

(1349 ± 132 nCi/g t.e.) and claustrum (1717 ± 108 nCi/g t.e.). It should be noted, 
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that in some white matter areas the stimulation of the S1P1 receptor was high, 

e.g. in the corpus callosum (1408 ± 168 nCi/g t.e.). However, it was more 

abundant in the minor forceps of corpus callosum (2231 ± 257 nCi/g t.e.). 

In the basal ganglia, we found a high activity in the globus pallidus in both internal 

and lateral part (2615 ± 192 nCi/g t.e.; 2571 ± 185 nCi/g t.e., respectively). Other 

close areas, such as the ventral pallidum showed high stimulations (2062 ± 178 

nCi/g t.e.). Another structure with elevated stimulations was the substantia nigra, 

in which the compact part (2240 ± 238 nCi/g t.e.) showed a higher activity than 

reticular (1953 ± 359 nCi/g t.e.) or lateral part (1922 ± 289 nCi/g t.e.). A high 

stimulation was also measured in the striatum (1857 ± 107 nCi/g t.e.), delineating 

the fibers inside (2533 ± 221 nCi/g t.e.). However, the nucleus accumbens and 

the internal capsule were more sparsely stimulated (1040 ± 123 nCi/g t.e.; 960 ± 

205 nCi/g t.e.). 

In the amygdala and surrounding structures, the activity of S1P1 receptor was 

abundant and quite homogenous, but it was notably high on layer III of the 

nucleus of the lateral olfactory tract (2442 ± 385 nCi/g t.e.). Additionally, the 

anterior part of the basolateral and basomedial amygdaloid nucleus (2066 ± 273 

nCi/g t.e.; 2030 ± 360 nCi/g t.e., respectively) showed higher stimulations than 

their posterior parts (1724 ± 155 nCi/g t.e.; 1987 ± 547 nCi/g t.e.). In the lateral 

amygdaloid nucleus, both dorsolateral and ventromedial part, were equally 

stimulated (1910 ± 133 nCi/g t.e.; 1815 ± 203 nCi/g t.e.). However, in central 

amygdaloid nucleus a stronger stimulation was measured in capsular part (1916 

± 292 nCi/g t.e.) than in lateral or medial part (1472 ± 111 nCi/g t.e.; 1360 ± 186 

nCi/g t.e.). 

In the hippocampus, we found a stimulation pattern that was maintained in CA1, 

CA2 and CA3 regions. In all of these regions, the radiatum and oriens layers 

showed higher S1P1 activity than the pyramidal layer. In the dentate gyrus, the 

pattern showed that molecular layer and polymorphic layer were stimulated better 

than granular layer, where very sparse activity was found. It is noteworthy that 

the alveolum was strongly stimulated (2547 ± 232 nCi/g t.e.). 

Concerning the basal forebrain, as mentioned, the basal nucleus magnocellularis 

showed the highest activity that we measured (2889 ± 194 nCi/g t.e.). Septal 
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related structures as medial septal nucleus, horizontal limb nucleus of diagonal 

band and lateral nucleus of the diagonal band showed also high S1P1 activity 

(2768 ± 402 nCi/g t.e.; 2265 ± 104 nCi/g t.e.; 2175 ± 172 nCi/g t.e., respectively). 

Further structures such as the stria terminalis, zona incerta and supraoptic 

decussation exhibited also high levels (2043 ± 219 nCi/g t.e.; 1826 ± 148 nCi/g 

t.e.; 1883 ± 219 nCi/g t.e.). In contrast, lateral terminal nucleus of the accessory 

optic tract and optic tract were sparsely stimulated (234 ± 278 nCi/g t.e.; 693 ± 

229 nCi/g t.e.). 

In the thalamus, the S1P1 activity was more homogenous than in other regions, 

but we were able to differentiate some structures as different nucleus of 

geniculate nucleus or thalamic nucleus.  

In cerebellum, we found abundant levels of S1P1 activity in the molecular layer of 

the cerebellar cortex (1726 ± 202 nCi/g t.e.), while the granular layer of the 

cerebellar cortex was very sparsely activated (396 ± 51 nCi/g t.e.), in a similar 

way to cerebellar white matter (681 ± 85 nCi/g t.e.) and inside deep nuclei: 

dentate (615 ± 97 nCi/g t.e.), fastigial (560 ± 76 nCi/g t.e.) and interposed (486 ± 

73 nCi/g t.e.). The cerebellar peduncles were also measured with few or very few 

stimulation in the superior (749 ± 53 nCi/g t.e.), middle (171 ± 173 nCi/g t.e.) and 

inferior (618 ± 147 nCi/g t.e.) peduncles. 

The midbrain was moderately stimulated, but we identified some structures that 

showed a specific distribution. In the colliculus, both inferior and superior, we 

found a pattern in the distribution of the activation of the S1P1 receptor. In the 

inferior colliculus, the central nucleus was sparsely stimulated (815 ± 107 nCi/g 

t.e.) compared to the external cortex or dorsal cortex (2229 ± 189 nCi/g t.e.; 1765 

± 132 nCi/g t.e.). In the superior colliculus, we were able to differentiate the layers 

that form the superior colliculus, where the superficial layers showed lower levels 

than optic nerve layer that was highly activated (1812 ± 73 nCi/g t.e). The 

intermediate and deep layers were strongly stimulated. About the lateral 

lemniscus, some nucleus were measured with sparse activity as dorsal (1132 ± 

179 nCi/g t.e.), intermediate (1070 ± 245 nCi/g t.e.) and ventral (800 ± 133 nCi/g 

t.e.) nucleus, yet lateral lemniscus and paralemniscal nucleus were moderately 

stimulated (1652 ± 336 nCi/g t.e.; 1556 ± 217 nCi/g t.e.). Another structures were 
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identified with high activity such as parabigeminal nucleus (1945 ± 394 nCi/g t.e.), 

median raphe nucleus (1933 ± 226 nCi/g t.e.) and ventral tegmental area (1727 

± 165 nCi/g t.e.); moderate activity, as the periaqueductal gray 1528 ± 227 nCi/g 

t.e.) and mesencephalic reticular formation (1319 ± 211 nCi/g t.e.); and sparse 

stimulation, as interfascicular trigeminal nucleus (384 ± 108 nCi/g t.e.). 

Regarding the pons, we showed that the stimulation in this area was lower than 

in other areas and was more focused in some nucleus as the subbrachial nucleus 

(1982 ± 286 nCi/g t.e.), supratrigeminal nucleus (1644 ± 209 nCi/g t.e.) or 

peripeduncular nucleus (1568 ± 198 nCi/g t.e.). In other nucleus of the brain stem 

moderate stimulations were found, as in locus coeruleus (1167 ± 376 nCi/g t.e.), 

principal sensory trigeminal (1095 ± 198 nCi/g t.e.) or pontine nucleus (1023 ± 

221 nCi/g t.e.). 

Finally, in the medulla oblongata, the activity of S1P1 receptor was moderate and 

focused on the spinal trigeminal tract (1238 ± 233 nCi/g t.e.), ventral 

spinocerebellar tract (1430 ± 492 nCi/g t.e.) and spinal trigeminal nucleus, which 

could differentiate in the caudal part (1350 ± 165 nCi/g t.e.), interpolar part (1171 

± 125 nCi/g t.e.) and oral part (1045 ± 142 nCi/g t.e.). 
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Table 3. Net stimulation of [35S]GTPγS binding by the agonist of S1P1 receptor, CYM-5442 (10 

μM), in rat brain (nCi/g t.e). 

 
Data are mean ± SEM values. n=8. 

AREA AREA

Olfactory bulb Amygdala
   Rostral migratory stream 1682 ± 162    Anterior amygdaloid area 2130 ± 223

   External plexiform layer 272 ± 23    Basolateral amygdaloid nucleus

   Anterior olfactory area, lateral 1006 ± 105       Anterior part 2066 ± 273

   Internal plexiform layer 456 ± 53       Posterior part 1724 ± 155

   Glomerular layer 195 ± 28    Basomedial amygdaloid nucleus

   Lateral olfactory part 1078 ± 104       Anterior part 2030 ± 360

   Olfactory tubercle       Posterior part 1987 ± 547

      Layer I 947 ± 163    Central amygdaloid nucleus

      Layer II 895 ± 164       Lateral 1472 ± 111

      Layer III 1786 ± 268       Capsular 1916 ± 292

Cerebral Cortex       Medial 1360 ± 186

   Frontal 1266 ± 184    Lateral amygdaloid nucleus

   Lateralorbital 1437 ± 100       Dorsolateral part 1910 ± 133

   Cingulate 1041 ± 67       Ventromedial part 1815 ± 203

   Motor 1465 ± 71    Medial amygdal nucleus 1332 ± 194

      Layer I - II 1061 ± 65    Nucleus of the lateral olfactory tract

      Layer III - IV 1571 ± 122       Layer I 1533 ± 278

      Layer V - VI 2296 ± 144       Layer II 1265 ± 197

   Somatosensory 1883 ± 104       Layer III 2442 ± 385

      Layer I - II 1243 ± 69 Hippocampus

      Layer III - IV 2114 ± 119    CA1 855 ± 66

      Layer V - VI 2550 ± 118       Oriens layer 1204 ± 76

   Piriform 984 ± 62       Pyramidal layer 611 ± 62

      Layer I - II 992 ± 94       Radiatum layer 795 ± 67

      Layer III - IV 801 ± 51    CA2 878 ± 122

      Layer V - VI 1184 ± 99       Oriens layer 1330 ± 159

   Visual 1874 ± 125        Pyramidal layer 626 ± 46

      Layer I - II 1349 ± 105       Radiatum layer 1362 ± 131

      Layer III - IV 1998 ± 152    CA3 823 ± 84

      Layer V - VI 2325 ± 144       Oriens layer 947 ± 87

   Agranular insular 1227 ± 79       Pyramidal layer 562 ± 54

   Granular insular 1369 ± 121       Radiatum layer 1198 ± 125

   Cortex-amygdala transition 1615 ± 424    Dentate gyrus 872 ± 45

   Enthorhinal 1820 ± 125       Polymorph layer 1012 ± 55

   Intermediate endopiriform nucleus 1349 ± 132       Granule cell layer 413 ± 58

   Dorsal endopiriform nucleus 1462 ± 122       Molecular layer 1058 ± 77

   Claustrum 1717 ± 108    Lacunosum moleculare layer 1288 ± 107

   Corpus callosum 1408 ± 168    Stratum lucidum 2134 ± 206

   Forceps minor of corpus callosum 2231 ± 257    Hippocampal fissure 1748 ± 186

Basal ganglia    Alveolum 2547 ± 232

   Striatum 1857 ± 107    Fimbria 426 ± 101

   Striatum fibers 2533 ± 221    Presubiculum 1838 ± 364

   Internal capsule 960 ± 205    Ventral Subiculum 1242 ± 471

   Anterior commissure, anter part 1751 ± 154    Subiculum 1291 ± 139

   Accumbens nucleus    Postsubiculum 1721 ± 180

      Core 1040 ± 123    Dorsal Subiculum 1033 ± 120

      Shell 1202 ± 216

   Globus pallidus 2113 ± 417

      Internal part 2615 ± 192

      Lateral part 2571 ± 185

   Ventral pallidum 2062 ± 178

   Substantia nigra 2003 ± 264

      Compact 2240 ± 238

      Lateral 1922 ± 289

      Reticular 1953 ± 359

S1P1 net 
stimulation 

(nCi/g t.e.)

S1P1 net 
stimulation 

(nCi/g t.e.)

CEREBRUM
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Table 3 Continuation. 

 
Data are mean ± SEM values. n=8. 

AREA AREA

Basal forebrain Midbrain
   Basal nucleus magnocellularis 2889 ± 194    Superior Colliculus

   Medial septal nucleus 2768 ± 402       Zonal layer 800 ± 222

   Horizontal limb nucleus of diagonal band 2265 ± 104       Superficial gray layer 754 ± 134

   Lateral nucleus of the diagonal band 2175 ± 172       Optic nerve layer 1812 ± 73

   Extension of the amygdala 2059 ± 273       Intermediate gray 1931 ± 186

   Zona incerta 1826 ± 148       Intermedial white layer 1716 ± 268

   Stria terminalis 2043 ± 219       Deep gray layer 1978 ± 345

   Optic tract 693 ± 229       Deep white layer 1675 ± 330

   Supraoptic decussation 1883 ± 219       Commisure 1665 ± 267

   Lateral terminal nucleus of the accessory o 234 ± 278       Brachium 1357 ± 251

   Peduncular lateral hypothalamus 2570 ± 188    Inferior Colliculus

Thalamus       Dorsal cortex 1765 ± 132

   Reticular nucleus (Prethalamus) 1895 ± 144       Nucleus of the brachium 1990 ± 394

   Superior thalamic radiation 1449 ± 273       External cortex 2229 ± 189

   Laterodorsal thalamic nucleus, ventrolatera 1517 ± 142       Central nucleus 815 ± 107

   Ventrolateral thalamic nucleus 1874 ± 205    Parabigeminal nucleus 1945 ± 394

   Ventral posterolateral thalamic nucleus 1549 ± 101    Anterior pretectal nucleus 1764 ± 237

   Ventral posteromedial thalamic nucleus 1475 ± 103    Tectal gray 1900 ± 149

   Posterior thalamic nuclear group 1467 ± 119    Perioacueductal gray 1528 ± 227

   Lateral posterior thalamic nucleus 1534 ± 144    Ventral tegmental area 1727 ± 165

   Dorsal lateral geniculate nucleus 1610 ± 163    Interfascicular trigeminal nucleus 384 ± 108

   Intergeniculate nucleus 2214 ± 216    Mesencephalic reticular format 1319 ± 211

   Pregeniculate nucleus 1946 ± 169    Median raphe nucleus 1933 ± 226

   Medial geniculate nucleus 1797 ± 153    Precuneiform area 1179 ± 267

      Dorsal part 1363 ± 97    Cuneiform nucleus 1047 ± 215

      Ventral part 1842 ± 186    Microcelullar tegmental nucleus 1806 ± 304

   Marginal zone of the geniculate 1970 ± 374    Lateral lemniscus 1556 ± 217

   Subgeniculate nucleus of prethalamus 2017 ± 225   Intermediate nucleus of lateral lemnisc 1070 ± 245

   Ventral nucleus of lateral lemniscus 800 ± 133

   Dorsal nucleus of lateral lemniscus 1132 ± 179

   Paralemniscal nucleus 1652 ± 336

Cerebellar cortex Pons

   Molecular layer 1726 ± 202    Peripeduncular nucleus 1568 ± 198

   Granular layer 396 ± 51    Pontine nucleus 1023 ± 221

   White matter 681 ± 85    Subbrachial nucleus 1982 ± 286

Deep cerebellar nuclei    Lateral parabrachial nucleus 1432 ± 371

   Interposed cerebellar nucleus 486 ± 73    Motor trigeminal nucleus 504 ± 59

   Lateral (dentate) cerebellar nucleus 615 ± 97    Motor root of trigeminal nerve 565 ± 162

   Medial (fastigial) cerebellar nucleus 560 ± 76    Sensory root of the trigeminal 362 ± 78

Cerebellar peduncles    Principal sensory trigeminal 1095 ± 198

   Superior 749 ± 53    Supratrigeminal nucleus 1644 ± 209

   Middle 171 ± 173    Facial nerve 365 ± 123

   Inferior 618 ± 147    Locus coeruleus 1167 ± 376

Medulla oblongata

   Ventral spinocerebellar tract 1430 ± 492

   Dors cochlear nucleus 795 ± 114

   Ventral cochlear nucleus

      Anterior part 675 ± 204

      Posterior part 421 ± 69

   Spinal trigeminal tract 1238 ± 233

   Spinal trigeminal nucleus

      Caudal part 1350 ± 165

      Interpolar part 1171 ± 125

      Oral part 1045 ± 142

DIENCEPHALON

CEREBELLUM

BRAINSTEM

S1P1 net 
stimulation 

(nCi/g t.e.)

S1P1 net 
stimulation 

(nCi/g t.e.)
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In summary, these results show that S1P1 receptor could be one of the most 

abundant and/or efficient GPCR coupled to Gi/o proteins in the brain and 

consequently signaling and regulating multiple biological processes.  

 

1.4 Comparative S1P1 activity in mouse, rat and human 

brain. S1P1 receptor activity in human brain 

The activity of the S1P1 receptor was also analyzed in postmortem human brain 

tissue to explore the distribution of this receptor in the CNS. Then, the S1P1 

activity in the different brain areas was compared with the most common animal 

models of neurodegenerative diseases, i.e. mouse and rat. 

 

Figure 18. Representative autoradiograms of [35S]GTPγS stimulated by specific agonist of S1P1 

receptor, CYM-5442 (10 μM), in human frontal cortex (A), striatum (B), basal forebrain (C), 

amygdala (D), cerebellum (E), hippocampus (F) and temporal cortex (G) (modified from 

DeArmond et al., 1989). 
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The figure 18 shows that the stimulation pattern of S1P1 receptor in human tissue 

is similar to the activity pattern previously observed in rat brain. In the cortical 

areas, we observed that the layers III – VI were more stimulated than layers I – II 

and V – VI in frontal (Layer I – II: 937 ± 154 nCi/g t.e.; Layer III – IV: 1329 ± 254 

nCi/g t.e.; Layer V – VI: 1301 ± 175 nCi/g t.e.; figure 18A) and temporal cortex 

(Layer I – II: 835 ± 141 nCi/g t.e.; Layer III – IV: 920 ± 194 nCi/g t.e.; Layer V – 

VI: 796 ± 161 nCi/g t.e.; figure 18G), but this pattern changes in entorhinal cortex, 

where the layers V – VI was highly stimulated instead of layers I – II and III – IV 

(Layer I – II: 869 ± 160 nCi/g t.e.; Layer III – IV: 863 ± 178 nCi/g t.e.; Layer V – 

VI: 1394 ± 312 nCi/g t.e.; figure 18F) and in periamygdalar cortex, where all the 

layers were stimulated homogeneously (Layer I – II: 915 ± 190 nCi/g t.e.; Layer 

III – IV: 890 ± 234 nCi/g t.e.; Layer V – VI: 886 ± 234 nCi/g t.e.; figure 18D). The 

white matter of the different areas of the cortex were sparsely stimulated, but it 

was noteworthy that the activity of the S1P1 receptor in the temporal cortex was 

even lower than in other cortical areas (Table 4). 

Regarding the basal ganglia, the globus pallidus showed high S1P1 activity (1215 

± 162 nCi/g t.e.; figure 18C), but the striatum, including the caudate and putamen 

nuclei, showed moderate stimulations (921 ± 200 nCi/g t.e.; 751 ± 174 nCi/g t.e.; 

respectively; figure 18B). The anterior commissure, constituted by white matter 

fibers, was sparsely stimulated by the S1P1 specific agonist (350 ± 98 nCi/g t.e.; 

figure 18C). In addition, the nucleus basalis of Meynert was measured in the 

basal forebrain and showed high stimulation (1569 ± 218 nCi/g t.e.; figure 18C) 

(Table 4). 

In the amygdala, we found that the activity of S1P1 receptor was homogenous. 

Despite this homogeneity, different areas could be distinguished, as central (1051 

± 195 nCi/g t.e.; figure 18D) and lateral nucleus (1028 ± 242 nCi/g t.e.; figure 

18D) that were more stimulated than cortical nucleus (842 ± 217 nCi/g t.e.; figure 

18D) or basal nucleus, including the magnocellular and parvocellular parts (872 

± 238 nCi/g t.e.; 900 ± 205 nCi/g t.e. respectively; figure 18D) (Table 4). 

In the hippocampus, the pyramidal layer was sparsely stimulated, while the oriens 

and radiatum layers were strongly stimulated. Furthermore, in the dentate gyrus, 

the molecular layer showed a high S1P1 activity, but the granular layer was 
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sparsely stimulated. About the lacunosum moleculare, it was strongly stimulated 

(1818 ± 337 nCi/g t.e.; figure 18F) (Table 4).  

Finally in the cerebellum, the molecular layer showed a high activity (1715 ± 70 

nCi/g t.e.; figure 18E), yet the granular layer was sparsely stimulated (160 ± 79 

nCi/g t.e.; figure 18E) (Table 4). 
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Table 4. Net [35S]GTPγS binding stimulated by the specific agonist of S1P1 receptor CYM-5442 

(10 μM) in human brain (nCi/g t.e.). 

 
Data are mean ± SEM values. n=8. 

In summary, the activity of the S1P1 receptor was conserved in human compared 

to the rat brain (Figure 19). In the cortex, the layers III - IV were strongly 

stimulated in both rodent (mouse and rat) and also in human, but the layers V – 

VI showed a higher activity in both rodent brains than in human brain (Figure 

19A). Regarding the striatum, in human tissue we could differentiate the caudate 

AREA AREA

Frontal Cortex Hippocampus
     Layer I - II 937 ± 154      CA1

     Layer III - IV 1329 ± 254           Oriens 1200 ± 291

     Layer V - VI 1301 ± 175           Pyramidal 462 ± 91

     White Matter 229 ± 75           Radiatum 1438 ± 324

Temporal Cortex      CA2

     Layer I - II 835 ± 141           Oriens 1210 ± 193

     Layer III - IV 920 ± 194           Pyramidal 406 ± 67

     Layer V - VI 796 ± 161           Radiatum 1362 ± 275

     White Matter 50 ± 26      CA3

Entorhinal Cortex           Oriens 1365 ± 264

     Layer I - II 869 ± 160           Pyramidal 424 ± 76

     Layer III - IV 863 ± 178           Radiatum 1312 ± 288

     Layer V - VI 1394 ± 312      CA4

     White Matter 398 ± 155           Oriens 1367 ± 211

Periamygdalar Cortex           Pyramidal 382 ± 89

     Layer I - II 915 ± 190           Radiatum 1610 ± 326

     Layer III - IV 890 ± 234      Dentate gyrus

     Layer V - VI 886 ± 234           Granular 251 ± 109

     White Matter 206 ± 63           Hilus 808 ± 259

Amygdala           Molecular 1314 ± 233

     Basal nucleus (magnocellular) 872 ± 238      Subiculum

     Basal nucleus (parvocellular) 900 ± 205           Oriens 1348 ± 325

     Central nucleus 1051 ± 195           Pyramidal 599 ± 106

     Cortical nucleus 842 ± 217           Radiatum 1247 ± 242

     Lateral nucleus 1028 ± 242      Lacunosum moleculare 1818 ± 337

Striatum Cerebellum
     Caudate 921 ± 200      Granular layer 160 ± 79

     Putamen 751 ± 174      Molecular layer 1715 ± 70

Globus pallidus 1215 ± 162      Whitte layer 48 ± 24

Anterior commissure 350 ± 98

Basal forebrain
     Nucleus basalis (Meynert) 1569 ± 218

S1P1 net 
stimulation  
(nCi/g t.e.)

S1P1 net 
stimulation  
(nCi/g t.e.)
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and putamen nucleus, in rodents, to the contrary, we could not differentiate, but 

the activity of the S1P1 receptor was similar in the striatal areas of humans and 

rodents. Moreover, the nucleus basalis magnocellularis in rodent brains and the 

nucleus basalis of Meynert in human both showed the highest measurements of 

S1P1 activity (Figure 19B). About the hippocampus, in mouse brain the intensity 

of the stimulation was lower than in rat brains. Nevertheless the S1P1 stimulation 

pattern was conserved in all the samples, being strongly stimulated in oriens and 

radiatum layers, more than in pyramidal layer (Figure 19C). Finally, in the 

cerebellum the molecular layer was the most stimulated layer in this area in both 

rodent and human brains, although the rat stimulation pattern is more 

comparative to that observed in human (Figure 19D). For further information 

about the activity of S1P1 receptor in the mouse brain see the Supplementary 

Material section (Figure S1 and Table S1). 

 

 

Figure 19. Comparative autoradiograms showing the [35S]GTPγS binding stimulated by the 

specific agonist of S1P1 receptor, CYM-5442, (10µM) in mouse, rat and human cortex , where the 

layers V – VI show a higher activity in rodent brains than in human brain (A), in mouse, rat and 

human striatum and basal forebrain (Pt: putamen; nbM: nucleus basalis of Meynert) (B), in mouse, 

rat and human hippocampus, although the stimulation pattern is conserved in rodent brain, in 

mouse brain is much lower the activity of S1P1 receptor (C) and in mouse, rat and human 

cerebellum, where the rat activity is more similar to the human activity(D). 

In general, the activity of the S1P1 receptors mediated by CYM-5442 showed a 

similar pattern in human and rat brains, such as the basalocortical pathway that 
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regulates learning and memory processes but also in striatum, hippocampus or 

cerebellum.  

The present results, indicate that is preferably the use of rat models to the study 

of S1P1 receptors activity in human neurodegenerative diseases, such as 

Alzheimer’s disease. 
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2.- S1P1 receptor activity during Alzheimer’s 

disease progression 

The abundance of S1P1 signaling in areas related to memory and learning, 

together with the reported modifications on other neurolipid neurotransmitter 

systems in Alzheimer’s disease (AD), led us to consider also the involvement of 

S1P system in AD. Therefore, we studied the activity of the S1P1 receptor in AD 

patients by measuring the S1P1-activated Gαi/o proteins using the [35S]GTPyS 

binding assay in human postmortem brain samples corresponding to control age-

matched cases with AD patients in the different Braak’s stages of neurocognitive 

impairment, and classified in 3 groups: AD I – II, AD III – IV and AD V – VI. In 

addition, we also analyzed the activity of the cannabinoid CB1 receptor to 

compare the activities of both neurolipid receptors during the progression of the 

disease. 

Thus, we found that the activity of the S1P1 receptor was decreased in layer I – 

II of the frontal cortex in all the stages of the AD patients (Control: 1056 ± 120 

nCi/g t.e. vs AD I – II: 510 ± 83 nCi/g t.e. *a p < 0.05; vs AD III – IV: 545 ± 52 nCi/g 

t.e. *b p < 0.05; vs AD V – VI: 406 ± 70 nCi/g t.e. ***c p < 0.001). In contrast, the 

activity of the CB1 receptor only was decreased in the last stages of the disease 

as we previously reported (Manuel et al., 2014) (AD V – VI: 74 ± 14 nCi/g t.e. vs 

Control: 296 ± 63 nCi/g t.e. *c p < 0.05; vs AD III – IV: 243 ± 32 nCi/g t.e. *e p < 

0.05). However, the activity of both S1P1 receptor and CB1 receptor in the layer 

V – VI of frontal cortex were upregulated in the first stages of the disease (S1P1 

receptor: Control: 1347 ± 168 nCi/g t.e. vs AD I – II: 2117 ± 130 nCi/g t.e. *a p < 

0.05; CB1 receptor: Control: 399 ± 82 nCi/g t.e. vs AD I – II: 719 ± 58 nCi/g t.e. *a 

p < 0.05) and subsequently, were decreased compared to these initial stages 

(S1P1 receptor: AD I – II: 2117 ± 130 nCi/g vs AD V – VI: 1301 ± 209 nCi/g t.e. *d 

p < 0.05; CB1 receptor: AD I – II: 719 ± 58 vs AD V – VI: 369 ± 98 nCi/g t.e. *d p 

< 0.05). Regarding the white matter, only were found changes of the activity of 

S1P1 receptor in the stages AD I – II and AD III – IV in which were upregulated in 

contrast to controls (Control: 167 ± 56 nCi/g t.e. vs AD I – II: 537 ± 59 nCi/g t.e. 

*a p < 0.05; vs AD III – IV: 541 ± 58 nCi/g t.e. **b p < 0.01) (Figure 20). 
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In the same way, the activity of S1P1 receptor was upregulated in white matter of 

the stages AD I – II and AD III – IV of all the other cortical areas that were 

analyzed as temporal cortex (Control: 36 ± 21 nCi/g t.e. vs AD I – II: 153 ± 16 

nCi/g t.e. ***a p < 0.001; vs AD III – IV: 123 ± 7 nCi/g t.e. **b p < 0.01), entorhinal 

cortex (Control: 296 ± 72 nCi/g t.e. vs AD III – IV: 956 ± 221 nCi/g t.e. *b p < 0.05) 

and periamygdalar cortex (Control: 139 ± 31 nCi/g t.e. vs AD I – II: 401 ± 45 nCi/g 

t.e. **a p < 0.01; vs AD III – IV: 337 ± 33 nCi/g t.e. *b p < 0.05) (Table 5 and 6).  

In addittion, we found a decrease in the activity of both S1P1 receptor and CB1 

receptor in the layer I – II of the entorhinal cortex during the stages of AD V – VI 

(S1P1 receptor: Control: 969 ± 145 nCi/g vs AD V – VI: 380 ± 67 nCi/g t.e. *d p < 

0.05; CB1 receptor: Control: 495 ± 147 nCi/g vs AD V – VI: 118 ± 50 nCi/g t.e. *c 

p < 0.05). Moreover, the activity of the CB1 receptor was decreased in the 

entorhinal cortex in stages AD I – II and AD V – VI in layer V – VI (Control: 755 ± 

145 nCi/g t.e. vs AD I – II: 228 ± 17 nCi/g t.e. *a p < 0.05; vs AD V – VI: 229 ± 50 

nCi/g t.e. *c p < 0.05) (Figure 21). 
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Table 5. Net binding of [35S]GTPγS in human brain (nCi/g t.e.) stimulated by the specific agonist 
of S1P1 receptor, CYM-5442 (10µM) in cortical areas (frontal, temporal, entorhinal and 
periamygdalar), amygdala, hippocampus and basal forebrain. 

 
Data are mean ± SEM values. (n): number of cases available. The p values were calculated by 
the Kruskal-Wallis non-parametric test followed by Dunn’s post hoc test (* p < 0.05; ** p < 0.01; 
*** p < 0.001). aControl vs AD I-II, bControl vs AD III-IV, cControl vs AD V-VI, dAD I-II vs ADV-VI, 
eAD III-IV vs AD V-VI. 

AREA

Frontal Cortex
     Layer I - II 1056 ± 120 510 ± 83*a 545 ± 52*b 406 ± 70***c

          Layer I 1102 ± 119 450 ± 88**a 554 ± 53**b 496 ± 77**c

          Layer II 1054 ± 155 524 ± 61*a 547 ± 44*b 370 ± 77***c

     Layer III - IV 1142 ± 213 950 ± 143 1067 ± 114 738 ± 160
     Layer V - VI 1347 ± 168 2117 ± 130*a 1596 ± 136 1301 ± 209*d

     White Matter 167 ± 56 537 ± 59*a 541 ± 58**b 434 ± 86
Temporal Cortex
     Layer I - II 726 ± 108 676 ± 58 642 ± 90 667 ± 113
     Layer III - IV 930 ± 198 810 ± 114 757 ± 113 675 ± 121
     Layer V - VI 781 ± 157 974 ± 131 925 ± 145 830 ± 143
     White Matter 36 ± 21 153 ± 16***a 123 ± 7**b 92 ± 14
Entorhinal Cortex
     Layer I - II 969 ± 145 527 ± 206 760 ± 178 380 ± 67*c

     Layer III - IV 968 ± 166 671 ± 226 916 ± 225 408 ± 58
     Layer V - VI 1570 ± 298 1170 ± 144 1473 ± 323 772 ± 140
     White Matter 296 ± 72 640 ± 204 956 ± 221*b 353 ± 45
Periamygdalar Cortex
     Layer I - II 917 ± 191 909 ± 131 963 ± 171 842 ± 175
     Layer III - IV 769 ± 132 884 ± 131 1022 ± 172 898 ± 246
     Layer V - VI 780 ± 141 999 ± 161 1072 ± 190 974 ± 254
     White Matter 139 ± 31 401 ± 45**a 337 ± 33*b 270 ± 68
Amygdala
     Basal nucleus (magnocellular) 832 ± 226 848 ± 151 1011 ± 220 866 ± 207
     Basal nucleus (parvocellular) 888 ± 199 904 ± 167 1087 ± 217 790 ± 175
     Central nucleus 1014 ± 184 994 ± 160 1173 ± 270 813 ± 107
     Cortical nucleus 794 ± 212 989 ± 138 978 ± 181 710 ± 144
     Lateral nucleus 1016 ± 235 1106 ± 131 1332 ± 262 1009 ± 231
Hippocampus
     CA1
          Oriens 1328 ± 302 1633 ± 256 1178 ± 201 688 ± 126
          Pyramidal 525 ± 75 482 ± 60 430 ± 87 285 ± 73
          Radiatum 1617 ± 311 1546 ± 285 911 ± 153 557 ± 95**c,*d

     CA2
          Oriens 1392 ± 124 1353 ± 241 1241 ± 189 676 ± 93*c

          Pyramidal 434 ± 70 465 ± 69 460 ± 104 233 ± 60
          Radiatum 1518 ± 261 1871 ± 147 1067 ± 144 641 ± 103*c,**d

     CA3
          Oriens 1526 ± 242 1449 ± 291 1437 ± 200 636 ± 95*c,*e

          Pyramidal 474 ± 66 477 ± 122 584 ± 140 247 ± 63
          Radiatum 1588 ± 230 1491 ± 297 1536 ± 214 600 ± 134*c

     CA4
          Oriens 1492 ± 196 1169 ± 271 1442 ± 251 516 ± 117*c,*e

          Pyramidal 434 ± 84 342 ± 57 658 ± 174 190 ± 53*e

          Radiatum 1820 ± 287 1335 ± 216 1905 ± 308 563 ± 107*c,**e

     Dentate gyrus
          Granular 292 ± 117 161 ± 29 286 ± 77 152 ± 53
          Hilus 922 ± 269 526 ± 151 562 ± 104 267 ± 64
          Molecular 1485 ± 182 1021 ± 185 1279 ± 200 453 ± 138**c,*e

     Subiculum
          Oriens 1520 ± 318 1350 ± 284 1307 ± 199 511 ± 74*c,*e

          Pyramidal 679 ± 80 561 ± 108 813 ± 204 242 ± 46*c,*e

          Radiatum 1403 ± 212 1457 ± 321 1304 ± 196 496 ± 22*c,*d

     Lacunosum moleculare 1877 ± 259 2057 ± 142 1398 ± 206 783 ± 158*c,**d

Basal forebrain
     Nucleus basalis (Meynert) 1592 ± 153 1664 ± 161 1245 ± 452 1496 ± 181

(n = 8) (n = 10) (n = 11) (n = 8)

CONTROL 
(nCi/g t.e.)

AD I - II       
(nCi/g t.e.)

AD III - IV    
(nCi/g t.e.)

AD V - VI       
(nCi/g t.e.)

(n = 8) (n = 13) (n = 14) (n = 10)

(n = 7) (n = 4) (n = 6) (n = 7)

(n = 7) (n = 3) (n = 5) (n = 2)

(n = 8) (n = 11) (n = 10) (n = 7)

(n = 8) (n = 11) (n = 10) (n = 7)

(n = 7) (n = 6) (n = 7-9) (n = 7-8)
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Table 6. CB1 receptor net activity. Specific binding of [35S]GTPγS in human brain (nCi/g t.e.) 
stimulated by WIN55,212-2 (10µM) in cortical areas (frontal, temporal, entorhinal and 
periamygdalar), amygdala, hippocampus and basal forebrain. 

 
Data are mean ± SEM values. (n): number of cases available. The p values were calculated by 
the Kruskal-Wallis non-parametric test followed by Dunn’s post hoc test (* p < 0.05; ** p < 0.01; 
*** p < 0.001). aControl vs AD I-II, bControl vs AD III-IV, cControl vs AD V-VI, dAD I-II vs ADV-VI, 
eAD III-IV vs AD V-VI. 

AREA

Frontal Cortex
     Layer I - II 296 ± 63 176 ± 39 243 ± 32 74 ± 14*

c, *e

          Layer I 314 ± 40 198 ± 48 204 ± 23 106 ± 29**
c

          Layer II 288 ± 70 199 ± 34 198 ± 31 69 ± 17*
c

     Layer III - IV 278 ± 66 321 ± 38 318 ± 64 157 ± 31
     Layer V - VI 399 ± 82 719 ± 58*

a 481 ± 51 369 ± 98*
d

     White Matter 44 ± 13 31 ± 14 56 ± 20 50 ± 17

Temporal Cortex
     Layer I - II 378 ± 61 402 ± 60 350 ± 52 262 ± 58
     Layer III - IV 315 ± 68 389 ± 75 311 ± 50 273 ± 79
     Layer V - VI 349 ± 67 502 ± 83 419 ± 74 366 ± 85
     White Matter 6 ± 15 34 ± 7 22 ± 9 18 ± 4

Entorhinal Cortex
     Layer I - II 495 ± 147 103 ± 19 279 ± 56 118 ± 50

*c

     Layer III - IV 392 ± 121 186 ± 73 380 ± 72 111 ± 39
     Layer V - VI 755 ± 145 228 ± 17

*a 535 ± 90 229 ± 50 
*c

     White Matter 91 ± 58 80 ± 28 126 ± 64 30 ± 50

Periamygdalar Cortex
     Layer I - II 313 ± 41 457 ± 70 450 ± 80 309 ± 88
     Layer III - IV 263 ± 60 436 ± 84 447 ± 87 393 ± 164
     Layer V - VI 282 ± 44 427 ± 75 442 ± 74 308 ± 136
     White Matter 59 ± 30 46 ± 15 26 ± 27 59 ± 32

Amygdala
     Basal nucleus (magnocellular) 363 ± 122 315 ± 81 445 ± 109 321 ± 97
     Basal nucleus (parvocellular) 368 ± 85 368 ± 73 484 ± 116 287 ± 87
     Central nucleus 498 ± 97 391 ± 80 450 ± 98 282 ± 67
     Cortical nucleus 325 ± 93 484 ± 92 401 ± 79 295 ± 90
     Lateral nucleus 307 ± 92 313 ± 34 440 ± 96 291 ± 69

Hippocampus
     CA1
          Oriens 640 ± 140 763 ± 130 452 ± 39 230 ± 50

*d

          Pyramidal 202 ± 61 186 ± 26 143 ± 26 78 ± 18
          Radiatum 774 ± 165 465 ± 108 322 ± 46 143 ± 40

**c

     CA2
          Oriens 569 ± 77 562 ± 128 554 ± 60 258 ± 70
          Pyramidal 227 ± 21 216 ± 61 166 ± 29 69 ± 27

*c

          Radiatum 709 ± 176 691 ± 119 408 ± 79 192 ± 58
*c,*d

     CA3
          Oriens 838 ± 157 627 ± 163 506 ± 64 225 ± 66

**c

          Pyramidal 206 ± 37 176 ± 58 161 ± 43 72 ± 31
          Radiatum 713 ± 88 802 ± 209 492 ± 57 273 ± 73

*c

     CA4
          Oriens 746 ± 191 461 ± 171 446 ± 91 208 ± 70
          Pyramidal 88 ± 23 85 ± 26 153 ± 21 50 ± 21

*e

          Radiatum 811 ± 73 756 ± 200 590 ± 101 258 ± 86
**c

     Dentate gyrus
          Granular 42 ± 44 71 ± 19 69 ± 16 21 ± 23
          Hilus 72 ± 19 209 ± 29*

a 93 ± 12 55 ± 16**
d

          Molecular 536 ± 89 386 ± 114 436 ± 71 117 ± 47
**c

     Subiculum
          Oriens 723 ± 204 359 ± 58 414 ± 74 156 ± 51

*c

          Pyramidal 409 ± 110 275 ± 104 245 ± 54 70 ± 30
*c

          Radiatum 455 ± 87 490 ± 96 516 ± 124 107 ± 23
*c, *d, *e

     Lacunosum moleculare 904 ± 140 653 ± 180 434 ± 86 269 ± 71**
c

Basal forebrain
     Nucleus basalis (Meynert) 304 ± 46 191 ± 12 246 ± 122 291 ± 35

(n = 8) (n = 10) (n = 11) (n = 8)

CONTROL    
(nCi/g t.e.)

AD I - II        
(nCi/g t.e.)

AD III - IV      
(nCi/g t.e.)

AD V - VI       
(nCi/g t.e.)

(n = 8) (n = 13) (n = 14) (n = 10)

(n = 7) (n = 4) (n = 6) (n = 7)

(n = 7) (n = 3) (n = 5) (n = 2)

(n = 8) (n = 11) (n = 10) (n = 7)

(n = 8) (n = 11) (n = 10) (n = 7)

(n = 7) (n = 6) (n = 7-9) (n = 7-8)
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Figure 20. Histograms (A) and autoradiograms (B) showing the activity of S1P1 and CB1 

receptors during the progression of AD in frontal cortex (Fr Cx). (A) The activity of S1P1 receptor 

was decreased in layers I – II of the frontal cortex (Fr Cx ly I – II) during all the stages of the 

disease (AD I – II, *a p < 0.05; AD III – IV, *b p < 0.05; AD V – VI, ***c p < 0.001). The activity of 

CB1 receptors was also decreased but only at the final stages of the disease, AD V – VI (*c p < 

0.05; *e p < 0.05). In contrast, the activities of both S1P1 and CB1 receptors were upregulated in 

layer V – VI (Fr Cx lyV – VI) at the initial stages (*a p < 0.05), and subsequently were decreased 

(*d p < 0.05). The activity of the S1P1 receptor was upregulated in the white matter (Fr Cx WM) in 

the initial and moderate stages (AD I – II, *a p < 0.05; AD III – IV, **b p < 0.01). (B) Representative 

autoradiograms showing the [35S]GTPγS binding stimulated by the specific agonist of S1P1 

receptor, CYM-5442 (10µM) and by the agonist of CB1 receptors, WIN55,212-2 (10µM), in frontal 

cortex of control, AD I – II, AD III – IV and AD V – VI. [14C]-Standard (35000 – 0 nCi/g t.e.). Scale 

bar = 6 mm. The p values were calculated by the Kruskal-Wallis non-parametric test followed by 

Dunn’s post hoc test (* p < 0.05; ** p < 0.01; *** p < 0.001; aControl vs AD I-II, bControl vs AD III-

IV, cControl vs AD V-VI, dAD I-II vs ADV-VI, eAD III-IV vs AD V-VI). 
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Figure 21. Histograms showing the activity of S1P1 and CB1 receptors during the progression of 

AD in entorhinal cortex (Ent Cx). The activities of both S1P1 and CB1 receptors were decreased 

in layer I – II of entorhinal cortex (Ent Cx lyI – II) during the last stages of the disease (AD V – VI, 

*c p < 0.05). In the same way, the activity of CB1 receptor was decreased in layer V – VI of 

entorhinal cortex (Ent Cx V – VI) at the initial stages (AD I – II, *a p < 0.05) and also during the 

severe stages (AD V – VI, *c p < 0.05). The activity of the S1P1 receptor was upregulated in the 

white matter of entorhinal cortex (Ent Cx WM) during the moderate stages (AD III – IV, *b p < 

0.05). The p values were calculated by the Kruskal-Wallis non-parametric test followed by Dunn’s 

post hoc test (* p < 0.05; ** p < 0.01; *** p < 0.001; aControl vs AD I-II, bControl vs AD III-IV, 
cControl vs AD V-VI, dAD I-II vs ADV-VI, eAD III-IV vs AD V-VI). 

Finally, the activity of S1P1 receptor decreased in some hippocampal areas 

during the last stages of the disease (AD V – VI), e.g. in radiatum layer of the 

CA1, in oriens and radiatum layers of the CA2, in oriens and radiatum layers of 

the CA3, in oriens, pyramidal and radiatum layers of the CA4, in oriens, pyramidal 

and radiatum layers of the subiculum, in the molecular layer of the dentate gyrus 

and in the lacunosum moleculare. 

The CB1 receptor activity was also found decreased during the last stages (AD V 

– VI) in oriens and radiatum layers of the CA1, in pyramidal and radiatum layers 

of the CA2, in oriens and radiatum layers of the CA3, in pyramidal and radiatum 

layers of the CA4, in oriens, pyramidal and radiatum layers of the subiculum, in 

the hilus and molecular layers of the dentate gyrus and in the lacunosum 

moleculare. Moreover, the activity of CB1 receptor was upregulated at the initial 

stages (AD I – II) in the hilus layer of the dentate gyrus, as we previously 

published in another different group of AD patients (Manuel et al., 2014) (Figure 

22). 
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Figure 22. Histograms showing the activity of S1P1 and CB1 receptors during the progression of 

AD in hippocampus. The activities of both S1P1 and CB1 receptor were decreased during the last 

stages of the disease (AD V – VI) in oriens (Or) and radiatum (Rad) of CA3 (S1P1 receptor: CA3, 

Or *c *e p < 0.05, Rad *c p < 0.05; CB1 receptor: CA3, Or **c p < 0.01, Rad *c p < 0.05), in Or and 

Rad of the subiculum (S1P1 receptor: Subiculum, Or *c *e p < 0.05, Rad *c *d p < 0.05; CB1 receptor: 

Subiculum, Or *c p < 0.05, Rad *c *d *e p < 0.05), in molecular layer of the dentate gyrus (DG Mo) 

(S1P1 receptor: DG Mo **c p < 0.01 / *e p < 0.05; CB1 receptor: DG Mo **c p < 0.01) and in 

lacunosum moleculare (S1P1 receptor: Lac Mo *c p < 0.05 / **d p < 0.01; CB1 receptor: Lac Mo **c 

p < 0.01). The p values were calculated by the Kruskal-Wallis non-parametric test followed by 

Dunn’s post hoc test (* p < 0.05; ** p < 0.01; *** p < 0.001; aControl vs AD I-II, bControl vs AD III-

IV, cControl vs AD V-VI, dAD I-II vs ADV-VI, eAD III-IV vs AD V-VI). 

In summary, the S1P1 receptor signaling was decreased in layers I and II of the 

frontal cortex during the initial stages, and was maintained during all the 

progression of the disease. However, the decrease found for CB1 receptor 

signaling in this same area was only at the more severe stages. In contrast, the 

activities of both S1P1 and CB1 receptors, were increased at the initial stages of 

the disease in layers V and VI of the frontal cortex. Furthermore, the activity of 

the S1P1 receptor in the white matter of all the cortical areas that were analyzed, 

was increased during the initial and intermediate stages of the disease. Finally, 

the activities of both, S1P1 and CB1 receptors, were reduced in the hippocampus 

at the most severe stages of the disease. 
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3. Double-blind study of lipids in human plasma 

samples from mild cognitive impairment (MCI) and 

AD patients by UHPLC-MS analysis  

We performed a double-blind study by UHPLC-MS analysis for the detection of 

different lipid species in both, positive and negative ion detection mode, using 

plasma samples that were classified following neurocognitive criteria in three 

groups as controls, MCI or AD patients. After lipid extraction of the plasma 

samples, the results were obtained by a double blinded random analysis of the 

samples to avoid a possible bias by the experimenter. As a result, 594 and 202 

lipid species were identified in positive and negative detecting mode, 

respectively. 50 (in positive) and 26 (in negative) of the identified lipid species 

showed statistically significant differences between the groups of human 

samples, corresponding to sphingolipid (Sphingomyelins (SM) and Ceramides 

(Cer); Table 7), glycerophospholipids (Lysophosphatidylethanolamines (LPE), 

Phosphatidylcholines (PC) and Phosphatidylethanolamines (PE); Table 8) and 

glycerolipids (Diradylglycerol (DG) and Triradylglycerol (TG); Table 9). 

Regarding sphingolipids, 6 Cer and 14 SM showed significant differences. 

Cer(d18:1/24:0), that was detected in both positive and negative ionization mode, 

showed a decrease in both MCI and AD groups compared to control group. Other 

ceramides showed a decreased either in MCI or in AD patients to control levels. 

Thus, the decrease in SM was focused on AD patients when compared to both 

control or MCI groups, with the exception of the SM(d37:1), that was found 

increased in MCI patients and subsequently decreased in AD patients (Figure 23 

and Table 7). 
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Table 7. Sphingolipid concentration (µg/mL) in human plasma from Control (n=10), MCI patients 

(n=10) and AD patients (n=10) in positive (+) and negative (-) ion detection mode. Cer: Ceramide; 

SM: Sphingomyelin. Annotation of the sphingolipid backbone denotes the hydroxyl groups, d: two 

hydroxyl groups and t: three hydroxyl groups. 

 
Data are mean ± SEM values. The p values were calculated by the Kruskal-Wallis non-parametric 

test followed by Dunn’s post hoc test (* p < 0.05; ** p < 0.01; *** p < 0.001). aControl vs MCI; 
bControl vs AD; cMCI vs AD. 

 

Lipid 
molecular 
species

Ionization 
mode

Cal.   
mass

Retention 
time

Cer(d18:1/24:0) + 649.6373 13.589 4.2981 ± 0.328 3.2130 ± 0.2606*,a 3.0189 ± 0.3036*,b

Cer(d18:0/22:0) + 623.6216 13.208 0.1961 ± 0.016 0.1825 ± 0.024 0.1277 ± 0.0104*,b

Cer(d18:0/24:0) + 651.6529 13.782 0.2644 ± 0.023 0.2356 ± 0.0352 0.1578 ± 0.0122**,b

Cer(d18:0/23:0) + 637.6373 13.507 0.1364 ± 0.012 0.1135 ± 0.0142 0.0764 ± 0.0102**,b

SM(d35:0) + 718.5989 5.231 0.0439 ± 0.006 0.0480 ± 0.0053 0.0280 ± 0.0035*,c

SM(t34:0) + 720.5781 3.805 0.1093 ± 0.014 0.0890 ± 0.0103 0.0765 ± 0.0121*,b

SM(d36:0) + 732.6145 5.949 0.5365 ± 0.062 0.7087 ± 0.1153 0.3405 ± 0.035**,c

SM(d37:1) + 744.6145 5.891 0.1558 ± 0.037 0.2275 ± 0.0232*,a 0.1194 ± 0.0219*,c

SM(d38:0) + 760.6458 7.744 0.1292 ± 0.016 0.1440 ± 0.0206 0.0786 ± 0.0076*,c

SM(d40:0) + 788.6771 10.109 0.1702 ± 0.018 0.1630 ± 0.0256 0.0955 ± 0.008*,b

SM(d41:1) + 800.6771 10.502 4.1972 ± 0.593 3.0796 ± 0.4248 2.1482 ± 0.2971*,b

SM(d42:3) + 810.6615 7.351 18.4 ± 2.126 17.6 ± 1.8994 14.4 ± 1.3464*,b

SM(d42:1) + 814.6928 10.088 0.2844 ± 0.041 0.3136 ± 0.0497 0.1940 ± 0.0356*,b,c

SM(d42:0) + 816.7084 12.929 0.0477 ± 0.005 0.0448 ± 0.0072 0.0283 ± 0.0023*,b

SM(d43:2) + 826.6928 11.016 0.1073 ± 0.011 0.0985 ± 0.012 0.0823 ± 0.0088*,b

SM(d43:1) + 828.7084 13.038 0.1799 ± 0.016 0.1495 ± 0.0079 0.1249 ± 0.0131***,b *,c

SM(d44:1) + 842.7241 13.338 0.0400 ± 0.004 0.0362 ± 0.0039 0.0279 ± 0.0019*,b

Cer(d40:0) - 623.6216 13.218 0.1028 ± 0.0101 0.0896 ± 0.0141 0.0627 ± 0.0051*,b

Cer(d42:1) - 649.6373 13.206 0.1118 ± 0.0198 0.1010 ± 0.0194 0.0661 ± 0.0083*,b

Cer(d18:1/24:0) - 649.6373 13.599 4.5162 ± 0.2799 3.3080 ± 0.253*,a 3.2038 ± 0.3246*,b

Cer(d42:0) - 651.6529 13.786 0.1478 ± 0.0132 0.1273 ± 0.0214 0.0898 ± 0.0069*,b

Cer(d42:1+O) - 665.6322 13.318 0.0593 ± 0.0042 0.0358 ± 0.0046*,a 0.0396 ± 0.0081

Cer(t17:0/25:0) - 667.6479 13.299 0.0780 ± 0.0064 0.0529 ± 0.0027*,a 0.0567 ± 0.0056

SM(t34:0) - 720.5781 3.813 0.2879 ± 0.0322 0.2376 ± 0.0244 0.1897 ± 0.0192*,b

SM(d36:0) - 732.6145 5.972 0.4912 ± 0.06 0.6606 ± 0.1134 0.3384 ± 0.0346*,c

SM(d40:0) - 788.6771 10.132 0.3994 ± 0.0472 0.3872 ± 0.0664 0.2196 ± 0.0213*,b

SM(d41:2) - 798.6615 8.451 5.6988 ± 0.7255 4.6268 ± 0.6963 3.6929 ± 0.5508*,b

SM(d41:1) - 800.6771 10.538 10.7152 ± 1.0545 8.3450 ± 0.6247 6.8847 ± 0.7282**,b

SM(d42:1) - 814.6928 10.122 0.7517 ± 0.1082 0.8119 ± 0.1253 0.5167 ± 0.0902*,b,c

SM(d43:2) - 826.6928 10.009 0.9740 ± 0.2124 1.1855 ± 0.1331 0.6652 ± 0.0823*,c

SM(d43:1) - 828.7084 13.049 0.4826 ± 0.0461 0.3999 ± 0.0278 0.3295 ± 0.0426***,b *,c

Control           
(µg/mL)

AD                      
(µg/mL)

MCI                 
(µg/mL)
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Figure 23. The histograms show differences of some representative sphingolipid species 

concentrations (µg/mL) in plasma from control (CTRL), mild cognitive impairment (MCI) and 

Alzheimer’s disease (AD) patients. The Quality Control (QC) samples are also included in the 

histograms. (A) Ceramide (Cer) levels. Note that Cer(d18:1/24:0) levels are decreased in MCI 

and AD patients, but Cer(d18:0/24:0) was decreased only in AD patients and Cer(d42:1+O) was 

mainly decreased in the MCI patients group. (B) Sphingomyelin (SM) levels. SM(d37:1) was 

increased in MCI group and goes back to control levels in AD patients, SM(d36:0) was decreased 

in AD patients compared to MCI patients and SM(d42:1) was decreased in AD. The p values were 

calculated by the Kruskal-Wallis non-parametric test followed by Dunn’s test (* p < 0.05; ** p < 

0.01; *** p < 0.001). aControl vs MCI; bControl vs AD; cMCI vs AD. 

About the glycerophospholipids, only one lysophosphatidylethanolamine (LPE) 

specie, 17 phosphatidylcholines (PC) and 10 phosphatidylethanolamines (PE) 

showed significant differences between groups. LPE(18:2) was increased in AD 

patients compared to MCI patients (*c p < 0.05). One of the most abundant fatty 

acid in PCs is the 18:2 fatty acid. It was noteworthy that the PC and PE species 

containing a 18:2 fatty acid, and PC(20:4/20:4) showed lower concentrations in 

samples from MCI patients than those of the control group (Figure 24A). 

Furthermore, all changes in glycerophospholipids detected in AD patients that 

were different to MCI patients consisted on decrease of plasmanelyl PCs species 

(denoted by an e) (Figure 24B). Conversely, changes in AD patients related to 

PE species consisted on increase with respect to MCI patients (Figure 24C). 
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Figure 24. Glycerophospholipids concentrations (µg/mL) in plasma from control (CTRL), mild 

cognitive impairment (MCI) and Alzheimer’s disease (AD) patients. Quality Control samples (QC). 

(A) Representative changes in Phosphatidylcholines (PC) from MCI patients with respect to 

control group. PC(18:1/18:2), PC(18:2/22:6) and PC(20:4/20:4) species were decreased in MCI 

patients. (B) Representative changes in PC from AD patients. PC(34:0e) was decreased in AD 

compared to both control and MCI patients. PC(38:4e) levels diminished in AD compared to MCI 

patients, and PC(40:8e) was decreased in AD patients with respect to control group. (C) 

Representative changes in Phosphatidylethanolamines (PE). PE(18:2e/22:6) was decreased in 

MCI patients vs control group, in contrast, PE(20:0/20:4) and PE(38:2) were increased in AD 

patients vs MCI patients.  

The p values were calculated by the Kruskal-Wallis non-parametric test followed by Dunn’s post 

hoc test (* p < 0.05; ** p < 0.01; *** p < 0.001). aControl vs MCI; bControl vs AD; cMCI vs AD. 
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Table 8. Glycerophospholipid species concentrations (µg/mL) in human plasma from Control 

(n=10), MCI patients (n=10) and AD patients (n=10) in positive (+) and negative (-) ion detection 

mode. LPE: Lysophosphatidylethanolamine; PC: Phosphatidylcholine; PE: 

Phosphatidylethanolamine. e: denoted those plasmanelyl species which have an ether bond in 

position sn-1 to an alkenyl group instead of alkyl group which are the plasmanyl species  

 

Data are mean ± SEM values. The p values were calculated by the Kruskal-Wallis non-parametric 

test followed by Dunn’s post hoc test (* p < 0.05; ** p < 0.01; *** p < 0.001). aControl vs MCI; 
bControl vs AD; cMCI vs AD. 

Concerning the glycerolipids, 17 Triradylglycerol species (TG) showed significant 

differences between groups. Except in the case of TG(26:0/18:1/18:1), which was 

decreased in AD patients respect to MCI and control patients, all the changes in 

TG were related to changes in MCI patients respect to control group. However, 3 

TG species showed lower concentrations only for the MCI patients group (Figure 

25).  

 

Lipid 
molecular 
species

Ionization 
mode

Cal. 
mass

Retention 
time

LPE(18:2) + 477.2855 0.845 0.8460 ± 0.073 0.8219 ± 0.1068 1.0924 ± 0.1069*,c

PC(14:0e/18:1) + 717.5672 6.221 0.7231 ± 0.063 0.8254 ± 0.0558 0.6247 ± 0.0538*,c

PC(32:0e) + 719.5829 6.458 0.7469 ± 0.077 0.8750 ± 0.0789 0.6152 ± 0.0746**,c

PC(33:0e) + 733.5985 7.357 0.0169 ± 0.002 0.0193 ± 0.0020 0.0126 ± 0.002**,c

PC(34:0e) + 747.6142 8.41 0.0896 ± 0.010 0.0923 ± 0.0082 0.0632 ± 0.0086*,b **,c

PC(16:0/18:2) + 757.5622 4.78 105.3 ± 4.001 92.0 ± 5.6052*,a 96.0 ± 4.5477

PC(18:0/16:0) + 761.5935 7.191 1.0595 ± 0.074 1.0145 ± 0.0638 0.8446 ± 0.0787*,b,c

PC(18:1/18:2) + 783.5778 4.919 35.3 ± 1.760 29.6 ± 2.4305**,a 31.5 ± 2.1727

PC(18:0/18:2) + 785.5935 6.126 98.7 ± 3.369 89.3 ± 5.3681*,a 87.4 ± 4.7363

PC(38:4e) + 795.6142 6.855 1.5855 ± 0.256 1.8786 ± 0.2013 1.2604 ± 0.1509**,c

PC(38:3e) + 797.6298 7.652 0.1113 ± 0.008 0.1361 ± 0.0121 0.0963 ± 0.0157**,c

PC(37:2) + 799.6091 6.987 0.4160 ± 0.049 0.3402 ± 0.0364 0.2956 ± 0.0359*,b

PC(40:8e) + 815.5829 4.903 0.3248 ± 0.034 0.3222 ± 0.0519 0.2335 ± 0.0342*,b

PC(40:6e) + 819.6142 6.388 0.4171 ± 0.064 0.4832 ± 0.0710 0.2982 ± 0.0433*,c

PC(18:2/22:6) + 829.5622 3.767 0.5615 ± 0.063 0.4543 ± 0.0788*,a 0.4483 ± 0.0681

PC(42:3e) + 853.6924 11.971 0.0774 ± 0.010 0.0787 ± 0.0085 0.0531 ± 0.0089*,c

PE(18:0/16:0) - 719.5465 5.59 0.5971 ± 0.0933 0.4664 ± 0.0621 0.7602 ± 0.0694*,c

PE(18:0/20:3) - 769.5622 5.124 1.8064 ± 0.2155 1.3095 ± 0.1918 2.1919 ± 0.1991*,c

PE(38:2) - 771.5778 6.145 4.8200 ± 0.8343 3.3449 ± 0.5638 6.3721 ± 0.8227**,c

PE(18:2e/22:6) - 773.5359 5.293 2.0419 ± 0.1994 1.8070 ± 0.4188*,a 1.5538 ± 0.2634

PE(38:1) - 773.5935 7.485 1.1976 ± 0.113 1.0870 ± 0.2196 1.7700 ± 0.2924*,c

PE(18:0/22:6) - 791.5465 4.373 1.5565 ± 0.167 1.3364 ± 0.3437 1.9770 ± 0.23**,c

PE(40:5) - 793.5622 4.702 0.5016 ± 0.0419 0.4286 ± 0.0962 0.7608 ± 0.0772***,c

PE(20:0/20:4) - 795.5778 5.93 1.9548 ± 0.2065 1.5158 ± 0.222 2.8525 ± 0.2727***,c

PE(40:3) - 797.5935 6.597 0.9443 ± 0.0897 0.7196 ± 0.1136 1.2456 ± 0.1246*,c

PE(42:6) - 819.5778 5.555 0.6675 ± 0.0708 0.6069 ± 0.1657 0.9723 ± 0.1427**,c

PC(18:0/16:0) - 761.5935 7.219 2.2571 ± 0.143 2.2665 ± 0.2045 1.8066 ± 0.1451*,b,c

PC(18:0/20:2) - 813.6248 7.753 1.9007 ± 0.1493 1.7514 ± 0.1587 1.4206 ± 0.1602**,b *,c

PC(20:4/20:4) - 829.5622 3.776 1.2781 ± 0.1446 1.0658 ± 0.2191*,a 0.8990 ± 0.0914

Control             
(µg/mL)

AD                    
(µg/mL)

MCI                
(µg/mL)
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Figure 25. Triradylglycerol (TG) concentrations (µg/mL) in plasma from control (CTRL), mild 

cognitive impairment (MCI) and Alzheimer’s disease (AD) patients. Quality Control samples (QC). 

The plasma concentrations of TG(18:1/18:2/18:2) and TG(18:1/18:1/24:0) were decreased in MCI 

patients. Conversely, TG(26:0/18:1/18:1) concentration was only decreased in the AD patients 

group.  

The p values were calculated by the Kruskal-Wallis non-parametric test followed by Dunn’s post 

hoc test (* p < 0.05; ** p < 0.01; *** p < 0.001). aControl vs MCI; bControl vs AD; cMCI vs AD. 

 

Table 9. Glycerolipid concentration (µg/mL) in human plasma from Control (n=10), MCI patients 

(n=10) and AD patients (n=10) in positive ion detection mode. TG: Triradylglycerol. 

 

Data are mean ± SEM values. The p values were calculated by the Kruskal-Wallis non-parametric 

test followed by Dunn’s post hoc test (* p < 0.05; ** p < 0.01; *** p < 0.001). aControl vs MCI; 
bControl vs AD; ; cMCI vs AD.  
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Lipid molecular 
species

Ionization 
mode

Cal. 
mass

Retention 
time

TG(18:2/17:1/18:2) + 866.7363 15.036 0.9870 ± 0.168 0.4651 ± 0.0842*,a 0.7570 ± 0.1245

TG(18:1/18:2/18:2) + 880.7520 15.224 26.6 ± 3.235 15.4 ± 2.2639*,a 23.0 ± 3.4102

TG(18:2/18:2/20:4) + 902.7363 14.808 3.5169 ± 0.611 1.4568 ± 0.2096*,a 2.0974 ± 0.372

TG(18:1/18:1/20:5) + 904.7520 15.098 7.0394 ± 0.725 4.1862 ± 0.4091*,a 5.4868 ± 0.6101

TG(16:0/18:1/22:1) + 914.8302 16.487 2.0946 ± 0.705 0.6154 ± 0.1112*,a 1.1737 ± 0.2842

TG(18:2/18:2/22:6) + 926.7363 14.637 2.2961 ± 0.629 0.4433 ± 0.0579*,a 0.7179 ± 0.1706

TG(18:1/18:2/22:6) + 928.7520 14.955 6.0785 ± 1.441 2.1260 ± 0.2457*,a 2.4556 ± 0.4797

TG(18:1/18:1/22:4) + 934.7989 15.718 1.8790 ± 0.510 0.6283 ± 0.1326*,a 1.2860 ± 0.229*,c

TG(18:1/18:2/22:0) + 940.8459 16.488 0.8951 ± 0.382 0.1670 ± 0.0225*,a 0.4052 ± 0.0851

TG(16:0/18:1/24:1) + 942.8615 16.793 0.5627 ± 0.212 0.1215 ± 0.0226*,a 0.3112 ± 0.079

TG(18:1/18:1/23:1) + 954.8615 16.685 0.0692 ± 0.024 0.0171 ± 0.0017*,a 0.0401 ± 0.0098

TG(18:1/18:1/23:0) + 956.8772 16.948 0.0783 ± 0.030 0.0219 ± 0.0048*,a 0.0473 ± 0.0123

TG(18:1/18:2/24:1) + 966.8615 16.505 0.1950 ± 0.096 0.0329 ± 0.0027*,a 0.0817 ± 0.0153

TG(18:1/18:1/24:0) + 970.8928 17.082 0.2326 ± 0.079 0.0546 ± 0.0086**,a 0.1369 ± 0.0308*,c

TG(18:0/18:1/24:0) + 972.9085 17.344 0.0572 ± 0.017 0.0203 ± 0.0041*,a 0.0455 ± 0.0124

TG(25:0/18:1/18:1) + 984.9085 17.217 0.0298 ± 0.011 0.0077 ± 0.0011*,a 0.0194 ± 0.0042*,c

TG(26:0/18:1/18:1) + 998.9241 17.345 0.0444 ± 0.014 0.0129 ± 0.0022 0.0310 ± 0.0063*,b *,c

Control           
(µg/mL)

AD                    
(µg/mL)

MCI                
(µg/mL)
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To sum up, the MCI patients showed a decrease in some lipid species such as 

TG in general, PC and PE containing linoleic acid, and some Cer. In contrast, the 

AD patients showed increase in some PE compared to MCI patients, but other 

lipid species, such as PC and SM, were decreased. Moreover, the changes in AD 

patients respect to control patients were mainly focused on Cer, SM and PC. 

4. Animal models of AD 

Different rodent models have been developed for the research of the AD including 

models of genetically-associated dementia (e.g. transgenic mice) or sporadic 

dementia, including pharmacological treatments and specific brain lesions. 

However any of them is able to fully imitate this complex disease including 

histopathological markers, cholinergic degeneration of the basalocortical 

pathway and cognitive deterioration.  

Therefore, we used in the present study one transgenic mice model (the 3xTgAD) 

and another rat model of cholinergic basalocortical lesion (using 192IgG-saporin). 

Both models were used to compare the S1P1 activity with those found in 

postmortem human samples from AD patients. 

4.1. S1P1 receptor in the CNS of triple transgenic model 

of AD (3xTg-AD) 

The activity of the S1P1 receptor was studied in the brain of wild type (WT) and 

3xTg-AD mice. Results showed that the functional coupling to Gαi/o proteins 

induced by CYM-5442 was decreased for the most part of the transgenic mice 

brain compared to WT mice in several regions such as in olfactory bulb, 

hippocampus, basal forebrain, amygdala, substantia nigra and ventral tegmental 

area (Figure 26). The changes in the olfactory bulb were different depending on 

the area, being mostly a decrease of the activity, like in the anterior olfactory 

nucleus (WT 3380 ± 155 vs 3xTg-AD 2669 ± 224 nCi/g t.e, * p < 0.05) and 

granular cell layer of the olfactory bulb (WT 3180 ± 459 vs 3xTg-AD 2184 ± 95 

nCi/g t.e, ** p < 0.01). In contrast, the S1P1 activity was increased in the granular 

cell layer of the accessory olfactory bulb (WT 3491 ± 62 vs 3xTg-AD 3896 ± 128 

nCi/g t.e, * p < 0.05). Moreover, the activity in the substantia nigra was decreased 

in the compact (WT 5405 ± 345 vs 3xTg-AD 4190 ± 208 nCi/g t.e, * p < 0.05), 
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lateral (WT 4332 ± 624 vs 3xTg-AD 2467 ± 119 nCi/g t.e, ** p < 0.01) and reticular 

parts (WT 6320 ± 284 vs 3xTg-AD 4993 ± 214 nCi/g t.e, ** p < 0.01). Also was 

decreased in ventral tegmental area (WT 5278 ± 437 vs 3xTg-AD 2877 ± 363 

nCi/g t.e, ** p < 0.01), basolateral amygdaloid nucleus (WT 5724 ± 264 vs 3xTg-

AD 4916 ± 227 nCi/g t.e, * p < 0.05) and the nucleus basalis magnocellularis (WT 

4875 ± 116 vs 3xTg-AD 4184 ± 148 nCi/g t.e, * p < 0.05). Finally, regarding the 

hippocampus, the activity diminished in the molecular layer of the dentate gyrus 

(WT 3934 ± 383 vs 3xTg-AD 2830 ± 160 nCi/g t.e, ** p < 0.01) and in the fimbria 

of the hippocampus (WT 1507 ± 139 vs 3xTg-AD 934 ± 146 nCi/g t.e, * p < 0.05) 

(Table 10). 

Table 10. Net activity of the S1P1 receptor in brain areas of seven-month-old wild type (WT) and 

triple transgenic model of AD (3xTg-AD) indicated by the specific binding of [35S]GTPγS 

stimulated by CYM-5442 (10 µM) expressed in nCi/g t.e. 

 

Data are mean ± SEM values. WT: wild type animals; 3xTg-AD: Triple transgenic mice model of 

AD. The p values were calculated by the two-tailed unpaired non-parametric Mann-Whitney t test 

(* p < 0.05; ** p < 0.01). 

AREA AREA

Olfactory Bulb Hippocampus

   Intrabulbar anterior commissure 6677 ± 107 6545 ± 95    CA1 3538 ± 323 3056 ± 414

   Anterior olfactory nucleus 3380 ± 155 2669 ± 224*       Oriens 3926 ± 405 3204 ± 342

   Ependy/olfactory ventricule 3879 ± 159 3422 ± 641       Pyramidal 2457 ± 230 2419 ± 361

   Granular cell layer 3180 ± 459 2184 ± 95**       Radiatum 3646 ± 380 3062 ± 388

   Granule cell layer of accesory 3491 ± 62 3896 ± 128*    CA2 2984 ± 290 2763 ± 393

Cerebral cortex       Oriens 3402 ± 474 3303 ± 552

   Cingulate 5799 ± 148 5765 ± 350       Pyramidal 1961 ± 199 1681 ± 291

   Motora 5143 ± 425 4889 ± 485       Radiatum 3866 ± 424 3988 ± 677

      Layer I - II 3703 ± 319 3463 ± 326    CA3 3649 ± 498 3203 ± 349

      Layer III -IV 5709 ± 590 5476 ± 504       Oriens 4942 ± 135 5089 ± 481

      Layer V - VI 6736 ± 594 6062 ± 687       Pyramidal 2910 ± 280 2445 ± 396

   Somatosensory 5013 ± 496 5004 ± 393       Radiatum 4046 ± 674 3557 ± 353

      Layer I - II 3678 ± 476 3843 ± 353    Dentate gyrus 3237 ± 350 3011 ± 221

      Layer III -IV 5500 ± 550 5932 ± 606       Polimorphic 3344 ± 418 3095 ± 353

      Layer V - VI 6012 ± 416 5892 ± 574       Granular 1489 ± 234 932 ± 127

   Piriform 4221 ± 638 4302 ± 517       Molecular 3934 ± 383 2830 ± 160**

      Layer I 4389 ± 853 4454 ± 788    Lacunosum Moleculare 3643 ± 516 3075 ± 476

      Layer II 3286 ± 558 3225 ± 404    Fimbria 1507 ± 139 934 ± 146*

      Layer III 4557 ± 655 4369 ± 400 Nucleus basalis magnocellularis 4875 ± 116 4184 ± 148*

Corpus callosum 2627 ± 211 2437 ± 322 Subtantia nigra

Basal Ganglia    Compact 5405 ± 345 4190 ± 208*

   Striatum 4096 ± 630 3566 ± 603    Lateral part 4332 ± 624 2467 ± 119**

   Globus pallidus 4742 ± 178 4563 ± 234    Reticular part 6320 ± 284 4993 ± 214**

   Internal capsule 1112 ± 102 957 ± 167 Periaqueductal gray 3465 ± 443 3195 ± 358

Amygdala, BLA 5724 ± 264 4916 ± 227* Ventral tegmental part 5278 ± 437 2877 ± 363**

WT        
(nCi/g t.e.)

3xTg - AD   
(nCi/g t.e.)

WT        
(nCi/g t.e.)

3xTg - AD   
(nCi/g t.e.)
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Figure 26. Representative autoradiograms of WT (A) and 3xTg-AD (B) mouse in coronal sections 

that show [35S]GTPγS binding evoked by CYM-5442 (10 µM). The [35S]GTPγS binding induced 

by CYM-5442 was reduced in the olfactory bulb, hippocampus, amygdala, basal forebrain and 

substantia nigra from 3xTg-AD mice. [14C]-Standard (35000 – 0 nCi/g t.e.). Scale bar = 6 mm. (C) 

Histogram of the S1P1 receptor activity of WT and 3xTg-AD. The changes that we found revealed 

a decreased in the activity of S1P1 receptor in 3xTg-AD mice, yet in the GrA showed an increase 

of the stimulation. Data are mean ± SEM values. The p values were calculated by the two-tailed 

unpaired non-parametric Mann-Whitney t test (* p < 0.05; ** p < 0.01). GrO: granular cell layer of 

the olfactory bulb; GrA: granular cell layer of the accessory olfactory bulb; Aon: anterior olfactory 

nucleus; B: nucleus basalis magnocellularis; BLA: basolateral amygdaloid nucleus; DG Mol: 

molecular layer of the dentate gyrus; fi: fimbria of the hippocampus; SNC: substantia nigra, 

compact part; SNL: substantia nigra, lateral part; SNR: substantia nigra, reticular part; VTA: 

ventral tegmental area. 
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4.2. Model of basal forebrain cholinergic lesion in rat  

We evaluated the activity of the S1P1 receptor after the specific depletion of 

cholinergic cells from nucleus basalis magnocellularis. The greatest change was 

located in the lesion areas, the nucleus basalis magnocellularis, showing a 

decrease of the S1P1 receptor activity (Control 937 ± 26 vs Lesion 103 ± 130 

nCi/g t.e., *** p < 0.001). Moreover, the corpus callosum showed also a 

decreased S1P1 receptor stimulation (Control 836 ± 74 vs Lesion 446 ± 76 nCi/g 

t.e., * p < 0.05). In contrast, other areas exhibited an increase of the activity as in 

the piriform cortex in layer I (Control 2350 ± 238 vs Lesion 3234 ± 274 nCi/g t.e. 

* p < 0.05) and layer II (Control 1192 ± 93 vs Lesion 1934 ± 234 nCi/g t.e. * p < 

0.05), and in the basolateral amygdaloid nucleus (Control 1495 ± 148 vs Lesion 

2530 ± 337 nCi/g t.e., ** p < 0.01) (Figure 27; Table 11). 

Table 11. Net activity of the S1P1 receptor in brain areas from Control and Lesion (of cholinergic 

cells in the B) rats, indicated by the specific net binding of [35S]GTPγS stimulated by CYM-5442 

(10 µM) expressed in nCi/g t.e. 

 

Data are mean ± SEM values. HDB: horizontal diagonal band; VDB: vertical diagonal band. The 

p values were calculated by the two-tailed unpaired non-parametric Mann-Whitney t test (* p < 

0.05; ** p < 0.01; *** p < 0.001). 

AREA AREA

Cerebral cortex Hippocampus

Cingulate 2510 ± 341 2635 ± 512 CA1 1602 ± 208 1632 ± 301

Motora 2550 ± 267 3139 ± 554 Oriens 1801 ± 235 2038 ± 363

Layer I - II 2371 ± 219 2277 ± 330 Pyramidal 1468 ± 120 1184 ± 239

Layer III -IV 3824 ± 452 3833 ± 468 Radiatum 1472 ± 222 1436 ± 304

Layer V - VI 2070 ± 259 2314 ± 267 CA2 1363 ± 137 1524 ± 268

Somatosensory 2733 ± 336 2892 ± 305 CA3 1431 ± 161 1561 ± 238

Layer I - II 2515 ± 305 2425 ± 324 Oriens 1365 ± 133 1798 ± 280

Layer III -IV 3546 ± 407 3989 ± 418 Pyramidal 1021 ± 99 916 ± 127

Layer V - VI 2030 ± 182 2300 ± 263 Radiatum 1945 ± 237 2175 ± 386

Piriform 2049 ± 285 2671 ± 397 Dentate gyrus 1887 ± 231 1900 ± 291

Layer I 2350 ± 238 3234 ± 274* Polimorphic 923 ± 104 770 ± 38

Layer II 1192 ± 93 1934 ± 234* Granular 2441 ± 355 2281 ± 206

Layer III 2381 ± 335 2756 ± 538 Molecular 2329 ± 350 2251 ± 394

Corpus callosum 836 ± 74 446 ± 76* Lacunosum Moleculare 2028 ± 246 1976 ± 332

Basal Ganglia Fimbria Fornix 310 ± 131 358 ± 92

Striatum 1163 ± 135 1477 ± 253 Diencephalon

Ependymal and 
Subependymal layer

2899 ± 326 2048 ± 365
Nucleus basalis 
magnocellularis

937 ± 26 103 ± 130***

Globus pallidus 774 ± 59 897 ± 100 HDB 1324 ± 163 1682 ± 324

Internal capsule 173 ± 99 105 ± 71 VDB 1408 ± 147 1465 ± 273

Amygdala, BLA 1495 ± 148 2530 ± 337**    Medial septum 869 ± 152 953 ± 135

Control 
(nCi/g t.e.)

Lesion 
(nCi/g t.e.)

Control 
(nCi/g t.e.)

Lesion 
(nCi/g t.e.)
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Figure 27. Representative autoradiograms from Control (A) and Lesion (B) rats in coronal 

sections that show [35S]GTPγS binding evoked by CYM-5442 (10 µM); [14C]-Standard (3000 – 0 

nCi/g t.e.). Scale bar = 6 mm. (C) The histograms show that the [35S]GTPγS binding induced by 

CYM-5442 was reduced in the nucleus basalis magnocellularis and in the corpus callosum, in 

contrast, the activity of the S1P1 receptor was increased in the piriform cortex in the layer I and II, 

and in the basolateral amygdaloid nucleus. Data are mean ± SEM values. The p values were 

calculated by the two-tailed unpaired non-parametric Mann-Whitney t test (* p < 0.05; ** p < 0.01; 

*** p < 0.001). B: nucleus basalis magnocellularis; BLA: basolateral amygdaloid nucleus; cc: 

corpus callosum; Pir I: Piriform cortex layer I; Pir II: Piriform cortex layer II. 
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In summary, on one hand, the 3xTg-AD mice model showed increase in the S1P1 

receptor activity only in the granular cell layer of the accessory olfactory bulb. On 

the contrary, a decrease was observed in some areas of the olfactory bulb, in the 

nucleus basalis magnocellularis, basolateral amygdaloid nucleus, fimbria and 

molecular layer of the hippocampal dentate gyrus, the substantia nigra and in the 

ventral tegmental area. 

On the other hand, the rat model of specific basal forebrain cholinergic lesion 

showed an increase in the basolateral amygdaloid nucleus and the piriform cortex 

in layers I and II. Conversely, a decrease was observed in the nucleus basalis 

magnocellularis and the corpus callosum. 
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5. Interactions between S1P1 and CB1 receptors 

5.1 Binding of [3H]CP55940 in human CHO cells 

overexpressing CB1 or S1P1 receptors 

In the previous sections we have reported a high activity and ubiquitous 

expression of S1P1 receptors in the CNS, together with its regulation in AD and 

animal models, characteristic that are common to other endogenous neurolipids, 

such as the eCB. Furthermore, we have reported interactions between the CB1 

receptor signaling and other neurolipid neurotransmitter receptors, such as the 

LPA1 for lysophosphatidic acid (González de San Román et al., 2019).  

Therefore, we decided to analyze possible interactions of S1P1 with the CB1 

signaling. Firstly, we studied the possible crosstalk of both receptors sharing 

similar binding sites. Firstly, human membrane homogenates of CHO cell lines 

overexpressing either S1P1 or CB1 receptors were incubated in the presence of 

[3H]S1P radioligand to label S1P1 receptors. Unfortunately no previous protocol 

was designed for this purpose. We tried to adapt other protocols similar to those 

used for CB receptor but we were not able to get specific labelling. Therefore, the 

approach was changed to label CB1 receptors using a previously assayed 

radioligand for CB receptors, the [3H]CP55940, to study the interaction. The 

assays using CB1 overexpressing membrane preparations showed a 

displacement of [3H]CP55940 binding by increasing concentrations of 

SR141716A compound (specific antagonist/inverse agonist of CB1 receptor) as 

expected, with high affinity for the CB1 receptor (Ki = 1.830 · 10-11M). In contrast, 

we were not able to get specific labeling of [3H]CP55940 neither in wild type CHO 

cells nor in S1P1 receptor membrane preparations (Figure 28). 
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Figure 28. [3H]CP55940 binding (%) in in wild type (WT, blue), hCB1 (green, red and black) and 

hS1P1 (purple) ChemiscreenTM membrane preparations in the presence of increasing 

SR141716A, W146 and S1P concentrations (10-14 to 10-4 M). Note that [3H]CP55940 have not 

showed any binding on the hS1P1 membranes as well as on the wild type preparation. However, 

[3H]CP55940 show specific binding on hCB1 membranes that is completely displaced by 

SR141716A with high affinity (Ki = 1.830 · 10-11M). In contrast, W146 showed a partial 

displacement of some binding sites of [3H]CP55940 with low affinity (Ki = 8.833 · 10-5M). In 

addition, the endogenous ligand S1P showed a partial displacement of some binding sites of 

[3H]CP55940 with low affinity (Ki = 4.497 · 10-7 M.) Data are mean ± S.E.M of duplicated point. 

However, the effect of increasing concentrations of W146 (specific antagonist of 

S1P1 receptor) over the [3H]CP55940 binding revealed a partial displacement for 

some binding site of [3H]CP55940 but with low affinity (Ki = 5.889 · 10-5 M) in CHO 

membranes overexpressing the CB1 receptor . In the same way, the endogenous 

ligand S1P showed a partial displacement for some binding site of [3H]CP55940 

but with low affinity (Ki = 4.497 · 10-7 M) in CHO membranes overexpressing the 

CB1 receptor (Figure 28). 

Taking these results, the [3H]CP55940 did not bind to S1P1 receptors. However 

the S1P1 selective antagonist, W146 (10-5M), was able to inhibit up to a half of 

the binding of [3H]CP55940 in CB1 receptor overexpressing membrane 

preparations but with a low affinity. 
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5.2 [3H]CP55940 binding in membrane homogenates of 

rat cortex 

The study of the interaction between S1P1 and CB1 receptors was analyzed in 

physiological conditions using cell membranes homogenates of rat cerebral 

cortex in which both receptors are present. As might be expected, [3H]CP55940 

binding was completely displaced by SR141716A with a high affinity (Ki = 6.71 · 

10-9M). In this physiological approach, the sphingosine 1-phosphate molecule 

(endogenous ligand and agonist of S1P1 receptor) also displaced completely the 

[3H]CP55940 binding, but in this case with low affinity (Ki = 1.599 · 10-5M). 

Moreover, W146 showed a partial displacement (~40% of inhibition) of 

[3H]CP55940 binding, in a similar way to the results described at the previous 

section in CHO cells overexpressing CB1 receptors, but in this cortex 

homogenates with high affinity (Ki = 1.144 · 10-10M). 

Finally, we also studied the specific agonist of S1P1 receptor, CYM-5442, which 

showed also a partial displacement (~40% of inhibition), just like W146, but with 

low affinity (Ki = 1.059 · 10-5M) (Figure 29). 
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Figure 29. In the graph is represented the displacement of [3H]CP55940 binding (%) by different 

compounds: SR141716A (green), CYM-5442 (red), W146 (blue) and S1P (black) in membrane 

homogenates from rat cortex. Note that [3H]CP55940 binding is completely displaced by 

SR141716A with a high affinity (Ki = 6.71 · 10-9 M), and also by S1P but with low affinity (Ki = 

1.599 · 10-5M). Moreover, CYM-5442 showed a partial displacement of [3H]CP55940 binding but 

with low affinity (Ki = 1.059 · 10-5 M). In the same way, W146 show a partial displacement of 

[3H]CP55940 but with high affinity (Ki = 1.144 · 10-10M). Data are mean ± S.E.M of duplicated 

point. 
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5.3. [3H]CP55940 binding in rat brain sections 

Subsequently, we continued characterizing these crosstalks between S1P1 

ligands and [3H]CP55940 binding in rat brain sections by receptor 

autoradiography method. Different brain regions showing presence of S1P1 and 

CB1 receptors were quantified, including cortex, hippocampus, striatum, globus 

pallidus, thalamus, substantia nigra and the gray matter of the cerebellum. 

Interestingly, the inhibition of the [3H]CP55940 binding was inhibited in different 

ways depending on the brain area. In the basal ganglia, around the 40% of the 

[3H]CP55940 binding was blocked by W146. The inhibition curves were best fit 

to one single binding site (striatum, Ki = 2.317 · 10-11 M; globus pallidus, Ki = 

3.009 · 10-11 M; substantia nigra, Ki = 7.429 · 10-12 M). However, in other brain 

areas including cortex, hippocampus and the gray matter of the cerebellum 

around the 40% of the [3H]CP55940 binding was also inhibited by W146, but in 

this case defining two binding sites with different affinities, high (<nM) and low 

(nM) (cortex, KiHi = 9.267 · 10-12 M - KiLo = 5.081 · 10-8 M; hippocampus, KiHi = 

1.324 · 10-11 M - KiLo = 3.510 · 10-8 M; cerebellum, KiHi = 2.069 · 10-11 M - KiLo = 

2.233 · 10-8 M). Interestingly, thalamus was the area with the highest % of 

inhibition, accounting for a 60% of the total radioligand binding, and also fitting to 

two binding sites (thalamus, KiHi = 9.544 · 10-12 M - KiLo = 5.321 · 10-8 M) (Figure 

30 and 31). 

 

Figure 30. Representative autoradiograms corresponding to sagittal sections from control rats 

showing [3H]CP55940 total binding (A), and the competition with different concentration of the 

specific antagonist of S1P1 receptor, W146, from 1 pM to 10 μM (B-I). The non-specific binding 

was determined by WIN55,212-2 (10 μM) (J). Thionine staining indicating the areas studied. Cx: 
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cortex; Th: thalamus; Hpc: hippocampus; Cb: gray matter of the cerebellum; SN: substantia nigra; 

GP: globus pallidus; Str: striatum. (K). [3H]-Standard (7390 – 0 nCi/g t.e.) (L). Scale bar = 6 mm. 

 

 
Figure 31. Non-linear fitting of the [3H]CP55940 binding (% total) measured from autoradiograms 

similar to those showed in Figure 19. Note that the inhibition of the [3H]CP55940 binding by W146 

was different depending on the brain areas. In the cortex (KiHi = 9.267 · 10-12 M - KiLo = 5.081 · 10-

8 M) (A), hippocampus (KiHi = 1.324 · 10-11 M - KiLo = 3.510 · 10-8 M) (B) and gray matter of the 

cerebellum (KiHi = 2.069 · 10-11 M - KiLo = 2.233 · 10-8 M) (C) was inhibited around the 40 % of the 

binding fitting to two different binding sites with different affinities. In the other hand, in the striatum 

(Ki = 2.317 · 10-11 M) (D), globus pallidus (Ki = 3.009 · 10-11 M) (E) and substantia nigra (Ki = 7.429 

· 10-12 M) (F) was also inhibited around the 40 % of the binding but only to one binding site of high 

affinity (<nM). Lastly, the thalamus (KiHi = 9.544 · 10-12 M - KiLo = 5.321 · 10-8 M) was the area with 

the highest % of inhibition, 60%, but two different binding sites with different affinities (G). 

Autoradiogram showing the total binding of [3H]CP55940 indicating the areas that were quantified. 

Cx: cortex; Th: thalamus; Hpc: hippocampus; Cb: gray matter of the cerebellum; SN: sustantia 

nigra; GP: globus pallidus; Str: striatum. Data are mean ± S.E.M (n=5). 
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5.4. [3H]CP55940 binding in frontal cortex from human 

control subjects 

Finally, we decided to study this S1P1-CB1 ligands crosstalk in brain tissue from 

human control subjects. Frontal cortex tissue was used for this purpose. We 

observed that the displacement observed in rat was maintained also for human 

tissue in a similar way. W146 inhibited around the 40% of the [3H]CP55940 

binding defining two binding sites in gray matter of frontal cortex (KiHi = 4.972 · 

10-12 M - KiLo = 3.934 · 10-9 M) (Figure 32).  

 
Figure 32. Representative autoradiograms corresponding to frontal cortex from human control 

subjects showing [3H]CP55940 total binding (A), and the competition with different concentration 

of the specific antagonist of S1P1 receptor, W146, from 1 pM to 10 μM (B-I). The non-specific 

binding was determined by WIN55,212-2 (10 μM) (J). [3H]CP55940 binding in percentage  respect 

to the total binding measured in the autoradiographic images. Note that the [3H]CP55940 binding 
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was inhibited around the 40 % of the binding in the gray matter of the frontal cortex defining two 

binding sites (KiHi = 4.972 · 10-12 M - KiLo = 3.934 · 10-9 M) (K). [3H]-Standard (7390 – 0 nCi/g t.e.) 

(L). Scale bar = 6 mm. 

To sum up, the W146, which is a specific antagonist of S1P1 receptor, inhibited 

around 40 % of the [3H]CP55940 binding in both rat and human cortical areas 

defining two binding sites (rat, KiHi = 9.267 · 10-12 M - KiLo = 5.081 · 10-8 M; human, 

KiHi = 4.972 · 10-12 M - KiLo = 3.934 · 10-9 M). 
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5.5. Study of the interaction between CB1 and S1P1 

receptor activities using the [35S]GTPγS assay 

The described interactions in the previous section between presumable selective 

ligands for CB1 and S1P1 receptors was further analyzed in the next link of the 

signaling process of these GPCR, the activation of the G protein. The [35S]GTPγS 

assay was used to identify a possible cross signaling of CB1 and S1P1 receptors 

when they are stimulated by the selective agonists CP55940 or CYM-5442, 

respectively.  

Firstly, tissues were incubated with the CB1 agonist, CP55940 (10 µM), in the 

presence of the specific antagonist of S1P1 receptor, W146 (10 µM). The results 

showed that the activity of the CB1 receptor was not modified in any of the rat 

brain areas that were measured, such as cortex, corpus callosum, striatum, 

hippocampus, cerebellum and thalamus.  

In a different set of assays, the specific agonist of S1P1 receptor, CYM-5442 (10 

µM), was incubated with the antagonist of CB1 receptor, SR141716A (10 µM). 

The activity of the S1P1 receptor was not changed either in any of the measured 

brain areas (Figure 33). 

The results could be indicating that the observed competitions at the binding sites 

are translated in different signaling processes not mediated by Gi/o proteins. 
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Figure 33. Representative autoradiograms corresponding to sagittal sections from control rats 

showing [35S]GTPγS binding evoked by CP55940 (10 µM) (A) and the co-incubation of CP55940 

with W146, the specific antagonist of S1P1 receptor, (10 µM) (B). [35S]GTPγS binding evoked by 

CYM-5442 (10 µM) (C) and the co-incubation of CYM-5442 with SR141716A, the antagonist of 

CB1 receptor, (10 µM) (D). [14C]-Standard (8.98 – 0 μCi/g t.e.). Note the absence of interaction 

between the two receptors, CB1 and S1P1, in the [35S]GTPγS assay. Scale bar = 6 mm. 
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5.6. Activity of S1P1 receptors after in vivo treatment of 

WIN55,212-2 

Another possible interaction between both systems could be depending on more 

complex indirect modulations in physiological conditions. Therefore we decided 

to explore it after in vivo treatments. We has previously observed that a 

subchronic in vivo treatment with the CB1 receptor agonist, WIN55,212-2 (0.5 

mg/kg, 5 days) is able to improve some learning and memory parameters in the 

model of sporadic AD in rat (Moreno-Rodríguez et al., 2017; Moreno-Rodríguez, 

2018). Therefore, we followed this same treatment in control (untreated) rats, to 

analyze a possible involvement of the S1P1 activity in the observed effects. The 

results indicated that the [35S]GTPγS binding induced by CYM-5442 (S1P1-

mediated activity) was increased in the oriens layer of the CA3 region of the 

hippocampus (Control: 1365 ± 133 vs Treatment with WIN55,212-2: 2031 ± 197 

nCi/g t.e., ** p < 0.01) and in the globus pallidus (Control: 774 ± 59 vs WIN55,212-

2 treatment: 963 ± 48 nCi/g t.e., * p < 0.05). In contrast, the [35S]GTPγS binding 

decreased in the corpus callosum (Control: 836 ± 74 vs WIN55,212-2 treatment: 

581 ± 55 nCi/g t.e., * p < 0.05) (Figure 34). 

 

Figure 34. The histogram show the increase of [35S]GTPγS binding induced by CYM-5442 in the 

oriens layer of the CA3 region of the hippocampus and in the globus pallidus. In contrast, the 

[35S]GTPγS binding decreased in the corpus callosum. Data are mean ± SEM values. The p 

values were calculated by the two-tailed unpaired non-parametric Mann-Whitney t test (* p < 0.05; 

** p < 0.01). cc: corpus callosum; GP: globus pallidus. 
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5.7. Activity of S1P1 receptor after in vivo treatment 

with the WIN55,212-2 compound in the rat model of 

sporadic AD 

The activity of S1P1 receptor was also analyzed in the rat model of sporadic AD 

induced by basal forebrain cholinergic lesion after the same subchronic in vivo 

treatment with the CB1 receptor agonist, WIN55,212-2. 

The activity of S1P1 receptor was decreased to control rats levels in the 

basolateral amygdaloid nucleus (Lesion: 2530 ± 337 vs Lesion + WIN55,212-2: 

1681 ± 169 nCi/g t.e., * p < 0.05). In contrast, the S1P1 activity was increased in 

some specific regions of the hippocampus, including the pyramidal layer of CA3 

(Lesion: 916 ± 127 vs Lesion + WIN55,212-2: 1547 ± 195 nCi/g t.e., * p < 0.05), 

the granular layer of the dentate gyrus (Lesion: 2281 ± 206 vs Lesion + 

WIN55,212-2: 3142 ± 299 nCi/g t.e., * p < 0.05), the molecular layer of the dentate 

gyrus (Lesion: 2251 ± 394 vs Lesion + WIN55,212-2: 2545 ± 274 nCi/g t.e., * p < 

0.05) and the ependymal and the subependymal layers (Lesion: 2048 ± 365 vs 

Lesion + WIN55,212-2: 3278 ± 303 nCi/g t.e., * p < 0.05) (Figure 35). 

 
Figure 35. The histogram shows the modulation of the [35S]GTPγS binding induced by CYM-544 

(activity of S1P1) in the rat model of sporadic AD  after subchronic in vivo treatment with the CB1 

receptor agonist, WIN55,212-2. The activity of the S1P1 receptor decreased in basolateral 

amygdaloid nucleus. In contrast, the S1P1 activity was increased in different regions of the 

hippocampus. Data are mean ± SEM values. The p values were calculated by the two-tailed 

unpaired non-parametric Mann-Whitney t test (* p < 0.05). BLA: basolateral amygdaloid nucleus; 

CA3 Py: the pyramidal layer of CA3 region of the hippocampus; DG Gr: the granular layer of the 

dentate gyrus; DG Mol: the molecular layer of the dentate gyrus; E: the ependymal and the 

subependymal layer. 
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5.8. Activity of S1P1 receptor after in vivo treatment 

with cannabinoid compounds in the triple transgenic 

mice model of AD. 

The activity of S1P1 receptor was also analyzed in a similar study using the mice 

model of familial AD, 3xTg-AD, following also subchronic in vivo treatment with 

WIN55,212-2, at low dose (0.1 mg/kg, named as 3xTg-AD W0.1 group) and high 

dose (1mg/kg, 3xTg-AD W1 group), but also with an irreversible inhibitor for 

monoacylglycerol lipase, the JZL-184 (8 mg/kg, 3xTg-AD JZL group). 

The [35S]GTPγS binding induced by CYM-5442, S1P1-mediated activity, in 3xTg-

AD model was reduced in the cingular cortex at the high dose of the WIN55,212-

2 -treated animals (3xTg-AD: 5765 ± 350 vs 3xTg-AD W1: 4716 ± 198 nCi/g t.e., 

*b p < 0.05), but not at the 3xTg-AD JZL group. Similarly, the activity in the ventral 

tegmental area was increased at the animals treated with the high dose of 

WIN55,212-2 (3xTg-AD: 2877 ± 363 vs 3xTg-AD W1: 4507 ± 366 nCi/g t.e., *b p 

< 0.05), but once again, not in the 3xTg-AD JZL-treated animals. The S1P1 

activity was also increased in the granular layer of the olfactory bulb in the high 

dose of WIN55,212-2 group (3xTg-AD: 2184 ± 95 vs 3xTg-AD W1: 3148 ±156 

nCi/g t.e., **b p < 0.01) and 3xTg-AD JZL group (3xTg-AD: 2184 ± 95 vs 3xTg-

AD: JZL 3436 ± 83 nCi/g t.e., ***c p < 0.001). 

In contrast, the activity was increased in the lateral part of the substantia nigra 

only in the low dose of WIN55,212-2 group (3xTg-AD: 2467 ± 119 vs 3xTg-AD 

W0.1: 3147 ± 114 nCi/g t.e., *a p < 0.05). Interestingly, the activity of the fimbria 

of the hippocampus did not show significant changes, but showed a tendency to 

increase at the high dose of WIN55,212-2 group (3xTg-AD: 934 ± 146 vs 3xTg-

AD W1: 1518 ± 100 nCi/g t.e.) (Figure 36). 
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Figure 36. S1P1 net activity in 3xTgAD mice treated with cannabinoid enhancers. The histograms 

show that the [35S]GTPγS binding induced by CYM-5442 in 3xTg-AD model was modified when 

treated with WIN55,212-2 at two different doses (3xTg-AD W0.1: 0.1 mg/kg of WIN55,212-2; 

3xTg-AD W1: 1 mg/kg of WIN55,212-2), or with JZL-184 (3xTg-AD JZL: 8 mg/kg of JZL-184). The 

activity of the S1P1 receptor in the cingular cortex was reduced at the high dose of WIN55,212-2 

animals (3xTg-AD W1) but not in the JZL group (3xTg-AD JZL). Similarly, the activity in the ventral 

tegmental area was increased at the high dose of WIN55,212-2 group (3xTg-AD W1), but once 

again, not in the JZL-treated animals (3xTg-AD JZL). Once again, the activity was increased in 

the granular layer of the olfactory bulb in both the high dose of the WIN55,212-2 (3xTg-AD W1) 

and JZL (3xTg-AD JZL) animals. In contrast, the activity was increased in the lateral part of the 

substantia nigra only at the low dose of the WIN55,212-2-treated animals (3xTg-AD W0.1). The 

activity of the fimbria of the hippocampus did not show a significant change, but showed a 

tendency to increase at the high dose of the WIN55,212-2 group (3xTg-AD W1). 

Kruskal-Wallis non-parametric test followed by Dunn’s post hoc test (* p < 0.05; ** p < 0.01; *** p 

< 0.001). a3xTg-AD vs 3xTg-AD W0.1, b3xTg-AD vs 3xTg-AD W1, c3xTg-AD vs 3xTg-AD JZL, 

Cing Cx: Cingulate cortex; VTA: ventral tegmental area; GrO: granular cell layer of the olfactory 

bulb; SNL: substantia nigra, lateral part; fi: fimbria of the hippocampus. 
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6.- Lipid detection by Matrix-Assisted Laser 

Desorption Ionization Imaging mass spectrometry 

(MALDI-IMS) 

6.1.- Anatomical detection of lipids in the rat CNS 

The S1P would be the endogenous ligand of the S1P neurotransmission system 

that has been identified so far. The anatomical in situ detection of this 

neurotransmitter has not been achieved using any methodological approach. The 

new developments in MALDI IMS technique could make it possible, however due 

to matrix interferences we have not been able to detect it yet in rat brain slices. 

Therefore, we tried to identify possible precursors of this endogenous ligand, 

together with other lipid species that were classified as sphingolipids or 

phospholipids. Thus, we analyzed the distribution pattern of each of the selected 

lipid species that we were able to detect in a range of molecular mass of m/z 500 

– 1000 for positive ionization mode, and of m/z 400–1100 in negative ionization 

mode. The results are displayed showing selected lipid species grouped into the 

above-mentioned two main categories as sphingolipids or phospholipids, and the 

relative intensities are indicated as % of the most abundant lipid species (see 

methods). All data can be consulted in Supplementary Material section (Tables 

S2 and S3). 

Sphingolipids 

Some sphingomyelins (SM) species were detected specifically in white matter, 

such as SM(d42:2) + H+ (m/z = 813.6853) (0.67%) and SM(d41:2) − H+ (m/z = 

797.6522) (5.22%). However, other SM showed a preferential location to gray 

matter, such as SM(d18:1/18:0) − CH3
+ (m/z = 715.5738) (44.17%), SM(d36:1) + 

Na+ (m/z = 753.5899) (8.86%) and SM(d36:1) + K+ (m/z= 769.5683) (33.97%). 

Conversely, some SM species were distributed only in the choroid plexus as 

SM(d18:2/21:0) − H+ (m/z = 769.6272) (0.18%) and SM(d39:1) − H+ (m/z = 

771.6390) (0.49%). Although the SM(d18:1/16:0) − H+ (m/z = 687.5444) (1.49%) 

signal was intense in the choroid plexus, it was also present in gray matter (Figure 

37A and 37D). 
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Sulfatides (ST) are a major component in the CNS, where they constitute an 

important component of myelin. Consequently, we found ST species distributed 

in white matter. However, not all ST showed a uniform distribution in the axonal 

tracts that constitute the most myelinated areas of the brain. Notably, 

ST(d18:1/18:0) − H+ (m/z =806.5469) (39.99%) signal was intense in the anterior 

commissure, while ST(d18:1/22:0) −  H+ (m/z = 878.6024) (24.94%) and 

ST(d18:1/24:1) − H+ (m/z = 822.5369) (10.00%) were present at high levels in the 

anterior part of the anterior commissure (Figure 37E).  

Several species of glycosphingolipid (GSL) were detected and assigned to 

specific molecules. For example, glucosylceramides (GlcCer) as GlcCer(d30:1) 

+ K+ (m/z=682.4606) (0.58%) and GlcCer(d38:1) + Na+ (m/z=778.6187) (0.14%) 

displayed a restricted distribution to the choroid plexus. Moreover, the 

lactosylceramides (LacCer), such as LacCer(d30:1) + H+ (m/z = 806.5578) 

(5.99%), were localized in the gray matter (Figure 37C).  
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Figure 37. Representative images of the sphingolipids, where the distribution of each of them are 

observed throughout the brain. Some species as sphingomyelins (SM) were detected in positive 

ionization (A), together with glycosphingolipids, glucosylceramides (GlcCer) (B) and 

lactosylceramides (LacCer) (C). In negative ionization some sphingomyelins were also detected 

(SM) (D) and some sulfatides (ST) (E). The following parameters were used: 100 µm spatial 

resolution, 10 shot per point at laser fluence of 40 µJ. 
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Phospholipids 

The phosphatidylcholines (PC)(34:1) detected as PC(34:1) + H+ (m/z = 760.5810) 

and PC(34:1) + K+ (m/z = 798.5497), were found distributed ubiquitously 

throughout the rat brain, showing high intensities of 52.49% and 100%, 

respectively. Being the latter the most abundant detected specie that was 

selected as the reference, indicating its significant presence in the majority of all 

types of cell membranes. In contrast, other PC species such as PC(36:1) 

(detected as PC(36:1) + H+ (m/z = 788.6157) or PC(36:1) + K+ (m/z = 826.5719) 

was detected specifically in white matter.  

In gray matter, PC(32:0) + K+ (m/z = 772.5296) was present at high intensities 

(75.81%). Moreover, some PC species were only present in very discrete areas 

of the rat brain. These included PC(32:4) + K+ (m/z = 764.4633), which was 

detected primarily in the choroid plexus (0.21%). The physiological role of each 

PC species in specific brain cell types remains to be elucidated. (Figure 38A). 

The lysophospholipid species detected that have been already identified in the 

Lipid Maps database, showed low densities in the rat CNS, such as CPA(18:0) − 

H+ (m/z = 419.2560) ( 6.46%) and LPA(18:0) − H+ (m/z = 437.2658) (2.64%). 

These two molecules exhibited a uniform distribution throughout the brain. 

Conversely, the lysophosphatidylcholine (LPC)(16:0) − CH3
+ (m/z = 480.497) was 

detected at a higher relative intensity than LPC(18:0) − CH3
+ (m/z = 508.3386), 

although the patterns of distribution were comparable (4.17% and 0.44%). The 

lysophosphatidylinositols (LPI)(18:0) −  H+ (m/z=599.3215) presented a 

homogeneous distribution in gray matter areas (2.15%) (Figure 39A). 

The phosphatidylethanolamines (PE) species that we were able to detect and 

assign to specific molecules, such as PE(18:0/18:1) − H+ (m/z=744.5537) and 

PE(P-18:0/22:6) − H+ (m/z = 774.545), showed a homogeneous distribution in 

gray matter areas of the brain (1.25%). (Figure 39C). 

Some phosphatidic acids (PA) species were localized in white matter areas of the 

brain, as PA(40:5) + H+ (m/z = 751.5307) and PA(38:3) + K+ (m/z = 765.4866) 

(2.86% and 2,31%, respectively). Other PA species were detected in gray matter: 

PA(O-40:1)/PA(P-40:0) + K+ (m/z = 783.5685) (15.31%), or were distributed in 
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areas that are related to high levels of cell division (e.g., epithelial cells at the 

choroid plexus) and/or differentiation (e.g., neurogenesis in adults at the dentate 

gyrus of the hippocampus), as PA(O- 31:0) + H+ (m/z = 621.4848) (0.53%), 

PA(38:5) + K+ (m/z = 761.4528) (3.89%) and PA(36:2) + K+ (m/z = 739.4697), 

which was also detected at the rostral migratory stream (35.21%) (Figure 38B). 

We were also able to detect some phosphatidylinositols (PI) species with a 

preferential distribution in white matter: PI(O-30:1)/PI(P- 30:0) + H+ (m/z = 

767.5074) (12.74%) and PI(39:0) − H+ (m/z = 907.6303) (34.02%). Other PI 

species, however, displayed their highest intensity in gray matter PI(18:0/20:4) − 

H+ (m/z = 885.5530) (100%) and PI(O-40:5)/PI(P-40:4) − H+ (m/z = 897.5864) 

(5.57%) (Figure 38C and 39B). 

The phosphatidylglycerols (PG) species that were detected and assigned to 

specific molecules showed low intensities and were found mainly in white matter: 

PG(40:5) + H+ (m/z = 825.5667) (3.65%) and PG(39:5) − H+ (m/z = 809.5331) 

(2.74%). However, some PG, such as PG(32:1) + Na+ (m/z = 743.4839) (0.89%), 

were located in the gray matter (Figure 38D and 39D).  

Finally, some phosphatidylserine (PS) species were detected with low intensity, 

such as PS(37:2) + H+ (m/z = 802.5561) (3.18%) and PS(34:1) − H+ (m/z = 

760.5161) (1.08%), and displayed an even distribution along the gray matter 

(Figure 38E and 39E). 
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Figure 38. Representative images of the phospholipids, where the distribution of each of them is 
observed throughout the brain. In positive ionization we were able to detect phosphatidylcholines 
(PC) (A); phosphatidic acids (PA) (B); phosphatidylinositols (PI) (C); phosphatidylglycerols (PG) 
(D) and phosphatidylserines (PS) (E). The following parameters were used: 100 µm spatial 
resolution, 10 shot per point at laser fluence of 40 µJ. 
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Figure 39. Representative images of the phospholipids in negative ionization that were detected, 

including lysophospholipids (A) as cyclic lysophosphatidic acid (CPA), lysophosphatidic acid 

(LPA), lysophosphatidylcholine (LPC) and lysophosphatidylinositols (LPI); phosphatidylinositols 

(PI) (B);  phosphatidylethanolamines (PE) (C); phosphatidylglycerols (PG) (D); and 

phosphatidylserines (PS) (E). The following parameters were used: 100 µm spatial resolution, 10 

shot per point at laser fluence of 40 µJ. 

Considering all these results, we showed that some lipids may have specific 

distributions based on the lipid type and fatty acid component. These specific 

distributions could also be indicating the relative abundance of different brain cell 

types. Moreover, some of these lipids could also constitute a reservoir of specific 

molecules involved in cell signaling and neurotransmission when relevant 

enzymes activate secondary messengers, generating different specific lipid 

species on demand in each area of the brain. 

Regarding the S1P system, all sphingolipids are candidates to be S1P 

precursors, however according to the location obtained in the activity assay and 

taking into account the distribution found in the MALDI-IMS, SM(d18:1/18:0) 

could be one of the best candidates to be a possible precursor of S1P. 
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6.2.- “Lipotype” of cell types in the rat CNS 

We analyzed by MALDI spectrometry the diverse types of cells present in the 

brain, including neurons, glial cells and ependymocytes to obtain a specific lipid 

composition or “Lipotype” for each cell type. We were able to detect 843 different 

peaks (m/z species) in positive ionization mode, 447 of them were assigned to a 

known molecule using data bases such as Lipidmaps. 186 peak were detected 

in negative ionization mode, and 85 of them were assigned to previously identified 

molecules. Interestingly, differences were already observed in the spectrograms, 

showing the difference in the composition of each cell type in both positive and 

negative ionization mode (Figure 40). 

Several lipid species were detected in all the analyzed cell types: neurons (N), 

astrocytes (A), oligodendrocytes (O), microglia (M) and ependymocytes (E) 

(Table 12). Some of them showed a similar intensity but others with a different 

abundance depending on the cellular type, e.g. in positive ionization : 

- PA(38:6) + H+ / PA(36:3) + Na+; A: 3.5%; M: 0.7%; N: 4.9%; O: 2.0%; 

E: 11.0%. 

- SM(d18:1/16:0) + Na+; A: 9.6%; M: 13.4%; N: 1.1%; O: 2.4%; E: 6.7%. 

- PC(32:0) + H+ / PE(35:0) + H+; A: 31.5%; M: 41.1%; N: 29.3%; O: 

21.6%; E: 13.9%. 

- PA(O-40:1) + K+ / PA(P-40:0) + K+; A: 45.6%; M: 43.4%; N: 46.6%; O: 

46.2%; E: 43.4%. 

- PC(40:7) + H+ / PC(38:4) + Na+; A: 11.1%; M: 11.7%; N: 9.4%; O: 

10.5%; E: 24.1% . 

In contrast, in negative ionization mode only 3 lipids were detected in all the cell 

types:  

- PI(37:2) + Cl-; A: 11.5%; M: 13.4%; N: 4.7%; O: 12.5%; E: 35.3%. 

- PI(39:5) + Cl-; A: 7.1%; M: 20.0%; N: 12.4%; O: 21.6%; E: 102.4% . 
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Figure 40. Comparison of the different spectra obtained from each type of brain cell that was 

analyzed by MALDI spectrometry using a LTQ – Orbitrap – XL mass spectrometer (Thermo Fisher 

Scientific, San Jose, CA, USA). The spectra are the average recorded directly from the different 

samples of brain cells corresponding to neuron, astrocyte, oligodendrocytes, microglia and 

ependymocytes. Detection was performed in positive ion mode (left spectrogram) and in negative 

ion mode (right spectrogram).  
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Table 12. Percentage of the intensity of the lipid composition from astrocyte, microglia, 

neuron, oligodendrocyte and ependymocyte. The results are expressed as a percentage 

of intensity over the species corresponding to m/z 782.5674 in positive ionization mode 

and 885.5499 in negative ionization mode that were present in all of them (% of intensity). 

 

However, other lipid species were not common to all the different brain cell types 

that were analyzed, i.e. were detected only in some cell types. The following lipid 

species are examples:  

  

m/z
Ionization 

mode
LIPID ASTROCYTE MICROGLIA NEURON OLIGODENDROCYTE EPENDYMOCYTE

721.4786 + PA(38:6)  + H / PA(36:3) + Na 3.5 0.7 4.9 2.0 11.0

723.4942 + PA(38:5) + H / PA(36:2) + Na 23.2 7.7 27.1 19.8 19.6

725.5573 + SM(d18:1/16:0) + Na 9.6 13.4 1.1 2.4 6.7

734.5697 + PC(32:0) + H / PE(35:0) + H 31.5 41.1 29.3 21.6 13.9

746.6062 + PC(O-34:1) + H / PC(P-34:0) + H / PE(O-37:1) + H / PE(P-37:0) + H 4.8 13.7 0.5 4.1 0.5

756.5515 + PC(34:3) + H / PE(37:3) + H / PC(32:0) + Na / PE(35:0) + Na 30.5 48.2 55.3 15.1 27.4

757.5552 + PA(O-38:0) + K 11.3 14.7 23.5 5.9 10.1

758.5696 + PC(34:2) + H / PE-NMe(18:1/18:1) + H / PE(37:2) + H 13.3 9.3 8.5 14.3 41.0

760.5853 + PC(34:1) + H 92.7 68.0 50.6 105.7 58.8

780.5519 +
PC(36:5) + H / PE(39:5) + H / PC(34:2) + Na / PE-NMe(36:2) + Na / 

PE(37:2) + Na
13.3 14.1 20.3 13.4 60.0

782.5674 + PC(36:4) + H / PE(30:4) + H / PC(34:1) + Na / PE(37:1) + Na 100.0 100.0 100.0 100.0 100.0

783.5708 + PA(O-40:1) + K / PA(P-40:0) + K 45.6 43.4 46.6 46.2 43.4

786.6005 + PC(36:2) + H / PE(39:2) + H 25.2 10.2 6.3 25.3 72.1

804.5512 + PC(38:7) + H / PC(36:4) + Na 17.9 22.0 15.7 9.5 18.0

806.5672 +
PC(38:6) + H / PE(41:6) + H / LacCer(d30:1) + H / PC(36:3) + Na / 

PE(39:3) + Na
15.3 7.4 8.6 8.0 16.4

808.5830 + PC(38:5) + H / PE(41:5) + H / PC(36:2) + Na / PE(39:2) + Na 29.2 28.9 16.1 29.4 102.0

809.5865 + PA(O-20:0/22:2) + K / PA(P-20:0/22:1) + K 13.1 8.1 7.2 13.6 48.1

810.5984 + PC(38:4) + H / PE(41:4) + H / PC(36:1) + Na / PE(39:1) + Na 18.3 19.4 20.0 33.5 59.6

811.6022 + PA(O-20:0/22:1) + K / PA(P-20:0/22:0) + K 8.0 6.0 9.1 15.3 24.2

832.5824 + PC(40:7) + H / PC(38:4) + Na 11.1 11.7 9.4 10.5 24.1

856.5815 + PC(42:9) + H / PC(40:6) + Na 2.7 0.9 1.2 0.7 1.2

885.5499 - PI(38:4) - H 100.0 100.0 100.0 100.0 100.0

911.5413 - PI(37:2) + Cl 11.5 13.4 4.7 12.5 35.3

933.5234 - PI(39:5) + Cl 7.1 20.0 12.4 21.6 102.4
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A. Common lipids to astrocytes (A) and oligodendrocytes (O) (Figure 41): 

Sphingolipids: 

Sphingomyelins: 

- SM(d34:1) + H+; A: 4.93%; O: 2.35%. 

- SM(d18:1/16:0) + K+; A: 65.69; O: 0.43%. 

- SM(d18:1/18:0) + H+; A: 4.34%; O: 2.06%. 

- SM(d18:1/18:1) + H+; A: 1.32%; O: 0.73%. 

- SM(d36:2) + Na+; A: 4.11%; O: 0.67%. 

- SM(d38:1) + H+; A: 0.52%; O: 0.38%. 

- SM(d38:1) + Na+; A: 1.32%; O: 0.35%. 

- SM(d42:2) + H+; A: 2.32%; O: 1.08%. 

- SM(d18:2/24:1) + H+ / SM(d18:0/22:0) + Na+; A: 0.66%; O: 0.40%. 

Glycerolipids: 

Diradylglycerols: 

- DG(38:3) + H - H2O+; A: 0.85%; O: 0.52%. 

- DG(42:8) + K+ / DG(40:6) + H - H2O+; A: 1.06%; O: 0.39%. 

Phospholipids: 

Lysophospholipids: 

- LPC(18:1) + H+; A: 1.94%; O: 0.83%. 

- LPC(20:4) + H+ / LPC(18:1) + Na+; A: 0.55%; O: 0.26%. 

- LPC(20:4) + H+ / LPC(18:1) + Na+; A: 0.55%; O: 0.26%. 

Phosphatidylcholines: 

- PC(38:2) + H+; A: 6.74%; O: 0.39%. 

- PC(40:4) + H+ / PC(38:1) + Na+; A: 1.90%; O: 1.11%. 

- PC(42:4) + H+ / PC(40:1) + Na+; A: 0.35%; O: 0.58%. 

Sterols: 

Cholesterol esters: 

- CE(18:2) + 2K - H+; A: 4.21%; O: 1.05%. 

- CE(22:6) + Na+; A: 1.09%; O: 0.57%. 

- CE(22:6) + 2Na - H+; A: 0.90; O: 0.26%. 
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Figure 41. Lipid composition that has in common the cell types, astrocytes and oligodendrocytes. 

Note the intensity graduation it is represented as the red the most intense and the yellow the less 

intense, and in addition, the grey represent the absence of the lipid. Due to the extensive 

information, further information including more lipid species is included as annexed figure S2, S3 

and S4 at the Supplementary Material section. A: astrocyte; M: microglia; N: neuron; O: 

oligodendrocyte; E: ependymocyte. 
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B. Common lipids to astrocytes (A) and neurons (N) (Figure 42): 

Glycerolipids: 

Diradylglycerols: 

- DG(36:3) + H - H20+; A: 0.41%; N: 0.93%. 

- DG(38:6) + H - H20+; A: 1.27%; N: 0.63%. 

- DG(40:9) + H - H20+; A: 0.70%; N: 0.30%. 

Phospholipids: 

Phosphatidic acid: 

- PA(32:1) + K+; A: 7.51%; N: 0.81%. 

- PA(36:6) + H+ / PA(34:3) + Na+; A: 0.59%; N: 0.42%. 

- PA(18:0/20:4) + K+; A: 5.47%; N: 0.40%. 

- PA(40:6) + K+; A: 2.39%; N: 0.36%. 

- PA(40:9) + H+ / PA(38:6) + Na+; A: 0.62%; N: 0.48%. 

Phosphatidylcholines: 

- PC(34:3) + K+ / PE(37:3) + K+ / PE(42:10) + H - H20+; A: 2.40%; N: 

0.87%. 

- PC(36:5) + K+ / PE(39:5) + K+ / PE(22:6/22:6) + H - H20+; A: 1.98%; 

N: 0.41%. 

Phosphoethanolamines: 

- PE(18:0/20:4) + H+; A: 0.88%; N: 0.39%. 

- PE(40:7) + K+; A: 0.33%; N: 0.37%. 

Phosphatidylglycerols: 

- PG(38:6) + H+ / PG(36:3) + Na+; A: 0.95%; N: 0.31%. 

- PG(40:6) + H+ / PG(38:3) + Na+; A: 6.28%; N: 0.48%. 

- PG(22:6/20:2) + H+ / PG(40:5) + Na+; A: 2.92%; N: 0.45%. 

Phosphatidylinositols: 

- PI(O-32:0) + H - H20+; A: 0.48%; N: 1.20%. 

Sterols: 

Cholesterol esters: 

- CE(16:1) + 2K - H+; A: 0.65%; N: 0.73%. 
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Figure 42. Lipid composition that has in common the cell types, astrocytes and neurons. Note 

the intensity graduation it is represented as the red the most intense and the yellow the less 

intense, and in addition, the grey represent the absence of the lipid. Due to the extensive 

information, further information including more lipid species is included as annexed figure S2, S3 

and S4 at the Supplementary Material section. A: astrocyte; M: microglia; N: neuron; O: 

oligodendrocyte; E: ependymocyte. 
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C. Common lipids to astrocytes (A), neurons (N) and oligodendrocytes (O) 

(Figure 43): 

Sphingolipids: 

Ceramides: 

- Cer(d18:1/24:0) + 2K - H+; A: 3.16%; N: 0.34%; O: 1.03%. 

Sphingomyelins: 

- SM(d18:1/18:0) + Na+; A: 5.93%; N: 0.88%; O: 3.24%. 

Glycerolipids: 

Diradylglycerols: 

- DG(32:1) + H - H20+; A: 1.05%; N: 2.82%; O: 0.46%. 

- DG(32:1) + H - H20+; A: 1.05%; N: 2.82%; O: 0.46%. 

- DG(34:2) + H - H20+; A: 0.76%; N: 1.15%; O: 0.32%. 

- DG(34:4) + H - H20+; A: 2.62%; N: 3.80%; O: 0.72%. 

- DG(36:1) + H - H20+; A: 1.38%; N: 1.64%; O: 1.31%. 

- DG(40:6) + H - H20+; A: 0.80%; N: 0.62%; O: 0.39%. 

- DG(40:7) + H - H20+; A: 1.94%; N: 1.82%; O: 1.17%. 

- DG(40:8) + H - H20+; A: 1.45%; N: 0.81%; O: 0.40%. 

Phospholipids: 

Phosphatidic acid: 

- PA(34:2) + K+; A: 15.92%; N: 3.21%; O: 0.98%. 

- PA(34:4) + H+/ PA(32:1) + Na+; A: 0.87%; N: 3.82%; O: 0.35%. 

- PA(36:2) + K+; A: 63.82%; N: 9.53%; O: 2.75%. 

- PA(36:3) + K+; A: 17.57%; N: 1.26%; O: 0.85%. 

- PA(36:5) + H+/ PA(34:2) + Na+; A: 5.75%; N: 10.39%; O: 3.30%. 

- PA(38:2) + K+; A: 17.03%; N: 0.80%; O: 1.37%. 

- PA(38:3) + K+; A: 33.99%; N: 0.66%; O: 1.43%. 

- PA(38:5) + K+; A: 2.52%; N: 1.08%; O: 0.56%. 

- PA(40:5) + K+; A: 2.67%; N: 0.50%; O: 0.75%. 

- PA(40:8) + H+/ PA(38:5) + Na+; A: 8.80%; N: 4.43%; O: 1.74%. 

- PA(42:8) + H+/ PA(40:5) + Na+; A: 2.04%; N: 2.26%; O: 1.81%. 

- PA(42:9) + H+/ PA(40:6) + Na+; A: 3.68%; N: 1.40%; O: 0.84%. 

- PA(44:8) + H+/ PA(42:5) + Na+; A: 4.93%; N: 0.43%; O: 0.44%. 
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Phosphatidylcholines: 

- PC(32:2) + H+; A: 2.74%; N: 1.34%; O: 1.44%. 

- PC(34:1) + K+; A: 182.84%; N: 30.76%; O: 11.18%. 

- PC(36:2) + K+/ PE(39:2) + K+; A: 85.10%; N: 3.11%; O: 3.18%. 

- PC(38:4) + K+; A: 7.82%; N: 1.93%; O: 1.82%. 

- PC(38:5) + K+; A: 6.49%; N: 1.16%; O: 0.88%. 

- PC(38:6) + K+; A: 2.84%; N: 0.37%; O: 0.42%. 

- PC(40:6) + K+; A: 7.49%; N: 1.69%; O: 2.88%. 

Phosphatidylglycerols: 
- PG(36:3) + H+/ PG(34:0) + Na+; A: 33.29%; N: 7.35%; O: 1.48%. 

- PG(36:4) + H+/ PG(34:1) + Na+; A: 20.06%; N: 4.84%; O: 1.75%. 

- PG(38:4) + H+/ PG(36:1) + Na+; A: 84.33%; N: 14.09%; O: 4.73%. 

- PG(38:5) + H+/ PG(36:2) + Na+; A: 16.95%; N: 2.06%; O: 1.54%. 

- PG(18:0/22:4) + H+; A: 17.38%; N: 1.24%; O: 1.59%. 

- PG(40:5) + H+; A: 44.14%; N: 1.01%; O: 2.31%. 

- PG(40:7) + H+/ PG(38:4) + Na+; A: 3.28%; N: 1.62%; O: 0.83%. 

- PG(42:7) + H+/ PG(40:4) + Na+; A: 3.37%; N: 0.68%; O: 0.86%. 

 

Figure 43. Lipid composition that has in common the cell types, astrocytes, neurons and 

oligodendrocytes. Note the intensity graduation it is represented as the red the most intense and 

the yellow the less intense, and in addition, the grey represent the absence of the lipid. Due to 

the extensive information, further information including more lipid species is included as annexed 

figure S2, S3 and S4 at the Supplementary Material section. A: astrocyte; M: microglia; N: neuron; 

O: oligodendrocyte; E: ependymocyte. 
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D. Common lipids to microglia (M) and ependymocytes (E) (Figure 44): 

Phospholipids: 

Phosphatidylglycerols: 

- PG(P-20:0/22:6) + Cl-; M: 13.30%; E: 13.60%. 

Phosphatidylinositols: 

- PI(36:1) + Cl-; M: 24.93%; E: 25.06%. 

- PI(38:3) + Cl-; M: 6.56%; E: 54.62%. 

- PI(40:3) + Cl-; M: 8.27%; E: 85.55%. 

- PI(40:5) + Cl-; M: 13.79%; E: 22.59%. 

Oxidized phospholipids: 

- OKODA-PA + H+ / OHDdiA-PA + H - H20+; M: 11.25%; E: 14.41%. 

- PKODiA-PC + H - H20+; M: 4.44%; E: 4.61%. 

Sterols: 

Vitamin D3 and derivates: 

- 1,25-Dihydroxyvitamin D3 3-glycoside + K+; M: 2.89%; E: 2.59%. 

 
Figure 44. Lipid composition that has in common the cell types, microglia and ependymocytes. 

Note the intensity graduation it is represented as the red the most intense and the yellow the less 

intense, and in addition, the grey represent the absence of the lipid. Due to the extensive 

information, further information including more lipid species is included as annexed figure S2, S3 

and S4 at the Supplementary Material section. A: astrocyte; M: microglia; N: neuron; O: 

oligodendrocyte; E: ependymocyte. 
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E. Common lipids to astrocytes (A) and ependymocytes (E): 

- SM(d40:2) + Na+; was only detected in A: 0.94%; and E: 0.61%. 

F. Common lipids to astrocytes (A) and microglia (M) (Figure 45): 

Sphingolipids: 

Ceramides: 

- Cer(m18:0/22:0) + 2Na - H+; A: 1.24%; M: 0.30%. 

Sphingomyelins: 

- SM(d42:2) + K+; A: 50.79%; M: 0.63%. 

Phospholipids: 

Phosphatidylinositols: 

- PI(34:1) - H-; A: 6.11%; M: 22.18%. 

- PI(36:2) - H-; A: 11.36%; M: 12.18%. 

- PI(38:3) - H-; A: 55.69%; M: 22.76%. 

 

Figure 45. Lipid composition that has in common the cell types, astrocytes and microglia. Note 

the intensity graduation it is represented as the red the most intense and the yellow the less 

intense, and in addition, the grey represent the absence of the lipid. Due to the extensive 

information, further information including more lipid species is included as annexed figures S2, 

S3 and S4 at the Supplementary Material section. A: astrocyte; M: microglia; N: neuron; O: 

oligodendrocyte; E: ependymocyte. 
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G. Common lipids to astrocytes (A), neuron (N), oligodendrocytes (O) and 
ependymocytes (M) (Figure 46): 

Glycerolipids: 

Diradylglycerols: 

- DG(34:1) + H - H20+; A: 8.61%; N: 10.09%; O: 4.60%; E: 4.14%. 

- DG(36:4) + H - H20+; A: 8.25%; N: 12.62%; O: 6.29%; E: 6.32%. 

- DG(36:5) + H - H20+; A: 1.43%; N: 1.94%; O: 0.58%; E: 4.22%. 

- DG(38:4) + H - H20+; A: 4.31%; N: 5.53%; O: 2.29%; E: 3.40%. 

- DG(38:5) + H - H20+; A: 2.64%; N: 1.83%; O: 1.49%; E: 9.40%. 

Phospholipids: 

Lysophospholipids: 

- LPC(18:3) + H+ / LPC(16:0) + Na+ / LPE(19:0) + Na+; A: 1.12%; N: 
0.29%; O: 0.40%; E: 8.72%. 
Phosphatidic acid: 

- PA(32:1) + H - H20+; A: 1.18%; N: 0.29%; O: 0.56%; E: 1.53%. 

- PA(40:5) + H+ / PA(38:2) + Na+; A: 2.92%; N: 3.40%; O: 4.29%; E: 
5.81%. 
- PA(40:6) + H+ / PA(38:3) + Na+; A: 5.13%; N: 2.68%; O: 4.16%; E: 
23.16%. 
Phosphatidylcholines: 

- PC(36:1) + H+ / PE(39:1) + H+; A: 12.09%; N: 7.31%; O: 22.59%; E: 
22.89%. 

 
Figure 46 Lipid composition that has in common the cell types, astrocytes, neurons, 
oligodendrocytes and ependymocytes. Note the intensity graduation it is represented as the red 
the most intense and the yellow the less intense, and in addition, the grey represent the absence 
of the lipid. Due to the extensive information, further information including more lipid species is 
included as annexed figure S2, S3 and S4 at the Supplementary Material section. A: astrocyte; 
M: microglia; N: neuron; O: oligodendrocyte; E: ependymocyte. 
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Moreover, some cell types are characterized by exclusive specific lipids that were 

not detected in other brain cells. The astrocytes are the cells with highest 

diversity of exclusive specific lipids, which are showed some of them including 

(Table 13): 

Sphingolipids: 

- Psychosine sulfate + H+ (0.3%). 

Ceramides: 

- Cer(d34:1) + H - H2O+ (0.4%). 

- Cer(m18:0/22:0) + Na+ / Cer(d18:1/24:1) + H - H2O+ (0.4%). 

Ceramides 1-phosphate: 

- CerP(d18:1/18:0) + K+ (3.4%). 

- CerP(d18:1/24:1) + K+ (1.6%). 

- CerP(d18:1/26:1) + Na+ (0.5%). 

- CerP(d18:1/26:1) + K+ (2.0%). 

Sphingomyelins: 

- SM(d32:1) + K+ (0.6%). 

- SM(d18:0/16:0) + K+ (10.0%). 

- SM(d34:2) + H+ (0.4%). 

- SM(d34:2) + Na+ (1.0%). 

- SM(d18:1/16:1) + K+ (3.3%). 

- SM(d18:1/18:0) + K+ (19.9%). 

- SM(d18:1/18:1) + K+ (1.5%). 

- SM(d38:1) + K+ (4.4%). 

- SM(d38:2) + Na+ (0.7%). 

- SM(d40:1) + H+ (0.3%). 
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- SM(d40:1) + Na+ (0.9%). 

- SM(d40:1) + K+ (4.1%). 

- SM(d40:2) + H+ (0.3%). 

- SM(d40:2) + K+ (4.1%). 

- SM(d41:1) + K+ (1.1%). 

- SM(d41:2) + K+ (5.1%). 

- SM(d18:2/24:1) + K+ (5.6%). 

- SM(d18:1/26:1) + K+ (1.0%). 

Glycerolipids: 

Diradylglycerols: 

- DG(38:0) + H+ (0.5%). 

CDP-diacylglycerols: 

- CDP-DG(42:9) + Cl- (5.8%). 

Phospholipids: 

Lysophospholipids: 

- LPA(20:1) + H+ (0.4%). 

- LPA(20:2) + K+ (1.2%). 

- LPC(16:0) + K+ / LPE(19:0) + K+ (12.8%). 

- LPC(16:1) + K+ / LPE(19:1) + K+ (1.0%). 

- LPC(18:0) + K+ / LPE(21:0) + K+ (3.4%). 

- LPC(18:1) + K+ (9.0%). 

- LPI(18:0) - H- (5.5%). 

Phosphatidic acid: 

- PA(32:2) + K+ (0.4%). 
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- PA(34:3) + K+ (1.3%). 

- PA(38:6) + K+ (0.8%). 

- PA(38:8) + H - H2O+ (11.2%). 

- PA(40:3) + K+ (2.0%). 

- PA(40:4) + K+ (1.9%). 

- PA(40:6) + K+ (0.5%). 

- PA(40:7) + K+ (1.0%). 

Phosphatidylglycerols: 

- PG(34:5) + H+ (5.8%). 

- PG(36:2) - H- (5.4%). 

- PG(22:5/22:5) + H+ (0.8%). 

- PG(42:4) - Cl- (8.4%). 

Phosphoethanolamines: 

- PE(40:2) + K+ (4.4%). 

- PE(40:3) + K+ (1.5%). 

- PE(42:4) + K+ (0.4%). 

- PE(42:7) + K+ (0.7%). 

- PE(22:4/24:0) + H+ / PE(41:1) + Na+ (0.5%). 

Phosphatidylcholines: 

- PC(35:2) + K+ / PE(38:2) + K+ (14.3%). 

- PC(P-18:1/P-18:1) + K+ (21.9%). 

- PC(38:2) + K+ (7.1%). 

- PC(40:5) + K+ (1.1%). 

- PC(40:6) + K+ (1.4%). 
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- PC(40:7) + K+ (1.6%). 

- PC(41:4) + H+ / PE(44:4) + H+ / PE(42:1) + Na+ (25.8%). 

Phosphatidylinositols: 

- PI(36:3) - H- (10.0%). 

Sterols: 

Cholesterol esters: 

- CE(18:1) + 2K - H+ (3.5%). 

- CE(20:2) + 2K - H+ (0.4%). 

- CE(22:5) + 2Na - H+ (0.3%). 

Table 13. Specific lipotype composition of astrocytes. The lipid species exclusive of 

astrocytes are shown grouped by types or families. The results are expressed as a 

percentage of the intensity for the m/z species at 782.5674 in positive ionization mode and 

for the m/z 885.5499 in negative ionization mode. 

 

  

m/z
Ionization 

mode
Lipid Intensity m/z

Ionization 
mode

Lipid Intensity

Sphingolipids Phospholipids

542.3008 + psychosine sulfate + H 0.3 503.2542 + LPA(20:1) + H 0.4

520.5092 + Cer(d34:1) + H - H2O 0.4 501.2383 + LPA(20:2) + K 1.2

630.6189 +
Cer(m18:0/22:0) + Na / Cer(d18:1/24:1) + H - 

H2O
0.4 534.2961 + LPC(16:0) + K / LPE(19:0) + K 12.8

684.4734 + CerP(d18:1/18:0) + K 3.4 532.2807 + LPC(16:1) + K / LPE(19:1) + K 1.0

766.5525 + CerP(d18:1/24:1) + K 1.6 562.3274 + LPC(18:0) + K / LPE(21:0) + K 3.4

778.6076 + CerP(d18:1/26:1) + Na 0.5 560.3118 + LPC(18:1) + K 9.0

794.5834 + CerP(d18:1/26:1) + K 2.0 599.3214 - LPI(18:0) - H 5.5

713.5004 + SM(d32:1) + K 0.6 683.4064 + PA(32:2) + K 0.4

743.5458 + SM(d18:0/16:0) + K 10.0 709.4214 + PA(34:3) + K 1.3

701.5584 + SM(d34:2) + H 0.4 759.4380 + PA(38:6)  + K 0.8

723.5405 + SM(d34:2) + Na 1.0 699.4369 + PA(38:8) + H - H2O 11.2

739.5157 + SM(d18:1/16:1) + K 3.3 793.5155 + PA(40:3) + K 2.0

769.5630 + SM(d18:1/18:0) + K 19.9 791.4999 + PA(40:4) + K 1.9

767.5482 + SM(d18:1/18:1) + K 1.5 815.4997 + PA(40:6) + K 0.5

797.5943 + SM(d38:1) + K 4.4 785.4533 + PA(40:7) + K 1.0

779.6033 + SM(d38:2) + Na 0.7 741.4751 + PG(34:5) + H 5.8

787.6668 + SM(d40:1) + H 0.3 773.5349 - PG(36:2) - H 5.4

809.6491 + SM(d40:1) + Na 0.9 871.5444 + PG(22:5/22:5) + H 0.8

825.6245 + SM(d40:1) + K 4.1 889.5731 - PG(42:4) + Cl 8.4

785.6513 + SM(d40:2) + H 0.3 838.5727 + PE(40:2) + K 4.4

823.6098 + SM(d40:2) + K 4.1 836.5569 + PE(40:3) + K 1.5

839.6416 + SM(d41:1) + K 1.1 862.5724 + PE(42:4) + K 0.4

837.6253 + SM(d41:2) + K 5.1 856.5299 + PE(42:7) + K 0.7

849.6253 + SM(d18:2/24:1) + K 5.6 880.6772 + PE(22:4/24:0) + H / PE(41:1) + Na 0.5

879.6731 + SM(d18:1/26:1) + K 1.0 810.5417 + PC(35:2) + K / PE(38:2) + K 14.3

Glycerolipids 792.5679 + PC(P-18:1/P-18:1) + K 21.9

653.6038 + DG(38:0) + H 0.5 852.5886 + PC(38:2) + K 7.1

1074.5202 - CDP-DG(42:9) + Cl 5.8 874.5724 + PC(40:5) + K 1.1

Sterols 872.5568 + PC(40:6) + K 1.4

727.5162 + CE(18:1) + 2K -H 3.5 870.5411 + PC(40:7) + K 1.6

753.5328 + CE(20:2) + 2K -H 0.4 852.6445 + PC(41:4) + H / PE(44:4) + H / PE(42:1) + Na 25.8

743.5756 + CE(22:5) + 2Na -H 0.3 859.5349 - PI(36:3) - H 10.0
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The neurons, also showed exclusive lipids (Table 14): 

Glycerolipids: 

Diradylglycerols: 

- DG(32:3) + H - H2O+ (0.8%). 

- DG(34:0) + H - H2O+ (0.7%). 

- DG(36:6) + H - H2O+ (0.3%). 

- DG(40:5) + H - H2O+ (0.5%). 

Phospholipids: 

Phosphatidic acid: 

- PA(36:1) + K+ (0.5%). 

- PA(38:4) + H+ / PA(36:1) + Na+ (2.6%). 

- PA(38:7) + H+ / PA(36:4) + Na+ (0.8%). 

Phosphoethanolamines and phosphatidylcholines: 

- PE(O-18:0/22:6) + Na+ / PE(P-20:0/20:5) + Na+ / PC(34:0) + K+ / 

PE(37:0) + K+ (1.5%). 

- PE(38:7) + H+ / PE(36:4) + Na+ (0.3%). 

- PC(32:2) + K+ / PE(35:2) + K+ / PE 40:9 + H - H2O+ (0.6%). 

- PC(34:0) + H+ / PE-NMe(18:0/18:0) + H+ / PE(37:0) + H+ (1.8%). 

- PC(36:7) + H+ / PE(39:7) + H+ / PC(34:4) + Na+ / PE(37:4) + Na+ 

(0.7%). 

- PC(O-37:4) + H+ / PE(O-40:4) + H+ / PE(P-40:3) + H+ / PC(O-35:1) + 

Na+ / PC(P-35:0) + Na+ / PE(O-38:1) + Na+ / PE(P-38:0) + Na+ (0.3%). 

Phosphatidylglycerols: 

- PG(42:5) + Cl- (13.3%). 
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Table 14. Specific lipotype composition of neurons. The lipid species exclusive of neurons 

are shown grouped by types or families. The results are expressed as a percentage of the 

intensity for the m/z species at 782.5674 in positive ionization mode and for the m/z 

885.5499 in negative ionization mode. 

 

Lipid species exclusive of oligodendrocytes (Table 15): 

Sphingolipids: 

Ceramides: 

- Cer(m18:0/16:0) + H - H2O+ (0.7%). 

Sphingomyelins: 

- SM(d42:1) + Na+ (0.3%). 

Sulfatides: 

- ST (d18:1/16:0) - H- (9.8%). 

- ST(d18:1/18:0(2OH)) - H- (11.4%). 

- ST(d18:1/18:1) - H- (6.4%). 

- ST(d18:1/22:0) - H- (5.0%). 

- ST(d18:1/22:0(2OH)) - H- (5.3%). 

- ST(d18:1/24:0) - H- (12.8%). 

m/z
Ionization 

mode
Lipid Intensity

Glycerolipids

545.4547 + DG 32:3 + H - H2O 0.8

579.5350 + DG 34:0 + H - H2O 0.7

595.4703 + DG 36:6 + H - H2O 0.3

653.5509 + DG 40:5 + H - H2O 0.5

Phospholipids

741.4844 + PA(36:1) + K 0.5

725.5100 + PA(38:4) + H / PA(36:1) + Na 2.6

719.4638 + PA(38:7) + H / PA(36:4) + Na 0.8

800.5575 + PE(O-18:0/22:6) + Na / PE(P-20:0/20:5) + Na / PC(34:0) + K / PE(37:0) + K 1.5

762.5039 + PE(38:7) + H / PE(36:4) + Na 0.3

768.4958 + PC(32:2) + K / PE(35:2) + K / PE 40:9 + H - H2O 0.6

762.6017 + PC(34:0) + H / PE-NMe(18:0/18:0) + H / PE(37:0) + H 1.8

776.5216 + PC(36:7) + H / PE(39:7) + H / PC(34:4) + Na / PE(37:4) + Na 0.7

782.6026 +
PC(O-37:4) + H / PE(O-40:4) + H / PE(P-40:3) + H / PC(O-35:1) + Na / PC(P-35:0) + Na / 

PE(O-38:1) + Na / PE(P-38:0) + Na
0.3

887.5579 - PG(42:5) + Cl 13.3
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- ST(d18:1/24:0(2OH)) - H- (9.5%). 

- ST(d18:1/24:1) - H- (25.6%). 

- ST(d18:1/24:1(2OH)) - H- (15.1%). 

Phospholipids: 

Lysophospholipids: 

- LPI(22:1) + 2Na - H+ (0.4%). 

Phosphatidylethanolamines and phosphatidylcholines: 

- PE(P-18:1/22:6) + H+ / PE(O-38:5) + Na+ / PE(P-38:4) + Na+ / PE(40:6) 

+ H - H2O+ (0.6%). 

- PC(38:1) + H+ / PE(41:1) + H+ (0.6%). 

- PC(40:1) + H+ (0.4%). 

- PC(40:2) + H+ (0.3%). 

- PC(42:1) + H+ (0.3%). 

- PC(42:5) + H+ / LacCer(d18:0/16:0) + H+ / PC(40:2) + Na+ (0.4%). 

- PC(44:4) + H+ / PC(42:1) + Na+ (0.3%). 

Phosphatidylglycerols: 

- PG(36:3) + Cl- (7.7%). 

- PG(38:3) + Cl- (12.6%). 

- PG(O-38:3) + Cl- (6.8%). 

- PG(O-38:6) - H- (5.0%). 

- PG(40:5) - H- (5.7%). 

- PG(O-40:6) - H- (14.1%). 

Phosphatidylinositols: 

- PI(18:1/22:6) + H+ / PI(18:0/20:4) + Na+ (0.3%). 
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Fatty acyls: 

- 1-O-alpha-D-glucopyranosyl-1,2-eicosandiol + K+ (0.8%). 

Table 15. Specific lipotype composition of oligodendrocytes. The lipid species exclusive 

of oligodendrocytes are shown grouped by types or families. The results are expressed as 

a percentage of the intensity for the m/z species at 782.5674 in positive ionization mode 

and for the m/z 885.5499 in negative ionization mode. 

 

  

m/z
Ionization 

mode
Lipid Intensity

Shingolipids

506.5288 + Cer(m18:0/16:0) + H - H2O 0.7

837.6809 + SM(d42:1) + Na 0.3

778.5152 - ST (d18:1/16:0) - H 9.8

822.5399 - ST(d18:1/18:0(2OH)) - H 11.4

804.5306 - ST(d18:1/18:1) - H 6.4

862.6077 - ST(d18:1/22:0) - H 5.0

878.6045 - ST(d18:1/22:0(2OH)) - H 5.3

890.6395 - ST(d18:1/24:0) - H 12.8

906.6341 - ST(d18:1/24:0(2OH)) - H 9.5

888.6236 - ST(d18:1/24:1) - H 25.6

904.6197 - ST(d18:1/24:1(2OH)) - H 15.1

Phospholipids

699.3435 + LPI 22:1 + 2Na -H 0.4

774.5410 +  PE(P-18:1/22:6) + H / PE(O-38:5) + Na  / PE(P-38:4) + Na / PE 40:6  + H - H2O 0.6

816.6467 + PC(38:1) + H / PE(41:1) + H 0.6

844.6781 + PC(40:1) + H 0.4

842.6627 + PC(40:2) + H 0.3

872.7094 + PC(42:1) + H 0.3

864.6449 + PC(42:5) + H /  LacCer(d18:0/16:0) + H / PC(40:2) + Na 0.4

894.6924 + PC(44:4) + H / PC(42:1) + Na 0.3

807.4927 - PG(36:3) + Cl 7.7

835.5250 - PG(38:3) + Cl 12.6

821.5453 - PG(O-38:3) + Cl 6.8

779.5186 - PG(O-38:6) - H 5.0

823.5447 - PG(40:5) - H 5.7

807.5497 - PG(O-40:6) - H 14.1

909.5461 + PI(18:1/22:6) + H / PI(18:0/20:4)  + Na 0.3

Fatty acyls

515.3297 + 1-O-alpha-D-glucopyranosyl-1,2-eicosandiol + K 0.8
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Exclusive lipids present in microglia (Table 16): 

Glycerolipids: 

Triradylclycerols: 

- TG(60:15) + Cl- (11.3%). 

CDP-diacylglycerols: 

- CDP-DG(18:0/20:4) + Cl- (5.9%). 

Phospholipids: 

Lysophospholipids: 

- LPI(13:0) + K+ (2.4%). 

Phosphatidylethanolamines: 

- PE(34:0) - H- (9.1%). 

- PE(34:1) - H- (9.8%). 

Phosphatidylglycerols: 

- PG(40:7) - H- (11.5% ). 

- PG(22:6/22:5) - H- (12.8%). 

- PG(22:6/22:6) - H- (18.3%). 

Phosphatidylinositols: 

- PI(35:1) + Cl- (8.3%). 

- PI(35:2) + Cl- (6.8%). 

- PI(36:1) - H- (11.6%). 

- PI(36:2) + Cl- (30.3%). 

- PI(O-38:2) + Cl- (11.2%). 

- PI(42:6) + Cl- (7.8%). 
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Oxidized phosphatidylcholines: 

- OHODiA-PC + NH4
+ (0.6%). 

Table 16. Specific lipotype composition of microglia. The lipid species exclusive of 

microglia are shown grouped by types or families. The results are expressed as a 

percentage of the intensity for the m/z species at 782.5674 in positive ionization mode and 

for the m/z 885.5499 in negative ionization mode. 

 

  

m/z
Ionization 

mode
Lipid Intensity

Glycerolipids

979.6599 - TG(60:15) + Cl 11.3

1064.5125 - CDP-DG(18:0/20:4) + Cl 5.9

Phospholipids

569.2103 + LPI(13:0) + K 2.4

718.5402 - PE(34:0) - H 9.1

716.5243 - PE(34:1) - H 9.8

819.5190 - PG(40:7) - H 11.5

867.5179 - PG(22:6/22:5) - H 12.8

865.5034 - PG(22:6/22:6) - H 18.3

885.5264 - PI(35:1) + Cl 8.3

883.5109 - PI(35:2) + Cl 6.8

863.5656 - PI(36:1) - H 11.6

897.5249 - PI(36:2) + Cl 30.3

911.5760 - PI(O-38:2) + Cl 11.2

973.5556 - PI(42:6) + Cl 7.8

709.4438 + OHODiA-PC + NH4 0.6
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Exclusive lipids of ependymocytes (Table 17): 

Sphingolipids: 

Sphingomyelins: 

- SM(d18:1/20:0) - CH3
- (19.0%). 

- SM(d18:1/20:1) - CH3
- (13.9%). 

- SM(d18:1/22:0) - CH3
- (24.6%). 

- SM(d18:1/22:1) - CH3
- (26.8%). 

Glycerolipids: 

Diradylglycerols: 

- DG(34:5) + H+ (1.7%). 

CDP-diacylglycerols: 

- CDP-DG(40:5) + Cl- (22.7%). 

Phospholipids: 

Lysophospholipids: 

- LPC(15:0) - H- / LPE(18:0) - H- / LPC(O-16:0) - CH3
- (17.7%). 

- LPC(17:0) - H- / LPE(20:0) - H- / LPC(O-18:0) - CH3
- (49.0%). 

- LPC(20:3) + H+ / LPC(18:0) + Na+ / LPE(21:0) + Na+ / LPC(20:1) + H 

- H2O+ (32.9%). 

- LPI(20:1) + Cl- (33.9%). 

Phosphatidylethanolamines: 

- PE(36:2) - H- (26.7%). 

- PE(38:1) - H- (15.8%). 

- PE(38:2) - H- (47.5%). 

- PE(38:4) - H- (21.7%). 
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Phosphatidylinositols: 

- PI(37:3) + Cl- (22.9%). 

- PI(39:2) + Cl- (17.5%). 

- PI(39:3) + Cl- (39.5%). 

- PI(40:2) + Cl- (31.7%). 

- PI(40:4) + Cl- (16.9%). 

- PI(41:6) + Cl- (90.4%). 

- PI(41:7) + Cl- (18.7%). 

- PI(42:5) + Cl- (23.9%). 

Phosphatidylinositol monophosphate: 

- PIP(36:1) + Cl- (17.8%). 

Oxidized phosphatidylglycerols: 

- PA-PG + Cl- (92.9%). 

- OKOOA-PG + Cl- (48.9%). 

Oxidized phosphatidylinositols: 

- PHODiA-PI + K+ (2.9%). 

Oxidized phosphatidylserines: 

- OHOHA-PS + Cl- (18.0%). 

Sterols: 

Vitamin D3 and derivates: 

- 16-Glutaryloxy-1alpha,25-dihydroxyvitamin D3 + Na+ / LPI(O-18:0) + 

H - H2O+ (1.2%). 
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Table 17. Specific lipotype composition of ependymocytes. The lipid species exclusive of 

ependymocytes are shown grouped by types or families. The results are expressed as a 

percentage of the intensity for the m/z species at 782.5674 in positive ionization mode and 

for the m/z 885.5499 in negative ionization mode. 

 

m/z
Ionization 

mode
Lipid Intensity

Sphingolipids

743.6084 - SM(d18:1/20:0) - CH3 19.0

741.5925 - SM(d18:1/20:1) - CH3 13.9

771.6395 - SM(d18:1/22:0) - CH3 24.6

769.6236 - SM(d18:1/22:1) - CH3 26.8

Glycerolipids

587.4687 + DG(34:5) + H 1.7

1090.5285 - CDP-DG(40:5) + Cl 22.7

Phospholipids

480.3105 - LPC(15:0) - H / LPE(18:0) - H / LPC(O-16:0) - CH3 17.7

508.3410 - LPC(17:0) - H / LPE(20:0) - H / LPC(O-18:0) - CH3 49.0

546.3526 +
LPC(20:3) + H / LPC(18:0) + Na / LPE(21:0) + Na /      

LPC 20:1 + H - H2O
32.9

661.3132 - LPI(20:1) + Cl 33.9

742.5403 - PE(36:2) - H 26.7

772.5847 - PE(38:1) - H 15.8

770.5714 - PE(38:2) - H 47.5

766.5405 - PE(38:4) - H 21.7

909.5262 - PI(37:3) + Cl 22.9

939.5730 - PI(39:2) + Cl 17.5

937.5570 - PI(39:3) + Cl 39.5

953.5876 - PI(40:2) + Cl 31.7

949.5565 - PI(40:4) + Cl 16.9

959.5397 - PI(41:6) + Cl 90.4

957.5248 - PI(41:7) + Cl 18.7

975.5733 - PI(42:5) + Cl 23.9

979.5083 - PIP(36:1) + Cl 17.8

689.3421 - PA-PG + Cl 92.9

697.3090 - OKOOA-PG + Cl 48.9

781.3174 + PHODiA-PI + K 2.9

698.3124 - OHOHA-PS + Cl 18.0

Sterols

569.3405 +
16-Glutaryloxy-1alpha,25-dihydroxyvitamin D3 + Na /     

LPI O-18:0 + H - H20
1.2
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In summary, the sphingolipid molecules, which could be possible precursors of 

the S1P, were abundantly detected in the astrocytes, but also were detected in 

the all the rest of brain cell that were analyzed in the rat CNS. 

6.3.- Imaging mass spectrometry of endogenous 

neurolipids  

This last section of results is a compilation of most of the results obtained during 

a 3 months period at the lab of Dr. Amina Woods in NIDA, Baltimore, USA. The 

main objective was to detect by IMS some of the main endogenous ligands that 

at are present in rat brain tissue. 

The novel method of implantation of silver nanoparticles by MALDI-IMS, 

developed by Dr. A Woods group was used to get the following results. 

The endogenous ligands for both S1P1 and CB1 receptors were detected. Firstly, 

the sphingosine 1-phosphate + K (S1P), which is the ligand for S1P1 receptor, 

was detected in positive ionization mode at 418.2061 m/z but with low intensity 

showing an ubiquitous distribution along the gray matter of the rat brain, in a 

similar pattern to that we have described using the S1P1 receptor activity assay 

(see previous sections). Additionally, one of the main endogenous ligand for the 

CB1 receptor, the 2- arachidonoylglycerol (2-AG) combined with the ion Ag+, was 

also detected in positive ionization mode at 485.2027 m/z, showing also in this 

case, the typical distribution of the endocannabinoids in the hippocampus, 

substantia nigra and the cortex, and also comparable to the CB1 receptor activity 

(Figure 47). 
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Figure 47. Representative images of the endogenous lipids. (A) Autoradiographic distribution of 

the functional coupling of S1P1 receptor evoked by CYM-5442 (10 µM) and the endogenous 

ligand sphingosine 1-phosphate distribution. (B) The activation of the CB1 receptor evoked by 

WIN55,212-2 (10 µM) and the endogenous ligand 2- arachidonoylglycerol distribution. The 

autoradiographic images were obtained by [35S]GTPγS assay and the endogenous lipid imaging 

using the MALDI-IMS technique. The distribution of each of them is showed in a coronal section 

at the dorsal hippocampus level of the rat brain. The following parameters were used: 75 µm 

spatial resolution, 10 shot per point at laser fluence of 8 µJ.  

Furthermore, the fragmentation of the phosphatidylcholines, which are one of the 

most abundant lipid species in the brain, allowed us to also locate other 

molecules that are in a lower abundance and are usually difficult to detect by IMS, 

such as ceramides (Cer) or galactosylceramides (GalCer), and also the 

fragments of these phosphatidylcholines (PC), that could be the diradylglycerols 

(DG). 

During the metabolism of sphingolipids some Cer species, which could be also 

precursors of the S1P neurotransmitter molecule, were identified, e.g.  

Cer(d18:1/18:1) – H2O + Ag+ and Cer(d18:1/18:0) – H2O + Ag+ . Both Cer species 

were detected in gray matter of the rat brain, showing a distribution pattern that 

could be compatible with a precursor of S1P (Figure 48). In contrast, 

Cer(d18:1/24:1) + Ag+ and Cer(d18:1/24:1) – H2O + Ag+ / Cer(d18:1/24:0(OH)) – 

H2O + Ag+ , were specifically detected mainly in the white matter indicating that 

could be the precursors of more complex sphingolipid that contribute to the 

formation of the myelin sheath, such as GlcCer, LacCer, GalCer or ST (Figure 

33). 
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Figure 48. Representative images showing the distribution of the different ceramides (Cer) that 

were detected using the MALDI-IMS technique in a coronal section of the rat brain. 

Cer(d18:1/18:1) – H2O + Ag+ and Cer(d18:1/18:0) – H2O + Ag+ were located mainly in the gray 

matter, but Cer(d18:1/24:1) + Ag+ and Cer(d18:1/24:1) – H2O + Ag+ / Cer(d18:1/24:0(OH)) – H2O 

+ Ag+ were detected mostly in the white matter. The following parameters were used: 75 µm 

spatial resolution, 10 shot per point at laser fluence of 8 µJ.  
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Regarding the GalCer species, such as GalCer(d18:1/22:0(OH)) + Ag+, 

GalCer(d18:1/24:1) + Ag+, GalCer(d18:1/24:1(OH)) + Ag+ / 

GalCer(d18:2/24:0(OH)) + Ag+ and GalCer(d18:1/24:0(OH)) + Ag+, all of them 

were detected in white matter (Figure 49). 

 
Figure 49. Representative images showing the distribution of different galactosylceramides 
(GalCer) that were detected in the rat brain using the MALDI-IMS technique. 
GalCer(d18:1/22:0(OH)) + Ag+, GalCer(d18:1/24:1) + Ag+, GalCer(d18:1/24:1(OH)) + Ag+ / 
GalCer(d18:2/24:0(OH)) + Ag+ and GalCer(d18:1/24:0(OH)) + Ag+ were mostly located in the 
white matter. The following parameters were used: 75 µm spatial resolution, 10 shot per point at 
laser fluence of 8 µJ. 
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Finally, as mentioned, some DG were also detected using this new technical 

modification using silver implantation, and are probably a by product of PC 

species fragmentation. The most representative species of these DG are showed 

in the following figure. The most abundant DG was DG(34:1) – H2O + Ag+ that 

was located along the whole brain, but with more intensity in the gray matter. 

Another DG that were distributed in the gray matter were DG( 36:4) – H2O + Ag+, 

DG(38e:6) – H2O + Ag+, which were distributed more specifically in the striatum 

and globus pallidus, and DG(40:7) – H2O + Ag+, which was observed with a high 

intensity in the striatum and in the cortex. Another species such as DG( 36:1) – 

H2O + Ag+ was detected in both gray matter and white matter, but with more 

intensity in the last one. Finally, DG(38:2) – H2O + Ag+ was also detected with a 

high intensity in the white matter (Figure 50). 

 
Figure 50. Representative images of the distribution of different diradylglycerols (DG), which could 

be fragments of phospholipids, such as phosphatidylcholines. Some of these DG were distributed 

in gray matter: DG(34:1) – H2O + Ag+, DG( 36:4) – H2O + Ag+, DG(38e:6) – H2O + Ag+ and 

DG(40:7) – H2O + Ag+. On the contrary, other DG were mainly located in white matter brain areas: 

DG( 36:1) – H2O + Ag+ and DG(38:2) – H2O + Ag+. The following parameters were used: 75 µm 

spatial resolution, 10 shot per point at laser fluence of 8 µJ. 
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In summary, the use of silver nanoparticles implantation allows us to obtain the 

localization of the endogenous neurolipids S1P or 2-AG that are ligands for 

GPCR that otherwise, we have not been able to detect. Moreover, this new 

technical approach, provided us with a unique opportunity to detect other different 

lipids such as ceramides, galactosylceramides and diradylglycerols that in other 

experimental conditions suffer from ionic suppression and are not detectable. 
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1.- S1P1 receptor localization in the CNS 

One of the main objectives of the present study was to describe the anatomical 

distribution of S1P1 receptor both in rodents and human brain. Firstly, we tried to 

develop a new method for the anatomical localization of the S1P1 receptor by 

autoradiography due to the absence of a previous protocol in the literature. The 

[3H]D-erytro-sphingosine 1-phosphate radioligand was used to define the total 

binding to S1P1 receptors, since this ligand should bind to all subtypes of S1P 

receptors, and the specific binding of S1P1 receptor was determined by 

competition with the specific antagonist of S1P1 receptor, W146. Although a 

moderate radioligand binding was detected, the non-specific binding was similar 

to the specific binding, what led us to think that this radioligand was not suitable 

to be used for autoradiographic assays. 

Therefore, we decided an indirect approach consisting of use the [35S]GTPγS 

assay to locate the distribution of the S1P1 receptor-mediated activity through the 

measurement of Gαi/o proteins activity in the presence of selective agonists. We 

evaluated the S1P1 receptor activity mediated by different agonists. On one hand, 

the S1P endogenous ligand mentioned above that can activate all subtypes of 

S1P, and, on the other hand, CYM-5442, that is a selective S1P1 receptor 

agonist. Our results showed a better stimulation induced by CYM-5442, so it 

seemed to be the best option for our work. However, other authors have a good 

stimulation with the S1P endogenous ligand (Waeber and Chiu, 1999) or also 

with SEW2871, another S1P1 receptor agonist (Sim-Selley et al., 2009). 

Nevertheless, the use of CYM-5442 over the S1P endogenous ligand allowed us 

to activate specifically the S1P1 receptors instead of all S1PR that can be coupled 

to Gαi/o proteins. Moreover, CYM-5442 has a much higher affinity for the S1P1 

receptor than the SEW2871 (Gonzalez-Cabrera et al., 2008). In this regard, we 

determined the specificity of CYM-5442 for S1P1 receptors by co-incubation 

together with W146, which is a selective antagonist for S1P1 receptor subtype 

(Sanna et al., 2006). 

Regarding the meaning of the [35S]GTPγS basal binding in the absence of any 

drug in these types of in vitro assays, it is still a controversial issue inherent to 

this technique. It has been reported that some endogenous ligands could be 
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responsible for this basal binding, e.g., it has been described the formation of 

adenosine during the incubation time which could activate A1 adenosine 

receptors (Laitinen, 1999). Using this type of assays, it has also been reported 

the absence of basal binding in maLPA1-null mice, suggesting an important 

contribution of LPA1 receptors in the basal binding at least in myelinated white 

matter cerebral regions (González de San Román et al., 2015). With this in view, 

we explored the possibility of S1P1 receptor subtype behaving in a similar way, 

because it is also a lysophospholipid receptor as LPA1. However, the results 

suggested that the S1P1 receptor did not contribute to [35S]GTPγS basal binding, 

as evidenced by the fact that any detectable inhibition of basal binding was 

recorded in the presence of specific antagonists such as W146. 

Since the description of the EDG-1 receptor in 1990 (Hla and Maciag, 1990), the 

relationship of that receptor with the S1P system has been elucidated. In 1998 

the S1P was identified as the endogenous ligand for the EDG-1 receptor known 

as S1P1 receptor later on (Lee et al., 1998). One year later, it was reported that 

S1P elicited S1PR activity through Gαi/o proteins by [35S]GTPγS in rat brain, even 

though no subtypes were identified since no subtype-selective ligands were used 

(Waeber and Chiu, 1999). Moreover, the distribution of S1P1 receptor activity was 

described in mouse brain by [35S]GTPγS mediated by the compound SEW2871, 

but this molecule seems to be a partial agonist of S1P1 receptor (Sim-Selley et 

al., 2009). In addition, S1P1 receptor has been detected in all the CNS cells types 

including neurons, astrocytes, oligodendrocytes and microglia (Groves et al., 

2013). Nevertheless, it is preferentially expressed in gray matter in comparison 

with white matter (Nishimura et al., 2010). Considering all these previous 

observations, we have performed an exhaustive mapping to clarify the specific 

distribution of the S1P1 receptor activity along the whole rat and mouse brains by 

measuring the [35S]GTPγS binding in the presence of the S1P1 selective agonist 

CYM-5442. 

The observed distribution of the S1P1 receptor activity in the brain of rat and 

mouse were quite similar. The results obtained in rat brain will be discussed 

below more in detail. In addition, the differences in the stimulation of S1P1 

receptor between the two rodent species will be further discussed when 

compared with the activity measured in postmortem human brain samples. The 
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obtained results showed the huge abundance of S1P1 receptor activity in the 

CNS. In olfactory bulb (OB) was found one of the highest stimulations of Gαi/o 

proteins mediated by S1P1 receptor in the rostral migratory stream (RMS). This 

stimulation pattern is consistent with that described for the migration of 

neuroblasts into the OB through the RMS. In the OB, it has been reported that 

the downregulation of the S1P1 receptors facilitate the radial migration of 

neuroblasts to the outer layers of the OB by cellular detaching. The S1P seems 

to be produced by astrocytes at the RMS that in a paracrine manner would be 

activating the S1P1 receptors in neuroblasts (Alfonso et al., 2015). Very recently, 

it has been hypothesized that this relationship between S1P1 receptor and the 

neurogenesis at OB could be responsible for some neurological symptoms 

associated to SARS-CoV-2 infection, including loss of smell (Meacci et al., 2020). 

In addition, the S1P1 receptor activity at the olfactory tubercle was moderated, 

although in the layer III was higher than in the other layers. Noteworthy, this area 

is related to encode odor-reward associations through the activation of 

dopaminergic D1 receptor expressing neurons in layer III (Gadziola et al., 2020). 

Regarding the cerebral cortex, the S1P1 activity was similar for all the different 

cortical areas that were analyzed. Nevertheless, the distribution within the 

different layers followed a gradient from low to high from layers I - II to layers V – 

VI, being also high in layer IV. Compared to the distribution of the activity of other 

receptors for neurolipids such as the cannabinoid CB1 receptor, the cortical 

activity of the S1P1 receptor was even higher, but its distribution was similar 

(Herkenham et al., 1991). The AMPA glutamatergic receptors in the cortex also 

show a similar distribution to the activity of S1P1 receptors, explaining in some 

way their role inhibiting the cortical neuronal excitability (Peterson et al., 1995; 

Sim-Selley et al., 2009).  

We found that S1P1 receptor-associated activity was predominant in the gray 

matter, even if it is true that it is high also in some myelinated white matter areas 

as the corpus callosum or the tracts of fibers crossing inside the striatum. S1P1 

receptor regulates oligodendrocytes differentiation and myelination during 

development. S1P1 receptor regulates also the expression of myelin basic protein 

(MBP) in corpus callosum (Dukala and Soliven, 2016). Moreover, the 

administration of agonists for S1P1 receptors, fingolimod and CYM-5442, to the 
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cuprizone experimental demyelination model in rodents of multiple sclerosis 

protect against toxin-induced demyelination processes (Kim et al., 2018a). 

The basal ganglia, including the striatum and its efferent part, the globus pallidus 

and substantia nigra, also showed relevant S1P1 activity. The S1P1 receptors in 

these brain areas may be responsible for the effects regulating motor activity as 

has been observed in animals treated with S1P1 receptor agonists as SEW2871 

(Sim-Selley et al., 2009). Furthermore, the treatment with fingolimod in rodent 

models of Parkinson’s disease is able to reduce the dopaminergic neuronal 

damage induced by rotenone and 6-hydroxydopamine (6-OHDA), evidencing the 

important role of S1P1 receptor modulating the dopaminergic nigro-striatal 

pathway (Zhao et al., 2017). 

The amygdala also showed high levels of S1P1 activity. In this brain area the S1P 

system is also modulating the dopaminergic system and seems to be involved in 

the induction of anxiety during stress (Jang et al., 2011). 

The highest activity for S1P1 receptor was measured in the nucleus basalis 

magnocellularis (B), and was also high in surrounding areas included in the basal 

forebrain. The physiological role of sphingolipids in basal forebrain is largely 

unknown; however, it has been proposed that the GM1 ganglioside could share 

the NGF signaling pathway, which has been described as activator of the S1P 

production through the activation of p75NTR present in basal forebrain cholinergic 

neurons (BFCN) (Garofalo and Cuello, 1995; Zhang et al., 2006). 

Regarding the hippocampus, the S1P1 activity was similar for CA1, CA2 and CA3 

regions, where the radiatum and oriens layers showed higher S1P1 activity than 

the pyramidal layer. Molecular layer and polymorphic layer showed also higher 

activities than granular layer in the dentate gyrus. In this sense, it has been 

reported that during developmental stages the S1P1 receptor induces pleiotropic 

roles during neurogenesis that were assessed by morphological changes in 

neural progenitor cells derivated from hippocampus (Harada et al., 2004). 

Moreover, unlike the regulation of glutamatergic signaling by S1P1 reported in the 

cortex, it has been described that depolarization induced by high potassium 

content causes rapid formation of S1P, which activates S1P1 receptors causing 

the induction or enhancement of glutamate release from hippocampal neurons 
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(Kajimoto et al., 2007). In this sense, it has also been reported that the 

administration of fingolimod provide neuroprotective effects against excitotoxic 

neuronal death after kainic acid-induced hippocampal degeneration (Cipriani et 

al., 2015). Regarding the neuroprotective effects of the S1P1 receptor, it has been 

described that the regulation of the axis of SphK/S1P1 receptor after the 

administration of 1-α, 25-dihydroxyvitamin D3 (1,25(OH)2D3) prevents the cell 

death induced after the infusion of aggregated Aβ1-42 in the hippocampus of adult 

rat (Pierucci et al., 2017). 

The S1P activity pattern in the hippocampus together with that observed at B, 

support the idea that this system could be contributing to the control of memory 

and learning processes in this important cholinergic pathway, and, consequently 

should be modulated in pathological processes or dementias affecting this 

pathway including the neurodegeneration accompanying AD. 

Concerning the cerebellum, we found a high S1P1 activity in the molecular layer 

of the cerebellar cortex. This layer corresponds to the area where are located the 

stellate and basket cells together with the dendritic arborization of the Purkinje 

cells. All of them are supported by the specialized radial glia known as 

Bergmann's glial cells (Marzban et al., 2014). Recently, it has been described 

that the S1P1 receptor is specifically expressed in Bergmann glial cells during the 

development stages (Sheth and Li, 2019). In this sense, the administration of 

harmaline, an indole alkaloid plant derived to study the tremors in animals, 

induces neurodegeneration of Purkinje cells, and the fingolimod treatment 

attenuates this neurodegeneration (Dahmardeh et al., 2019). It seems that the 

pharmacological modulation of S1P1 receptor through the treatment with 

fingolimod could be a useful approach for the improvement of other 

neurodegenerative processes in addition to multiple sclerosis. 

The information related to S1P1 receptors in the midbrain area is very scarce. In 

the inferior colliculus, the external cortex or dorsal cortex showed more S1P1 

activity than the central nucleus. The inferior colliculus is related to auditory 

system, but also seems to have some role in more emotional functions as 

modulation of social interaction (Petersen and Hurley, 2017). The abundant 

activity of the S1P1 receptor, could be indicating that this receptor would mediate 

some relevant functions of the colliculus. Not in vain, the treatment with 
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fingolimod improves the social interaction impairment in rat models of autism (Wu 

et al., 2017). Within other structures, the ventral tegmental area and the 

periaqueductal gray showed moderate S1P1 activities. The effects regulating 

antinociception shown by S1P1 receptor agonists could involve S1P1 signaling at 

these mesencephalic areas (Sim-Selley et al., 2009). 

Taking all together, these results show that S1P1 receptor could be one of the 

most abundant and/or efficient GPCR coupled to Gαi/o proteins in the brain and 

subsequently, it could be signaling a vast amount of different biological processes 

by regulating or modulating another neurotransmitter systems, resulting in very 

relevant roles in the control of brain functioning. 

As mentioned before, we also analyzed the activity mediated by S1P1 receptor in 

postmortem human brain tissue, and it was compared with the above described 

for the most common rodent models of experimental animals for the study of the 

CNS; i.e., rat and mouse. The anatomical distribution of the S1P1 receptor in the 

human brain has been poorly studied. Practically just restricted to few 

immunohistochemical studies to determine the cellular distribution of this type of 

receptor (Nishimura et al., 2010). As indicated, we applied the same 

measurement approach of S1P1 receptor activity in postmortem human brain 

samples from different areas as frontal cortex, temporal cortex, striatum, basal 

forebrain, amygdala, hippocampus and cerebellum.  

The S1P1 activity patterns obtained in the human cortical areas were similar to 

those previously observed in rodent brains. However, there were small 

peculiarities in terms of stimulation in the different cortical areas. The layers III – 

VI of the frontal and temporal cortices were more stimulated than layers I – II and 

V – VI, while the layers V – VI of the entorhinal cortex were highly stimulated 

compared to layers I – II and III – IV. This change of pattern compared to that 

found in rodents may be related to changes in cells distribution in human cortical 

areas (Zilles et al., 2004; Ribeiro et al., 2013). Although the stimulation among 

the cortical areas are similar between the rodent and human brain, it can be noted 

that the activity in the deeper layers of the cortex was higher in rodents than in 

human brain. In addition, the white matter seems to be also more stimulated in 

rodents than in humans, that may be due to the packing of the white matter 
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described in rodents as opposed to the greater amplitude found in humans thanks 

to the gyrification of the cortex (Ventura-Antunes et al., 2013; Mota et al., 2019). 

Regarding the activity of S1P1 receptor in the basal ganglia, the globus pallidus 

was highly stimulated, while the striatum, including the caudate and putamen 

nuclei, showed moderate levels. Moreover, the nucleus basalis of Meynert was 

measured in the basal forebrain showing a high stimulation in a similar way to 

that found for the BFCN in rat. Although the activity of the S1P1 receptor is very 

homogeneous in the amygdala, in human brain it is possible to differentiate the 

different nuclei that compose this area. Interestingly, both structures, the nucleus 

basalis magnocellularis (B) in rodent brains and the nucleus basalis of Meynert 

in human (nbM), showed the highest measurements of S1P1 activity, indicating 

that this area has an important regulation from S1P1 receptors and that the 

rodents are a good model to study the role of this subtype of receptor in this area, 

very probably modulating the cholinergic signaling that governs the memory and 

learning controlled by the basalocortical pathway. In the same way, the activity of 

S1P1 receptor was similar in the striatal areas of rodents and humans, therefore 

the rodents could constitute also a good model to study the impairment of the 

nigro-striatal pathway in motor-related diseases including Parkinson’s disease 

(PD) and Hungtinton’s chorea. 

In the hippocampus, the S1P1 activity pattern resembles that seen in the rat but 

not in the mouse brain. In this sense, the oriens and radiatum layers showed high 

levels, while in the pyramidal layer was weaker. In addition, the molecular layer 

of the dentate gyrus showed a high S1P1 activity, but in the granular layer was 

low. It is accepted that the neurogenesis in humans, as well as in rodents brain, 

also occurs in this region, and it has been described how this process is regulated 

by glutamatergic inputs, which, as mentioned above, can be regulated by S1P1 

receptor activity in this area (Kempermann et al., 2015). 

Finally, in the cerebellum, the molecular layer showed a high activity, yet in the 

granular layer was weak. This stimulation pattern is the same to that observed 

for the rodent brain, although the mouse brain was less stimulated than rat and 

human brains. 
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In summary, the results of the localization of S1P1 receptor mediated-activity by 

[35S]GTPγS assay are similar to those obtained by immunohistochemistry 

(Nishimura et al., 2010). In general, the activity of the S1P1 receptors elicited by 

CYM-5442 showed a similar pattern in human and rat brains (better than mouse 

brain), since it maintains the signaling pathways in systems that are responsible 

for learning and memory, motor and nociception. For this reason and given the 

results obtained, it seems more appropriate the use of rats as models to study 

the S1P1 receptor in pathological processes affecting those functions, such as 

the Alzheimer’s, Parkinson’s and Huntington’s diseases. 

  



DISCUSSION 

171 

2.- S1P1 receptor activity during Alzheimer’s 

disease progression 

The distribution of the S1P1 receptor described above in physiological conditions 

both in rodent and human brain, has demonstrated the high S1P1 signals of 

receptor activity in the basal forebrain, where is the soma of the cholinergic 

neurons of the basalocortico-hippocampal pathway that controls most of memory 

and learning processes. Then we decided to evaluate the S1P signaling in AD 

including animal models and patients. Moreover, we had reported previously that 

the endocannabinoid system was modified during AD progression, being 

observed an upregulation of the activity at the initial stages of the disease 

(Manuel et al., 2014). In the present study, we have included a similar analysis 

and it was also evaluated the activity of CB1 receptors, but in a different cohort of 

patients than the one used for our previous study in Manuel et al., (2014), to 

compare the activity of CB1 receptors with that of S1P1 in the same human 

postmortem samples from the same patients. This cohort of human postmortem 

brain samples corresponded to control age-matched cases with AD patients, 

which were classified in 3 groups according to Braak’s classification of 

neurocognitive impairment as AD I – II, AD III – IV and AD V – VI.  

The involvement of sphingolipids in the course of AD is acquiring a greater 

relevance during recent years. In fact, different enzymes involved in the 

metabolism of sphingolipids have been analyzed in AD. The observed 

modifications seem to be independent of the aging process, such as the 

upregulation of the gene expression of enzymes responsible for de novo 

synthesis of middle to long acyl chain Cer species, as well as the activation of 

SMase, resulting in increased ceramide levels during moderate stages of 

dementia (Katsel et al., 2007). Furthermore, the accumulation of the Aβ in 

membrane lipid rafts activates the SM hydrolysis, which could be mediated by 

this increase in the expression of neutral sphingomyelinases (nSMase) and acidic 

sphingomyelinases (aSMase) in AD (Filippov et al., 2012). However, the Cer 

regulation depends on the length of the chain. There is a loss of the enzyme 

responsible for the synthesis of very long chain ceramides, CERS2, which are 

precursors of myelin lipid, and this loss precedes the NFT pathology (Couttas et 
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al., 2016). In addition, the S1P system has also been directly evaluated in AD, 

showing that the expression of the enzymes that produce S1P, as SphK1 and 

SphK2, were decreased, while the expression of the enzyme that degrades the 

S1P, the S1P lyase, was enhanced leading to decreased S1P levels (He et al., 

2010; Ceccom et al., 2014; Couttas et al., 2014, 2018). Nevertheless, the status 

of the S1P1 receptor signaling in AD was almost unknown; only a decrease of the 

S1P1 receptor had been described in frontal and temporal cortex detected by 

immunoblotting (Ceccom et al., 2014). Thus, we have evaluated the activity of 

the S1P1 receptor with anatomical resolution in different brain areas of AD 

patients, in parallel with the CB1 receptor activity to compare their activities. 

The layers I–II of frontal cortex tissue sections, from patients belonging to all the 

different stages of AD, showed a decrease in the activity of the S1P1 receptor. 

On the contrary, the decrease of the CB1 receptor activity was only found at the 

most severe stages of the disease in these same layers. However, the activities 

of both S1P1 receptor and CB1 receptors, were upregulated in layer V–VI of 

frontal cortex at the most initial stages of the disease. Since the expression of the 

S1P1 receptor has been described as diminished in the frontal cortex gray matter 

of AD patients (Ceccom et al., 2014), it could be inferred that its activity would be 

also diminished. Nevertheless, the study from Ceccom et al., (2014) only 

analyzed the final stages of AD and the layers where the decrease occurs by 

using the immunoblotting technique are not specified. In this sense, our results 

suggest that the decrease in the S1P1 signaling in layers I–II would arise during 

the early AD stages and would be maintained across the disease. Moreover, we 

found an increase in the signaling of S1P1 receptor in layer V–VI of frontal cortex 

at first stages of the disease that coincides with the described high CB1 receptor 

activity. Those changes in the CB1 receptor activity in layer V–VI were previously 

reported by our group but in a different cohort of AD patients, suggesting that the 

increase during the initial stages of AD could indicate a neuroprotective action in 

response to initial neural damage (Manuel et al., 2014). Regarding the entorhinal 

cortex, the CB1 receptor signaling was compromised in the early stages of AD in 

the deeper layers (layer V–VI) of the entorhinal cortex, while in the superficial 

layers (layer I–II) changes in the signaling of both S1P1 and CB1 receptors occur 

at the most severe stages of AD. Ceccom et al., (2014) found a negative 
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correlation between the Aβ deposits and the SphK1 expression as well as a 

positive correlation between de Aβ deposits and the S1P lyase expression in the 

entorhinal cortex, suggesting that the S1P levels could be related to the Aβ 

deposits in this area. This study, as already noted, only analyzed the final stages 

of AD, and so these results are in line with those we obtained showing decreased 

S1P1 receptor signaling at the severe stages of AD. 

The activity of the S1P1 receptor was increased in underlying white matter of all 

the cortical areas that were analyzed (frontal, temporal, entorhinal and 

periamygdalar cortex), at early and moderate stages of AD. As above mentioned, 

the S1P1 receptor regulates, in somehow, the survival and differentiation of 

oligodendrocytes, as well as myelination processes (Dukala and Soliven, 2016; 

Kim et al., 2018a). Moreover, the enzyme CerS2 is responsible for the synthesis 

of very long chain ceramides (C24:1) in oligodendrocytes, which are precursors 

of myelin lipids as GalCer and sulfatides, and the activity of this enzyme can be 

regulated by S1P (Becker et al., 2008; Laviad et al., 2008; Couttas et al., 2016). 

The loss of CerS2 activity precedes NFT pathology in AD patients (Couttas et al., 

2016). So, it seems that the activity of S1P1 receptor in the white matter could be 

acting as a regulator of the oligodendrocytes in the early and moderate stages of 

the AD. 

In the hippocampus, the activities of both CB1 and S1P1 receptors are decreased 

in almost all the analyzed hippocampal areas during the last stages of the 

disease. In addition, during the early stages of AD an upregulation of the CB1 

receptor activity was found in the hilus layer of the dentate gyrus, in accordance 

with the results that we previously reported in another different cohort of AD 

patients (Manuel et al., 2014). On the other hand, the S1P1 receptor signaling 

was decreased in a similar way to that reported in the hippocampal region by 

immunoblotting technique (Ceccom et al., 2014). 

In summary, the modulation of S1P1 and CB1 receptor signaling in AD was similar 

in frontal and entorhinal cortex, as well as in the hippocampus. Our study 

provides, for the first time, the information of the S1P1 receptor activity with an 

anatomical distribution. These results are a complement to the studies related to 

the enzymes of synthesis and degradation of the S1P neurolipid. In addition, a 

detailed information is provided regarding the layers that are involved in the 
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changes of the different areas that were analyzed during the different stages of 

AD. Moreover, we have corroborated the results that we obtained in the CB1 

receptor signaling with two different cohorts of AD patients.  
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3.- Double-blind study of lipids in human plasma 

samples from mild cognitive impairment (MCI) and 

AD patients by UHPLC-MS analysis  

Human plasma samples were collected from subjects that were classified 

following neurocognitive criteria as control, MCI and AD patients, with the 

purpose of evaluating the lipidome from the different groups to identify possible 

biomarkers that could differentiate them. A double-blind study by UHPLC-MS 

analysis was designed for the detection of different lipid species to avoid a 

possible bias. 594 lipid species were identified in positive ion detecting mode, 50 

of them showed significant differences in the intensity levels between the 3 

groups of subjects. On the other hand, 202 lipid species were identified using  

negative ions detecting mode, 26 of them showed significant differences between 

the 3 groups. These species, which showed modifications in MCI and/or AD 

patients, belong to the sphingolipids, glycerophospholipids and glycerolipids 

families of lipids. 

Regarding sphingolipids, the SM were found to be decreased in plasma of AD 

patients when compared to both control or MCI groups, except for SM(d37:1), 

which was found to be increased in the MCI patients and subsequently decreased 

in AD patients. Additionally, Cer were also found to be decreased in MCI and in 

AD patients with respect to control levels. E.g., the Cer(d18:1/24:0) showed a 

decrease in both MCI and AD groups when it was compared to control group. 

Sphingolipids have previously been found modified in AD plasma and, moreover, 

are related to the cognitive performance (Han et al., 2011; Mielke et al., 2011; 

Xing et al., 2016; Kim et al., 2017). Thus, the decrease in SM levels that we 

observe in AD is consistent with what has been previously described (Han et al., 

2011; Mielke et al., 2011). On the contrary, we showed a decrease in the Cer 

levels, while it has been reported an increase of Cer levels in AD patients (Han 

et al., 2011; Mielke et al., 2011; Kim et al., 2017). This disparity between our 

results and others could be possible because, as previously described, the Cer 

levels showed a U-shaped curve, being the lowest levels in the MCI patients, 

therefore, this distribution makes it complex to determine the pathological state 

of the patient (Mielke et al., 2010). Furthermore, the relationship between 
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sphingolipid levels and AD in humans may be influenced by multiple factors, 

which may include gender, APOE genotype and even lipoprotein levels, since 

both SM and Cer are transported by these lipoproteins (Mielke et al., 2017; Kim 

et al., 2018b). Interestingly, it has been reported that the levels of sphingolipids 

in plasma could be reflecting the white matter microstructural damage in AD, 

suggesting that white matter changes could be related to cognitive impairment 

(Gonzalez et al., 2016). 

The glycerophospholipids are the other family of lipids where we found changes 

in plasma samples from MCI and AD patients. The LPE(18:2) was increased in 

AD patients compared to MCI patients. Moreover, the PE species were also 

increased in AD patients, with the exception of the PE(18:2e/22:6), which was 

found decreased in MCI patients. On the contrary, the PC species were 

decreased in AD patients, although the PC species containing a 18:2 fatty acid, 

as well as the PC(20:4/20:4) were also found to be diminished in MCI patients. 

The fatty acids can be derived from phospholipids after the action of the PLA2 

enzyme, which would generate a lysophospholipid and the fatty acid. In this 

sense, the linoleic acid (18:2) has been described as an omega-6 fatty acid that 

can be considered as a “parental” essential fatty acid together with the linolenic 

acid (18:3), which must be obtained in humans through the diet. Thus, linoleic 

acid can be converted into long chain unsaturated fatty acids such as arachidonic 

acid (AA, 20:4). Moreover, it has been described that the linoleic acid is one of 

the most abundant fatty acids in plasma, e.g. as PC(16:0/18:2) (Zacek et al., 

2016). Additionally, the levels of linoleic acid have been found decreased in AD 

brain tissue and it has been related to worsening in cognitive performance 

(Snowden et al., 2017). Taking all together, it seems that the decrease of PC 

species containing linoleic acid in MCI patients could be reflecting the cognitive 

impairment, as it was described previously by Snowden et al., (2017). The 

disruption in different metabolic pathways of glycerophospholipids seems to 

correlate with the prevalence of AD. Despite the fact that the decline in PC 

species was well stablished, it has not been translated into a specific panel of 

species. Some of these specific PCs that are detected at lower levels in plasma 

of AD patients would be those formed by both AA and docosahexaenoic acid 

(DHA, 22:6) (Mapstone et al., 2014; Whiley et al., 2014; Chatterjee et al., 2016; 
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Costa et al., 2019). Furthermore, the PC(40:6) correlated positively with PLA2 

activity in controls, suggesting a higher turnover of membrane phospholipids in 

controls than in AD patients where this PC(40:6) was found decreased (Costa et 

al., 2019). In contrast, we found the increase of PE species, results that were also 

similar to those previously described in AD plasma samples by different research 

groups (Chatterjee et al., 2016; Kim et al., 2018b; Lim et al., 2020). In the same 

way that SM and Cer levels, the PE levels could also be influenced by the different 

lipoprotein content in each group of patients, even though the measurements 

were performed in plasma lipid extracts (Kim et al., 2018b). 

Finally, 17 TG species, which are commonly called triglycerides, were found to 

be decreased in MCI patients respect to control subjects. In particular, the 

TG(26:0/18:1/18:1) was further decreased in AD patients compared to MCI 

levels. Curiously, three TG species: TG(18:1/18:1/22:4), TG(18:1/18:1/24:0) and 

TG(25:0/18:1/18:1), were found decreased only in MCI patients but not in AD 

patients. It has been recently described that the TG levels in healthy adults could 

be related to white matter integrity, suggesting that could be an indicator of axonal 

degeneration (Iriondo et al., 2020). The results obtained in the present study 

would indicate that specific TG species, as the identified TG(26:0/18:1/18:1), 

could be one of these axonal degeneration indicators. 

In summary, lipids present in plasma, such as TG or sphingolipids, could be 

indicating changes what are taking place at MCI and AD brains compromising the 

integrity of the white matter (Gonzalez et al., 2016; Iriondo et al., 2020). There 

are several limitations at the present study, such as the reduced number of 

samples or the lack of correlation with cognitive parameters (e.g. MMSE), or the 

levels of lipoproteins in each sample. However, this pilot study serves as a 

reference point for a more comprehensive study. In this way, patients could be 

followed up by collecting cognitive data (MMSE), taking plasma samples or 

performing magnetic resonance imaging in order to correlate all the data in the 

search not for a single biomarker, but for a set of non-invasive biomarkers that 

are capable of reflecting the pathological processes occurring at the brains of 

MCI and early AD patients.  
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4.- S1P1 receptor in animal models of AD 

AD is a complex disease and the primary cause of the sporadic cases (non-

familiar AD could reach up to 95%) is still unknown, so the development of an 

animal model that reflects all the pathological processes of the disease has not 

been possible yet. Therefore, in the present study we have evaluated the activity 

of the S1P1 receptor, on the one hand, in the triple transgenic mice model (3xTg-

AD) as a reflection of the changes that are observed in the familiar AD and, on 

the other hand, in the rat model of cholinergic basalocortical lesion that tries to 

imitate the initial neurotransmission impairment characteristic of AD. 

The S1P1 receptor activity was evaluated in the brain of 7 month-old male 3xTg-

AD mice and compared to the same age wild type (WT) mice. As a result, the 

functional coupling to Gαi/o proteins induced by the S1P1 specific agonist, CYM-

5442, was observed reduced in several brain regions of the transgenic mice, such 

as in olfactory bulb, hippocampus, basal forebrain (B), amygdala, substantia 

nigra and ventral tegmental area. In this sense, our research group previously 

described the status of the functional CB1 receptors at different ages of 3xTg-AD 

mice, evidencing that the CB1 receptor activity was deregulated at olfactory bulb, 

molecular layer of dentate gyrus (DGmol) and the basolateral amygdaloid 

nucleus (BLA) in the middle ages, and at advanced-ages in the B (Manuel et al., 

2016; Llorente-Ovejero et al., 2018). Interestingly, the changes observed in the 

present study of S1P1 receptor activity were detected in similar mentioned areas 

for CB1 receptor activity, such as the BLA, DGmol, and the olfactory bulb, 

although the change in B occurred earlier for the S1P1 receptor activity (at 7 

month-old) than for CB1 receptor (at 15 month-old) (Manuel et al., 2016). Some 

evidences indicate that the fear and anxiety behavior in this transgenic mice 

model of AD was associated to a disturbance in the glutamatergic 

neurotransmission in the BLA area (España et al., 2010). This fact is interesting 

since the S1P1 receptor modulates the glutamatergic neurotransmission. Thus, 

the diminished activity mediated by S1P1 receptors in BLA could be related with 

the deregulation in the endocannabinoid and glutamatergic neurotransmission, 

and therefore, with the fear and anxiety behavior. As already noted when the 

S1P1 receptor mapping in the brain at previous sections of the present study, the 

S1P1 signaling in the hippocampus and the OB could be indicating some role of 
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this S1P receptor subtype in the control of neurogenesis, which has been 

reported to be diminished in this AD mice model (Hamilton et al., 2010), i.e., 

indicating that the observed decrease in the S1P1 signaling could be associated 

with neurogenesis impairment. Furthermore, regulation in the OB of this 3xTg-

AD mice model has been reported by volumetric analysis using magnetic 

resonance imaging at approximately the same postnatal age. In this study, it has 

been observed that the volume of the glomerular layer of the OB was increased 

while the volume in the granular layer of the OB was decreased, in a similar way 

to the observed regulation in the activity of the S1P1 receptor described in the 

present study. The volume in the fimbria of the hippocampus was also reported 

increased in the same previous publication, which also agrees with the changes 

that we obtain in the activity of the S1P1 receptor (Kong et al., 2018). Finally, the 

decrease of the S1P1 signaling in the substantia nigra and in the ventral 

tegmental area could be related with motor and nociceptive behavior impairments 

respectively, which have also been described in this mice model of familiar AD 

(Baeta-Corral and Giménez-Llort, 2014; Baeta-Corral et al., 2015; Stover et al., 

2015). 

In summary, the deregulation of S1P1 signaling in the 3xTg-AD mice model of AD 

could be associated to important physiological problems present in these mice at 

seven months of age including not only in learning and memory, but also in motor, 

nociception or even in the increased fear and anxiety found in these animals. 

In contrast, the analysis of S1P1 activity in the brains of the rat model of 

cholinergic basalocortical lesion, may be indicating a more selective regulation. 

In this model of sporadic AD we specifically eliminated most of the basal forebrain 

cholinergic neurons (BFCN) at the nucleus basalis magnocellularis (B) by the 

intraparenchymal administration of 192IgG-saporin toxin. The observed changes 

in S1P1 receptor signaling point to a reduction, likely due to the selective damage 

at the basalocortical pathway. The activity of the S1P1 receptor was drastically 

reduced in the area of toxin injection, the B, that was probably related to the injury 

itself, while in areas of BFCN projection, such as BLA and the piriform cortex, the 

S1P1 receptor signaling was enhanced. The lesion protocol used was intended 

to leave some surviving BFCN, therefore, rearrangement processes in the 
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projection sites of these neurons could be trying to compensate the loss of 

innervation. 

The S1P1 activity in the corpus callosum was diminished in the rat model 

associated with the reduction of the basalocortical cholinergic fibers. The c-Fos 

protein phosphorylation was higher in BFCN after 7 days of the immunolesion 

that could be related to apoptotic neuronal death (Chambon et al., 2007). In this 

rat model, we reported a reduction of up to the 80% in p75NTR cholinergic neurons 

at the B, so the decrease of the S1P1 receptor signaling in this area may indicate 

a deregulation in the “sphingolipid rheostat”, whereby an increase in ceramides 

would lead to apoptotic processes (Cuvillier et al., 1996; Llorente-Ovejero et al., 

2017). Interestingly, the increase of the S1P1 receptor signaling in projection 

areas, such as piriform cortex and amygdala, agrees with the decrease in the c-

Fos immunoreactive cells, indicating the presence of trans-synaptic degeneration 

in projection regions (Chambon et al., 2007). In summary, the depletion of the 

BFCN in the B after the intraparenchymal administration of 192IgG-saporin toxin 

modifies the S1P1 receptor signaling and could be related with apoptotic/survival 

processes both in the lesion area and in the projection areas, and therefore, it is 

noticeable that the elimination of BFCN in the basal forebrain causes an 

impairment in the learning and memory processes, which is also evidenced by 

the modifications in the S1P1 signaling. 
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5.- Interactions between S1P1 and CB1 receptors 

In the previous sections, it has been discussed the activity of the S1P1 receptor 

in healthy brain and how it is modulated in AD patients and in animal models of 

AD. The results describe a ubiquitous anatomical expression across the different 

brain areas and a high activity of S1P1 receptors in the CNS. In addition, the 

modifications observed in the present study of the S1P1 and CB1 receptors in AD 

patients, are coincident in most of the analyzed brain areas, suggesting a 

possible interaction between the S1P and endocannabinoid systems. Moreover, 

previous results described the interactions between other neurolipid 

neurotransmitter receptors as CB1 and LPA1, which led us to think that the 

receptors for different neurolipids trigger closely interlinked signaling cascades 

(González de San Román et al., 2019).  

Firstly, we analyzed a possible crosslinking between ligands for both 

neurotransmitter systems, S1P and eCB, searching for common binding sites at 

the CB1 and S1P1 receptor subtypes. As previously mentioned, we were not able 

to label directly the S1P1 receptor using available radioligands like the [3H] D-

erytro-sphingosine 1-phosphate because of the high unspecific binding. Thus, we 

decided to label the CB1 receptor, using the [3H]CP55940 radioligand, and test 

for possible inhibitions in the presence of S1P1 compounds. In CHO cells 

overexpressing S1P1 receptors, no binding of [3H]CP55940 was obtained 

suggesting that molecules targeting CB1 receptor, such as CP55940, do not bind 

at all to S1P1 receptors. Nevertheless, molecules targeting S1P1 receptor, such 

as the own endogenous ligand S1P, or the S1P1 selective antagonist W146, 

showed a partial displacement of the binding of [3H]CP55940 with low affinity in 

CB1 receptor overexpressing membrane preparations, indicating a low affinity 

binding site in CB1 receptors common to cannabinoid and S1P ligands. Moreover, 

we replicated the inhibition assays but under physiological conditions in cell 

membranes homogenates from rat cerebral cortex that would express both 

CB1 and S1P1 receptors (and other neurolipid receptors). Interestingly, the 

endogenous neurotransmitter, the S1P, was able to inhibit most of the 

[3H]CP55940 binding but with low affinity, while the W146 compound and the 

specific agonist of S1P1 receptor, CYM-5442, showed a partial displacement of 

[3H]CP55940 binding but with high affinity for the antagonist and low affinity for 
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the agonist. The interpretation of these results is complex and there is very few 

previous information in the literature about this interaction. To recapitulate; the 

CB1 compounds have no affinity for S1P1 receptors (at least in S1P1 

overexpressing cells). On the contrary, S1P1 compounds showed affinity for CB1 

receptors to a greater or lesser degree. In order to characterize the high affinity 

inhibition presented by the W146 antagonist for the [3H]CP55940 radioligand 

binding site in different brain areas where CB1 and S1P1 receptors are expressed, 

we performed an autoradiographic study of the [3H]CP55940 binding sites in 

both rat brain and human frontal cortex sections. The [3H]CP55940 binding 

was inhibited by W146 in different ways depending on the brain area. In all 

analyzed areas, a 40% displacement of the [3H]CP55940 binding was observed, 

with the exception of the thalamus where the inhibition reached up to a 60%. 

Surprisingly, in areas where the CB1 receptor is abundantly expressed, such as 

the basal ganglia, the inhibition was fit to one single binding site, while in the other 

analyzed areas, such as cortex, hippocampus and the gray matter of the 

cerebellum, it was fit to two binding sites with different affinities, high (<nM) and 

low (nM). Additionally, the displacement of the [3H]CP55940 binding observed in 

rat cortex was maintained in human cortex tissue, inhibiting the 40% of the 

[3H]CP55940 binding and fitting also to two binding sites. The activity mediated 

for both receptors S1P1 and CB1, in mouse brain slices, had showed a similar 

distribution in regions that can include the basal ganglia, hippocampus, anterior 

hypothalamus, PAG, cerebellum (molecular layer) and spinal cord, suggesting 

interaction of both receptors as pain-modulatory systems (Welch et al., 2012). In 

this sense, Paugh et al., (2006) demonstrated that the unphosphorylated ligands 

for S1PR, such as sphingosine or fingolimod, compete in the binding to CB1 

receptors with higher potency for antagonists than for agonists, but not to CB2 

receptors, which suggest that these sphingolipids could also act as CB1 

antagonists. On the contrary, the phosphorylated ligands, as S1P, compete for 

the CB1 receptor with low affinity, as well as fingolimod-P or dihydro-S1P that do 

not compete for the CB1 receptor at all (Paugh et al., 2006; Selley et al., 2013). 

Interestingly, different isoforms of CB1 receptor have been recently described at 

different tissue types, which could explain the different responses that we obtain 

in reconstituted systems, such as overexpressing receptor cells, or in cell 

membranes isolated from biological tissues (Marti-Solano et al., 2020). Most of 
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the S1P “selective” ligands would be also recognizing at least one [3H]CP55940 

radioligand binding site, that in the case of the antagonist, W146, recognizes with 

higher affinity than the agonists (S1P, CYM-5442). Moreover, this possible 

interaction at the binding site level seems to be maintained when analyzed in both 

rat and human tissue. However, we cannot exclude that the observed interaction 

is produced in other receptors such as GPR3, GRP6 or GPR12 that have been 

proposed as “putative cannabinoids receptors” (Morales et al., 2018). Further 

studies are necessary to explain these S1P1/CB1 interactions at the receptors 

binding sites. e.g., it would be necessary the study of the interactions produced 

in the S1P1 receptors in physiological conditions in case of any radioligand would 

allow us to carry out this type of analysis. 

The mentioned study by Paugh et al., (2006) described that fingolimod and 

sphingosine act as competitive antagonist for CB1 receptor-stimulated G protein 

activity in the [35S]GTPγS assay, and also inhibit the internalization of the CB1 

receptor, as well as the activation of MAP kinase. All these results suggest that 

the non-phosphorylated molecules from the S1P system could act as antagonist, 

while the pharmacological behavior of the phosphorylated ones is not fully 

understood yet. 

For these reasons, we explored more complex indirect modulations between both 

systems in vivo, in rats following a treatment with a CB1 receptor agonist. 

Previous results obtained at our research group had stablished a subchronic in 

vivo treatment with the CB1 receptor agonist, WIN55,212-2 (0.5 mg/kg, 5 days), 

that is able to improve some learning and memory parameters in the rat model of 

cholinergic basalocortical lesion (Moreno-Rodríguez et al., 2017; Moreno-

Rodríguez, 2018; publication of results is pending). Therefore, the S1P1 receptor 

signaling was analyzed in the present study after this in vivo treatment with a CB1 

agonist to further evaluate the crosstalk between the S1P and eCB systems. As 

a result, we observed that the CB1 agonist treatment in control rats was able to 

induce increase in the S1P1 receptor signaling in the oriens layer of the CA3 

region of the hippocampus and in the globus pallidus, while a decrease in the 

corpus callosum. These results suggest that the cannabinoid treatment could 

modify the S1P1 receptor signaling in brain areas where the CB1 receptor is more 

abundantly expressed as hippocampus and globus pallidus. Moreover, the S1P1 
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receptor activity was further modified after the subchronic in vivo treatment with 

the CB1 receptor agonist, in the rat model of sporadic AD induced by basal 

forebrain cholinergic lesion. In this sense, the changes were more selective to 

brain areas related to the neurogenesis, as dentate gyrus and the ependymal and 

the subependymal layers, which as mentioned above, showed decrease of S1P1 

activity in this AD model. Interestingly, the activity of the S1P1 receptor was 

decreased to control levels at BLA in the AD lesion model after CB1 agonist 

treatment. All of these modifications could be, somehow, related to the 

improvement of the learning and memory observed in this model (Moreno-

Rodríguez et al., 2017; Moreno-Rodríguez, 2018;  publication of results is 

pending). 

Additionally, we also treated the 3xTg-AD mice with the CB1 receptor agonist, 

WIN55,212-2, and with an irreversible inhibitor for monoacylglycerol lipase, the 

JZL-184 (8 mg/kg). The signaling of the S1P1 receptor was modified to control 

levels in some areas such as the VTA, granular cell layer of the olfactory bulb 

(GrO), SN or fi, although the activity of the S1P1 receptor was diminished in the 

cingular cortex. It should be reminded, as described in the previous section, that 

the activity of the S1P1 receptor is decreased in 3xTg-AD mice areas, such as 

the OB, VTA, or SN, where a modification of the signaling is observed after CB1 

receptor agonists treatment leading to normalization up to WT levels. Taking all 

the results together, we could suggest that the modulation of the cannabinoid 

system modifies the S1P1 receptor activity in health and in pathological situations. 

In this sense, it has been described a link between the activation of the 

cannabinoid system in primary astrocytes and the production of the sphingolipids, 

which could be modulated depending on the cannabinoid activation time. On the 

one hand, when CB activation occurs in an acute way, it induces a hydrolysis of 

SM both in primary astrocytes and glioma cells with a maximum effect at 15 

minutes (Sánchez et al., 1998a, 1998b; Blázquez et al., 1999; Galve-Roperh et 

al., 2000). This degradation may be mediated by an adaptive protein 

denominated as factor associated with neutral sphingomyelinase activation 

(FAN), which is a member of the WD-repeat family of proteins (Adam-Klages et 

al., 1996; Sánchez et al., 2001). This generation of ceramides by FAN is linked 

to the regulation of metabolic functions, such as the increase of glucose 



DISCUSSION 

185 

consumption via the ERK signaling cascade and the stimulation of ketogenesis 

via carnitine palmitoyl-transferase in the mitochondria, which means the oxidation 

of fatty acids (Sánchez et al., 1998a; Blázquez et al., 1999; Guzmán and 

Blázquez, 2001). All these processes would be reversed by CB1 receptor 

antagonism (Sánchez et al., 2001). On the other hand, the sustained activation 

over time causes a second peak of ceramide production via de novo synthesis 

through the enzyme serine palmitoyl-transferase starting at days 2-3 and 

reaching the maximal at day 5 (Galve-Roperh et al., 2000; Gómez Del Pulgar et 

al., 2002). This production of ceramides via de novo synthesis is responsible for 

the apoptosis in glioma cells. In glial cells, however, the increase of ceramides, 

which is via FAN and not via de novo synthesis, have a protective role through 

the PI3K/Akt survival pathway (Gómez Del Pulgar et al., 2002; Molina-Holgado 

et al., 2002; Carracedo et al., 2004). In this context, it has been recently reported 

that the SM accumulation, which is a hallmark of Niemann-Pick type A disease, 

lead to decrease the CB1 receptor density in neurons. In addition, the treatment 

with a fatty acid amide hydrolase inhibitor induce an increase of anandamide 

levels that activate the neutral sphingomyelinase via FAN and prevent the motor, 

cognitive and psychiatric alterations as well as neuroinflammation, 

neurodegeneration and the lifespan of the animal models (Bartoll et al., 2020). In 

summary, the activation of the CB1 receptor could be generating via FAN protein 

the production of ceramides that subsequently may be transformed to S1P, which 

modifies the S1P1 receptor activity triggering the biological responses attributed 

to this receptor such as survival and proliferation. 

Reasonably, these statements would have to be verified with further experiments 

in order to discern the degree of interaction between the cannabinoid and the 

S1P systems. For this purpose, some experiments can be suggested; on the one 

hand, the co-administration of the treatment of cannabinoid agonists with 

inhibitors of the sphingomyelinase to verify if the modification observed in the 

S1P1 receptor signaling is reverted. On the other hand, it becomes necessary to 

verify if the interaction remains in the opposite order, therefore, animals could be 

treated with agonists of the S1P1 receptor and subsequently, the cannabinoid 

system would be studied in order to verify if it is modified. 
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6.- Lipid detection by Matrix-Assisted Laser 

Desorption Ionization Imaging mass spectrometry 

(MALDI-IMS) 

In this section, we discuss the results that were obtained by the MALDI-IMS 

technique in terms of the classification of the different lipid species that were 

identified in rat brain and their anatomical localization. Additionally, we obtained 

the “Lipotype” of the diverse types of cells present in the brain, including neurons, 

glial cells and ependymocytes (obtained from choroid plexus). The physiological 

functions of the main types of different brain cells is discussed considering the 

observed specific lipid composition. Finally, we discuss the use of the silver 

implantation technique as a candidate to measure by IMS the endogenous 

ligands for neurolipids such as S1P or 2-AG. 

Distribution of lipid species in rat brain by classification in their 

main families 

Regarding the sphingolipids, different species were detected as SM, ST or GSL. 

The SM species are essential modulators of important properties inherent to the 

cell plasma membranes because they are able to participate in the formation of 

lipid rafts or functional domains (Pathak and London, 2015). In the present study 

we found that some SM species were detected specifically in white matter, such 

as SM(d42:2) + H+ and SM(d41:2) − H+. However, other SM showed a preferential 

location to gray matter, such as SM(d18:1/18:0) − CH3
+, SM(d36:1) + Na+ and 

SM(d36:1) + K+. It is possible that the species located in gray matter could be 

controlling neuronal processes as it has been described for the hippocampus, 

where the degradation of SM increases the hippocampal excitability through the 

activation of S1PR (Norman et al., 2010). Conversely, some SM species were 

distributed only in the choroid plexus. These included SM(d18:2/21:0) − H+ and 

SM(d39:1) − H+. Although the SM(d18:1/16:0) − H+ signal was intense in the 

choroid plexus, it was also present in gray matter. The content of the SM species 

listed above is strictly regulated through synthesis by sphingomyelin synthase 

and through degradation by sphingomyelinases. SM degradation results in 

ceramides, which are the central component of sphingolipid metabolism. As 
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mentioned above, alterations in these metabolic processes of SM, as well as in 

ST have been associated with neurodegenerative diseases, including AD 

(Couttas et al., 2016). The discovery of alterations in the reported pattern of 

distribution in animal models and patients is contributing to the identification of 

new therapeutic targets (Gónzalez de San Román et al., 2017). Besides, STs are 

a major component in the CNS, where they constitute an important component 

of myelin. Consequently, we found ST species distributed in white matter. 

However, not all STs showed a uniform distribution in the axonal tracts that 

constitute the most myelinated areas of the brain. Notably, ST(d18:1/18:0) − H+ 

signal was intense in the anterior commissure, while ST(d18:1/22:0) − H+ and 

ST(d18:1/24:1) − H+ were present at high levels in the anterior part of the anterior 

commissure. Therefore, the modulation of STs may indicate alterations in 

myelination processes. Finally, several species of GSLs were detected and 

assigned to specific molecules. For example, GlcCer as GlcCe(d30:1) + K+ and 

GlcCer(d38:1) + Na+ displayed a restricted distribution to the choroid plexus. This 

specific localization indicates a specialized role in epithelial cells. Moreover, the 

LacCer, such as LacCer(d30:1) + H+, were localized in the gray matter. Both 

species are precursors of complex GSLs such as gangliosides. These species 

are localized on the surface of the plasma membrane and are synthesized from 

ceramide by the sequential addition of sugars by different glycosyltransferases 

(Yamaji and Hanada, 2015). 

Phospholipids are the primary components of the plasma membrane. Some of 

them can act as secondary messengers. These include phosphoinositides, which 

are derived from phosphoinositols. At the same time, phosphoinositols are 

implicated in intracellular signaling cascades following the activation of specific 

phospholipases, such as PLC in mammalian cells (Waugh, 2015). 

Different sub-categories of phospholipids were detected as PC, 

lysophospholipids, PE, PA, PI, PG and phosphatidylserines PS. In this context, 

PCs are one of the major components of the mammalian plasma membrane 

(O’Brien and Sampson, 1965). PCs are associated with a large number of cellular 

processes and are precursors of other lipids that possess simple chemical 

structure. These include the free fatty acids and lysophospholipids formed by 

degradation of PCs by phospholipase A2 (PLA2), which is responsible for 
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hydrolyzing sn-2 ester bonds (Cummings et al., 2000). The PC(34:1) detected as 

PC(34:1) + H+ and PC(34:1) + K+, was found distributed throughout the rat brain, 

showing high intensities that indicate its significant presence in the majority of all 

types of cell membranes. In contrast, other PC species such as PC(36:1) 

(detected as PC(36:1) + H+ or PC(36:1) + K+) was detected specifically in white 

matter. In gray matter, PC(32:0) + K+ was present at high intensities. This 

widespread distribution of PC species is in agreement with previously reported 

results from postmortem human brain (Veloso et al., 2011b). Moreover, some PC 

species were only present in very discrete areas of the rat brain, like PC(32:4) + 

K+, which was detected primarily in the choroid plexus. 

Concerning the lysophospholipids, some of them are intercellular mediators 

that act as signaling molecules to specifically activate G protein coupled receptors 

(Oka et al., 2007; González de San Román et al., 2015). Some of the 

lysophospholipid species detected showed low densities but are very ubiquitous 

in the rat CNS, such as CPA(18:0) − H+ and LPA(18:0) − H+. These two molecules 

exhibited a uniform distribution throughout the brain, suggesting their involvement 

in many physiologically important processes. LPA regulates neuronal plasticity, 

neurogenesis, myelination and cell migration (Hecht et al., 1996; Weiner et al., 

1998; Fukushima et al., 2007; Yung et al., 2011; Anliker et al., 2013; García-

Morales et al., 2015). Conversely, the LPC(16:0) − CH3
+ was detected at a higher 

relative intensity than LPC(18:0) − CH3
+, although the patterns of distribution were 

comparable. These LPC species are up-regulated in neuropathological situations 

such as inflammatory processes (Stock et al., 2006). Modulation of the 

distribution of LPC(16:0) and LPC(18:0) could be used as a marker of 

inflammation in specific areas of the brain. The lysophosphatidylinositols (LPI) 

are known to bind to the GPR55 receptor and may have a role in axonal growth 

(Oka et al., 2007; Cherif et al., 2015). Here, the LPI(18:0) − H+ presented a 

homogeneous distribution in gray matter areas. 

Furthermore, together with PCs, the PEs constitute the primary building blocks 

of the cell membrane. Consistent with this, the PE species that we were able to 

detect and assign to specific molecules, such as PE(18:0/18:1) − H+ and PE(P-

18:0/22:6) − H+, showed a homogeneous distribution in gray matter areas of the 
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brain. The relatively small size of PE's polar head confers on these molecules a 

conical form essential for curvature of membranes that is necessary for the fission 

and fusion processes, as well as to provide the proper fluidity to the membrane 

(Marsh, 2007; Dawaliby et al., 2016). 

PA species were also present in plasma membranes, but some could be uniquely 

localized to white matter areas of the brain where the presence of neuronal 

perikarya is scarce. These include PA(40:5) + H+ and PA(38:3) + K+. Other PA 

species were detected in gray matter: PA(O-40:1)/PA(P-40:0) + K+. PA can 

influence the curvature of the membrane, but also act as a lipid signal by 

recruiting cytosolic proteins to a specific position on the membrane (Kooijman et 

al., 2005; Ammar et al., 2014; Henkels et al., 2016). Moreover, some PA species 

demonstrate a unique distribution that may correspond to areas with high levels 

of cell division (e.g., epithelial cells at the choroid plexus) and/or differentiation 

(e.g., neurogenesis in adults at the dentate gyrus of the hippocampus) (Paredes 

et al., 2016). In the current study, these included PA(O- 31:0) + H+, PA(38:5) + 

K+ and PA(36:2) + K+. The latter can even be observed at the rostral migratory 

stream that is one of the few brain regions with periglomerular neural progenitors 

(Mendoza-Torreblanca et al., 2008). 

The PIs constitute a group of phospholipids that commonly act as intracellular 

secondary messengers and function in intercellular signaling (Waugh, 2015). Our 

results found some PI species with a preferential distribution in white matter: 

PI(O-30:1)/PI(P- 30:0) + H+ and PI(39:0) −  H+. Other PI species, however, 

displayed their highest intensity in gray matter PI(18:0/20:4) − H+ and PI(O-

40:5)/PI(P-40:4) − H+. One possibility is that the PI species localized at gray 

matter areas could be more involved in inter-neuronal signaling. PI species may 

also act as secondary messengers in glial cells. This process involves 

phosphorylation of the hydroxyl groups in positions 3, 4 and/or 5 by different 

kinases in different parts of the biomembranes to generate seven structurally 

different phosphoinositides. At the same time, these lipids selectively recruit 

proteins responsible for intracellular signaling in multiple processes in different 

organelles (Balla, 2013). 
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About the PGs, their physiology is still poorly understood, although it seems to 

be associated with the synthesis of cardiolipins present in the mitochondria and 

hence, a strong relationship with the processes of energy metabolism (Kasahara 

et al., 2020). The PG species that were detected and assigned to specific 

molecules showed low intensity and were found mainly in white matter: PG(40:5) 

+ H+ and PG(39:5) − H+. However, some PG, such as PG(32:1) + Na+ were 

located in the gray matter. Additional insight into this distribution and these 

intensities in the rat CNS would contribute to the understanding of the role of 

these molecules in the brain. 

Finally, it is known that PSs are selectively present in the inner leaflet of the 

plasma membrane in healthy cells. In this study, some PS species were detected 

with low intensity, such as PS(37:2) + H+ and PS(34:1) − H+, and displayed an 

even distribution along the gray matter. Externalization of PSs to the outer leaflet 

occurs early in apoptosis, providing a signal to induce phagocytosis of the cell (Li 

et al., 2003). Modification of the described pattern of anatomical distribution in 

both rodent models of disease and human brain samples could be an indicator of 

apoptotic processes occurring in the CNS. 

Anatomical distribution of lipids in the brain 

The mammalian brain can be divided into four large structures based on the 

functions that they control, their anatomical location and following evolutionary 

terms. The brainstem (including midbrain or mesencephalon, medulla or 

myelencephalon and pons or metencephalon) constitutes the most archaic 

structure; while the cerebellum, the diencephalon (thalamus and hypothalamus) 

and the telencephalon (including the cerebral cortex, basal ganglia and main 

parts of the limbic system) are the most evolved. The following discussion is 

complementary to the previous one but now it is focused in the lipid composition 

of each area of the brain. The results obtained in the rat brainstem showed that 

the most abundant lipids in this region are those found in white matter. Therefore, 

in the brainstem there is a relative abundance of specifically PC(36:1) + K+ and 

different species of ST. The different nuclei and pathways located at the 

brainstem are primarily responsible for vegetative control, regulating vital life 

functions such as breathing and cardiac rhythm (Smith et al., 1991). In addition, 
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a large number of cranial nerves originate from this structure. Thus, this area of 

the CNS is highly conserved across different animal species. The brainstem is 

composed mostly of white matter, although discrete gray matter nuclei of neurons 

are also present. However, the signal intensities obtained here from white matter 

make it difficult to detect the small nuclei composed of gray matter. The 

mesencephalon constitutes the confluence of the brainstem with other regions of 

the brain. In this sense, the dorsal part of this structure is called the superior 

colliculus, which is related to vision, while the inferior colliculus is involved more 

in auditory processes (Dräger and Hubel, 1975; Winer and Lee, 2007). In this 

manner, the mesencephalon is also an area of information exchange, primarily 

composed of white matter tracts and fibers. The lipid profile observed here is 

consistent with the rest of the brainstem, although some characteristic gray 

matter lipids can be found. The PC(40:6) + H+ showed a specific localization in 

the inferior colliculus. This could indicate a relationship to the auditory system, as 

the same lipid is also found in the cerebellum, which controls equilibrium signals 

from the inner ear (Lee and Kim, 2015; Cohen et al., 2019). Furthermore, PA 

species are also detected throughout the mesencephalon, as well as at relatively 

high intensities in other brain areas including the diencephalon, olfactory bulb and 

rostral migratory tract. This specific distribution may indicate that the PA species 

are related with the stimuli reception and neuronal sprouting (Zhu et al., 2016). 

The cerebellum is assumed to be a young area in evolutionary terms (Cardoso-

Moreira et al., 2019). This area of the brain integrates sensory and motor 

pathways, and it is deeply interconnected with other parts of the brain, passing 

information received from the cerebral cortex to the locomotor system through 

motor pathways (Apps and Garwicz, 2005). The most abundant lipid species in 

the white matter tracts of the cerebellum are ST and PC(36:1) + K+, but there are 

other lipids that are only found in the telencephalon and diencephalon. Thus, 

PC(32:0) + K+, SM(d36:1) + K+ and SM(d18:1/18:0) − CH3
+ are present at high 

levels in the molecular layer of the cerebellum, and PA(38:5) + K+ and PC(38:7) 

+ H+/PC(36:4) + Na+, in the granular layer. Further studies are necessary to 

connect these specific lipids to specialized functions of the cerebellum. 

The diencephalon is differentiated into two major structures: the thalamus, which 

is the main entrance for sensory stimuli (excluding olfactory signals), and the 
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hypothalamus, which constitutes the control area for appetite, sleep and thirst 

and is involved in the processing of emotions (Sewards and Sewards, 2003). The 

lipid composition of the diencephalon can also be distinguished by region. The 

lipids present in the thalamus are distributed homogeneously, but some parts of 

the hypothalamus show a different lipid composition. Some lipid species are 

evenly distributed in both thalamus and hypothalamus, including PC(32:0) + K+, 

PA(36:2) + K+, PI(18:0/20:4) − H+ and PI(39:0) − H+. In contrast, other lipid species 

are detected more intensely in the hypothalamus than in the thalamus. These 

include SM(d36:1) + K+, SM(18:1/16:0) − H+ and SM(d18:1/18:0) − CH3
+. The 

thalamus regulates sensory and cognitive information being passed to the cortex. 

In this sense, mental illnesses such as schizophrenia have been related to a 

dysregulation of phospholipids, PC, and PS, as well as sphingolipids, SM and 

galactocerebrosides in thalamus homogenates from schizophrenic patients 

(Schmitt et al., 2004). 

The telencephalon is considered the most developed part of the brain, 

controlling and processing elaborated responses to stimuli. Several major 

structures can be distinguished, including the cerebral cortex, which is 

responsible for integration and interpretation of stimuli. The super-specialization 

of the lipid content in the neocortex of the human brain has been identified as 

probably the main biochemical difference with superior primates (Bozek et al., 

2015). Regarding the different sub-structures, it is remarkable to note the 

presence of ST species in the innermost layers of the cerebral cortex adjacent to 

the corpus callosum. The STs are abundant in white matter fibers, and layers V–

VI of the cerebral cortex receive the input of a plethora of axons from the corpus 

callosum. Here, the presence of ST in oligodendrocytes could account for this 

relative abundance. The subcortical area of the telencephalon includes the 

hippocampus, which plays important roles in memory and spatial orientation. The 

basal ganglia that are localized adjacent to the hippocampus participate in the 

control of voluntary movements, and the olfactory bulbs, in the anterior part of the 

brain, process the information received from the olfactory system. In the olfactory 

bulb, it is important to note the presence of specific lipid species with a high 

intensity, e.g., PG(39:5) − H+ and PC(34:3) + H+, that are not present in other 

telencephalic structures such as the hippocampus, where PI-Cer(d18:0/16:0) + 
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Na+ is abundant in the granular layer of the dentate gyrus. The physiological role 

of each of the described lipid species in each area should be further elucidated 

to understand their involvement in specific neurological diseases, as was recently 

described for multiple system atrophy (Don et al., 2014). Throughout the 

telencephalon, SM(d36:1) + K+ is abundant, but with low intensity in the olfactory 

bulb. PC(32:0) + K+, SM(d18:1/16:0) −  H+ and SM(d18:1/18:0) −  CH3
+ also 

displayed high intensities. Interestingly, all sphingolipids are potential precursors 

of the S1P as described in the introduction, but according to the results from 

functional assays and the distribution of the SM observed in the telencephalon 

by MALDI-IMS technique, it would be expected that the SM(d18:1/18:0) could 

play a major role in the production and signaling of the S1P system (Figure 51). 

Consequently, we are conducting studies relating the activity of the different 

neurolipids receptors and checking their relationship with the lipid composition 

both in animal models of AD and in postmortem brain samples of AD subjects. 

Therefore, the aim is to understand the changes obtained in a comprehensive 

manner, providing not only some specific results of different techniques but also 

a global meaning to the modifications found in the pathology. 
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Figure 51. Representative images of the anatomical distribution of CYM-5442 induced S1P1 

receptor activity by [35S]GTPyS assay (A), SM(d18:1/18:0) lipid species distribution by MALDI-

IMS (B), Nissl staining (C) and histochemical reaction for AChE activity (D). 
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“Lipotype” of cell types in the rat CNS 

The term lipidomics seems to be applied to modern techniques, but it had its 

breakthrough in the 1980s when much of the knowledge of lipids that is currently 

known was initially developed. Unfortunately, the posterior emergence of 

genomics, proteomics and transcriptomics during the following decades 

represented an impasse in the exploration of the lipid physiology in general, and 

in the brain in particular. In this sense, it was in the 80's when it was first described 

that the lipid composition of neurons, astrocytes and microglia were enriched in 

some lipid species (Sastry, 1985). Given the technical limitations of the time, it 

has not been until recently, that thanks to the development of mass spectrometry 

techniques, Bozek et al., (2015) discovered the super-specialization of lipids in 

the CNS during evolution. More recently, the lipid composition from some cellular 

types of the CNS, as neurons, astrocytes, microglia and oligodendrocytes has 

also been studied in mice brain after lipid extraction (Fitzner et al., 2020). 

However, it is considerably more astonishing that the lipid composition of the 

diverse cell types is not only differentiated by the ratio of lipid species, but also 

has such a super-specialization in the length of the chains of the fatty acids that 

compose them. Nonetheless, the functionality of this super-specialization is still 

poorly understood. In this sense, some lipid species were found to be common 

to all the cell types that were analyzed. Some of them were PA, PC, PE or SM, 

suggesting that these lipids may be related to structural functions or also to 

functions that are common to all cell types such as lipid rafts regions for general 

physiological functions of cells (Piomelli et al., 2007). 

It is noteworthy that some lipid species were common to cell types that are 

assumed to share also physiological functions. Moreover, it is remarkable that 

some lipid species are differentiated according to the adduct, which lead us to 

think that these species could act as deposits of these ions in those cell types. 

One of these species is the SM(d18:1/18:0), where the protonated species were 

detected in astrocytes and oligodendrocytes, while the sodiated (Na+) species 

were found also in neurons. In contrast, the potasiated (K+) species were found 

only in astrocytes. In this context, the lipid species that we found in common 

between the astrocytes and the oligodendrocytes were the SM, cholesterol esters 

(ChE), DG, lysophosphatidylcholines (LPC) and PC. Interestingly, the ChE were 
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related to linoleic acid (18:2) and docosahexaenoic acid (22:6), while both SM 

and DG were composed by long chain fatty acids. Moreover, the LPC were found 

to be composed by arachidonic acid (20:4) and oleic acid (18:1), which could be 

generated by the action of PLA2 enzyme on the PC that are forming both 

astrocytes and oligodendrocytes. On the contrary, the lipid species that were 

found in common in neurons and astrocytes, were mostly associated with 

signaling functions, since DG, PA, PC and PE, are precursors of signaling 

molecules such as lysophospholipids (Farooqui, 2009; Bozek et al., 2015; Raben 

and Barber, 2017). In the same line, the three types of cells that could be 

considered that have a higher signaling activity: neurons, astrocytes and 

oligodendrocytes, have lipid species, that as previously stated, are precursor 

species of signaling molecules such as DG, PA or PC. It is remarkable that, in 

this case, the length of the FA chains is longer and with more unsaturations. In 

addition, in this three types of cells: neurons, astrocytes and oligodendrocytes, 

large amounts of PGs were also detected, which have been related to the energy 

metabolism that occurs in the mitochondria, such as precursors of cardiolipin 

(Ren et al., 2014). Conversely, the cells that have immunological functions such 

as the microglia and the ependymocytes showed oxidized lipids, as well as 

sterols, which have been previously associated with the immune cells (Garcion 

et al., 1996; Podrez et al., 2002; Zanatta et al., 2012). Finally, as a curiosity, it is 

remarkable the absence of DGs or PAs among the exclusive lipid species of 

microglia. 

Surprisingly, some lipids seem to be exclusive or specific from a unique cell type. 

These lipid identifiers could be used to recognize astrocytes, neurons, 

oligodendrocytes, microglia or ependymocytes (Figure 52). 

The astrocytes are the cells with the highest diversity of exclusive specific lipids, 

probably due to the wide range of functions that realize this type of cells. In this 

sense, it is noteworthy the presence of sphingolipids such as SM or Cer, but more 

striking is the presence of ceramide 1-phosphate, which has been associated, as 

well as the S1P, with cell growth, survival and cell migration involving pro-

inflammatory properties (Presa et al., 2016). Additionally, lysophospholipid 

species were detected such as LPA, LPC and LPI(18:0), the later has been 

related to be an agonist of the GPR55 receptor (Tsutsumi et al., 2020). 
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Furthermore, PA, PE and PC with very long chain and unsaturated FA lipid 

species were found in astrocytes. 

In contrast, the neurons showed a fewer number of exclusive lipid species than 

the astrocytes. The neurons were enriched in precursors of signaling molecules, 

as DG, PA, PC and PE. 

By contrast, sulfatides are the lipid species that best differentiate 

oligodendrocytes, since they are one of the main components of myelin (Fitzner 

et al., 2020). In this study, they also detailed that some cells were enriched in 

some lipid species such as the oligodendrocytes in ST and hexosylceramides, 

the neurons in cholesterol and Cer; the astrocytes in PS, PI and diradylglycerols 

(DG), and the microglia in SM and PG. 

The microglia was enriched with PI and oxidized phospholipids, but it is 

remarkable the high content of docosahexaenoic acid (22:6) in PG, suggesting a 

relationship with inflammatory processes. 

Finally, ependymocytes showed a high content in sterols and oxidized 

phospholipids, as well as SM enriched in C20 chains, but also clorated (Cl) PI.  
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Figure 52. Schematic representation of exclusive lipids of the different cell types as astrocyte, 

neuron, oligodendrocyte, microglia and ependymocytes. Sphingolipids: SM: sphingomyelin; Cer: 

ceramide; CerP: ceramide 1-phosphate; ST: sulfatide; Phospholipids: PC: phosphatidylcholine; 

PA: phosphatidic acid; PI: phosphatidylinositol; PE: phosphatidylethanolamine; PG: 

Phosphatidylglycerol; Lysophospholipids (LP): LPC: lysophosphatidylcholine; LPA: 

lysophosphatidic acid; LPI: lysophosphatidylinositol; Glycerolipids: DG: diradylglycerol; TG: 

triradylglycerol. 

In summary, we could argue that all cerebral cell types contain S1P precursor 

candidates, although it is in the astrocytes where we detected more abundantly 

these possible precursors of S1P. The field of lipidomics is growing and the 

importance of lipid specialization in the brain is beginning to be understood. 

Particularly the connection between energetic, structural and signaling processes 

of lipid species with neurolipid systems is beginning to be known. E.g, it would be 

convenient to be able to characterize in a greater depth the different cell types 
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during all the stages of development and even among the different phenotypes 

or states of cellular activation. Given that the activation processes of the microglia 

for example, could promote the transformation of the lipotype of these cells to 

accommodate it to the physiological responses that are in progress. 

Imaging mass spectrometry of endogenous neurolipids  

This last section is a compilation of most of the results obtained during a 3 months 

period at the Dr. Amina Woods lab in NIDA, Baltimore, USA. The novel method 

of implantation of silver nanoparticles by MALDI-IMS, developed by Dr. A. Woods 

group was used to get the results below discussed. Using a new method of matrix 

deposition, it is possible to detect lipid species that otherwise could not be 

detected, such as certain types of ceramides. These molecules can be used as 

biomarkers of the brain injury or as indicators of the change in the lipid 

composition after alcohol consumption, or also the DGs after the PCs 

fragmentations (Roux et al., 2015, 2016; Barbacci et al., 2017; Muller et al., 

2017). 

The detection of both, 2-AG, as the main endogenous ligand of the CB1 receptor 

in brain, and S1P, as endogenous ligand of S1P1, seemed to be achieved using 

the silver implantation method that increases the sensitivity to these molecules. 

Moreover, the detected distribution of both endogenous ligands by MALDI-IMS, 

showed a cerebral distribution that was similar to that observed for the activity of 

these two receptors when measured by [35S]GTPγS assay. These are very 

preliminary but relevant results that could have multiple applications in the field 

of neurolipid systems, however it is necessary to perform further experiments to 

characterize these findings, then we could be able to measure the levels of this 

endogenous lipids and apply it in the study of neurolipids in neuropsychiatric and 

neurodegenerative diseases, and specifically in the AD. 
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1. The S1P1 receptor is one of the most abundant and efficient GPCR 

coupled to Gαi/o proteins in the human and rodent brain, with the highest 

activity in basal forebrain that indicates an important role in learning and 

memory processes. The rat would be a better experimental model than 

mice to compare with the S1P1 receptor-mediated responses in human. 

2. The activity mediated by S1P1 and CB1 receptors is regulated in a similar 

way during AD progression. The activity of both receptors in the internal 

layers of the frontal cortex revealed an increase at initial stages of the 

disease that could be related to neuroprotection. This increase of S1P1 

receptors at initial stages, was also detected at the underlying cortical 

white matter. However, at the most advanced stages, both S1P1 and CB1 

receptor activities were significantly reduced in the hippocampus 

indicating the continuation of the brain impairment. 

3. The lipidomic study of human plasma samples from mild cognitive 

impairment (MCI) and AD patients evidenced the early onset of changes 

in the lipid composition, indicating candidates for AD biomarkers. Low 

plasmatic levels of some lipids were detected in MCI patients, including 

linoleic acid-containing PC and PE species and some TG or ceramides. 

Most of these lipids have been related to structural changes in white 

matter. In contrast, the increase of PE species and the decrease in some 

PC, SM and Cer were characteristic of AD patients. 

4. The 3xTg-AD mice model of familial AD showed a decreased in S1P1 

receptor activity in the nucleus basalis magnocellularis that could be 

related with the learning and memory impairment, while the decrease in 

the amygdala would be related to the increase in the glutamatergic 

neurotransmission and therefore, with the reported increase of fear and 

anxiety at seven months in these mice. 

5. The rat model of sporadic AD by cholinergic basalocortical lesion 

evidenced a low S1P1 receptor-mediated activity in the nucleus basalis 

magnocellularis associated to the apoptotic processes that follow the 

injury in this area. In contrast, the increase observed in the amygdala and 

the piriform cortex could be related to the rearrangement at the projection 

areas. 
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6. The analysis of the relationship between the S1P and cannabinoid 

systems indicated a possible crosstalk of both systems. S1P1 “selective” 

compounds have also certain affinity for CB1 receptors and the S1P1 

activity is regulated after in vivo cannabinoid treatments, indicating a 

crosslink between S1P and eCB systems. 

7. The MALDI-IMS technique allows us to obtain extensive information for 

the field of lipidomics, demonstrating the relevance of the super-

specialization of lipids in the different regions of the CNS. Additionally, the 

implementation of new techniques of matrix deposition, such as silver 

implantation, allows to increase the power of this technique by obtaining 

the distribution of signaling molecules such as S1P or 2-AG, or even other 

molecules that otherwise could not be identified. 

8. Although all the sphingolipids can be precursors of the S1P, 

SM(d18:1/18:0) seems to be a precursor of S1P signaling through the 

S1P1 receptors. Moreover, the “Lipotype” of the different cells that are 

present in the brain, such as neurons, astrocytes, microglia, 

oligodendrocytes or ependymocytes, allows us to associate the functions 

performed by each of these cells with the lipids that compose them. In this 

sense, it seems that astrocytes are one of the cells that present the largest 

diversity of lipids, however, the SM(d18:1/18:0), which we propose as a 

precursor of the S1P1 receptor ligand, is present in astrocytes as well as 

in neurons and oligodendrocytes. 

9. In summary, the S1P system represents a promising target in neurology 

since it is related to important neurophysiological functions that in 

pathological situations may be disturbed, offering an opportunity to modify 

the progression of neurodegenerative diseases that include the 

Alzheimer’s disease. 
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[3H]S1P [3H] D-erythro-sphingosine 1-phosphate 

1,25(OH)2D3 1-α, 25-dihydroxyvitamin D3 

2-AG 2-arachidonoyl-glycerol 

3xTg-AD Triple transgenic mouse model of AD 

5-HT4R 5-Hydroxytryptamine receptor subtype 4 

6-OHDA 6-hydroxydopamine 

AA Arachidonic acid (20:4) 

AChE Acetylcholinesterase 

ACN Acetonitrile 

AD Alzheimer’s disease 

AEA N-arachidonoyl-ethanolamine (Anandamide) 

AMPA α-amino-3-hydroxy-5-methyl-4-isoxazolepropionate 

APOE Apolipoprotein E 

APP Amyloid precursor protein 

aSMase Acidic sphingomyelinases  

Aβ Amyloid β protein  

Aβ1-40 Aβ protein containing 40-aminoacid peptide 

Aβ1-42 Aβ protein containing 42-aminoacid peptide 

B Nucleus basalis magnocellularis 

BBB Blood-brain barrier 

BFCN Basal forebrain cholinergic neurons 

BLA Basolateral amygdaloid nucleus 

BSA Bovine serum albumin 

CA3 Py Pyramidal layer of CA3 region of the hippocampus 

CB Cannabinoid receptors 

Cb Gray matter of the cerebellum 

cc Corpus callosum 

CDase Ceramidase 

Cdk5 Cyclin-dependent-like kinase 5 

CDP-DG Cytidine diphosphate-Diacylglycerols 

CE Cholesterol esters 
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Cer Ceramide 

CERAD Consortium to Establish a Registry for Alzheimer's disease 

CerK Ceramide kinase 

CerP or C1P Ceramide 1-phosphate 

CerS Ceramide synthase 

CERS2 Ceramide synthase 2 

ChAT Choline acetyltransferase 

CHCA α-cyano-4-hydroxycinnamic acid 

Cing Cx Cingulate cortex 

CNS Central Nervous System 

CPP Ceramide 1-phosphate phosphatase 

CSF Artificial cerebrospinal fluid 

CTFγ Intracellular carboxy-terminal fragment 

CTRL Control 

CV Coefficient of variation 

Cx Cortex 

DES Desaturase 

DESI Desorption electrospray ionization mass spectrometry 

DG Gr Granular layer of the dentate gyrus 

DG Mo Molecular layer of the dentate gyrus 

DG Diradylglycerol 

DHA Docosahexaenoic acid (22:6) 

DMEM Dulbecco's Modified Eagle Medium 

DTT DL-dithiothreitol 

E Ependymal and the subependymal layer. 

eCB Endocannabinoid 

EDG Endothelial differentiation gene 

Ent Cx Entorhinal cortex 

ESI Electrospray ionization 

FA Fatty acid 

FAD Familial AD 
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FBS Fetal bovine serum 

fi Fimbria of the hippocampus. 

Fr Cx Frontal cortex 

GABA γ-aminobutyric acid 

GalCer Galactosylceramide 

GalCerS Galactosylceramide synthase 

Gb2 Galabiosylceramide 

GC-MS Gas chromatography-mass spectrometry 

GDP Guanosine 5’-diphosphate 

GFAP Glial fibrillary acidic protein  

GlcCer Glucosylceramides 

GlcCerS Glucosylceramide synthase 

GLS Glycosphingolipids 

GP Globus pallidus 

GPCR G protein-coupled receptors 

GrO Granular cell layer of the olfactory bulb 

GSK3β Glycogen synthase kinase-3β 

GTPγS Guanosine 5’-O-(3-thiotriphosphate) 

HDAC Histone deacetylases 

Hpc Hippocampus 

IHC Immunohistochemistry 

IL-1 Interleukin-1 

IMS Imaging mass spectrometry 

IP Intraperitoneal 

IPA 2-propanol 

IS Internal standards 

iso-OMPA Tetraisopropylpyrophosphoramide 

JNK c-JUN N-terminal kinase 

KO Knock out animals 

LacCer Lactosylceramide 

LacCerS Lactosylceramide synthase 
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LP Lysophospholipid 

LPA Lysophosphatidic acid 

LPC Lysophosphatidylcholine 

LPE Lysophosphatidylethanolamine 

LPI Lysophosphatidylinositol 

LPP Lipid phosphate phosphatase 

LTP Long-term potentiation 

ly Layer 

mAChR Muscarinic acetylcholine receptor 

MALDI Matrix-assisted laser desorption/ionization 

MALDI-IMS MALDI imaging mass spectrometry 

MBP Myelin basic protein 

MBT 2-mercaptobenzothiazol 

MCI Mild cognitive impairment 

mGluR Metabotropic receptor 

MMSE Mini-Mental Status Examination 

mNFG Mature NGF 

MS Mass spectrometry 

MS2 Secondary fragmentation from mass spectrometry 

nAChR Nicotinic cholinergic receptor 

nbM Nucleus basalis of Meynert 

NFT Neurofibrillary tangle 

NGF Nerve growth factor 

NIDA National Institute on Drugs Abuse 

NMDA N-methyl-D-aspartate 

nSMase Neutral sphingomyelinases 

OB Olfactory bulb 

Or Oriens layer of the hippocampus region 

p75NTR p75 pan-neurotrophin receptor 

PA Phosphatidic acid 

PC Phosphatidylcholine 
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PD Parkinson’s disease 

PE Phosphatidylethanolamine 

PG Phosphatidylglycerol 

PI Phosphatidylinositol 

PIP Phosphatidylinositol monophosphate 

PIP3 Phosphatidylinositol triphosphate 

Pir I Piriform cortex layer I 

Pir II Piriform cortex layer II 

PL Phospholipid 

PLC-β Phospholipase C- β 

PP2A Protein phosphatase 2A 

PS Phosphatidylserine 

PSEN1 Presenilin gene 1 

PSEN2 Presenilin gene 2 

Pt Putamen 

QC Quality Control 

QCsamples Quality Control samples 

QCsys Quality Control system 

Rad Radiatum layer of the hippocampus region 

RMS Rostral migratory stream () 

ROI Region of interest 

S1P lyase Sphingosine 1-phosphate lyase 

S1P Sphingosine 1-phosphate 

S1PR Sphingosine 1-phosphate receptors 

sAPPα α-secretase into secreted APP 

SDHACU Sodium-dependent high-affinity choline uptake 

SEM Standard error of the mean 

SGIker Core Research Facilities at the Central Analysis Unit of the 
University of Basque Country 

SL Sphingolipid 

SM Sphingomyelin 
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SMase Sphingomyelinase 

SMS Sphingomyelin synthase 

SN Substantia nigra 

SNL Substantia nigra, lateral part 

Sph Sphingosine 

SphK Sphingosine kinase 

SPNS2 Spinster homolog 2 

SPP Sphingosine 1-phosphate phosphatase 

SPT Serine palmitoyl-CoA transferase 

ST Sulfatide 

Str Striatum 

TG Triradylglycerol or Triglyceride 

Th Thalamus 

TIC Total ion current 

TNF-α Tumor necrosis factor alpha 

TrkA Tyrosine kinase 

UHPLC-MS Ultrahigh-pressure liquid chromatography tandem mass 
spectrometry 

VTA Ventral tegmental area 

WM White matter 

WT Wild type 
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SUPLEMENTARY MATERIAL 

 

S1.- Localization of S1P1 receptor-mediated 

activity by [35S]GTPγS autoradiography assay in 

the mouse CNS 

We also carried out the mapping of the S1P1 receptor-mediated activity by 

[35S]GTPγS autoradiography assay in mouse brain. In this sense, we collected 

slices of the brain cutting them rostro-caudally every 500 µm to obtain an 

exhaustive mapping of the S1P1 receptor stimulation in the different structures 

present in the rat brain. The obtained stimulations of [35S]GTPγS binding by CYM-

5442 (10 μM) showed that the activity of S1P1 receptor was abundant along the 

brain as for the rat brains (Figure S1 and Table S1). 

 

Figure S1. Representative autoradiograms of [35S]GTPγS stimulated by specific agonist of S1P1 

receptor, CYM-5442 (10 μM) in mouse brain. [14C]-Standard (35000 – 0 nCi/g t.e.). Scale bar = 6 

mm. 
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Table S1. Net stimulation of [35S]GTPγS binding by the agonist of S1P1 receptor, CYM-5442 (10 

μM), in mouse brain (nCi/g t.e). 

 
Data are mean ± SEM values. n=8. 

 

 

 

 

AREA AREA

Olfactory bulb Hippocampus

   Rostral migratory stream 1219 ± 166    CA1 929 ± 129

   External plexiform layer 448 ± 52       Oriens layer 1111 ± 120

   Internal plexiform layer 951 ± 107       Pyramidal layer 527 ± 39

   Glomerular layer 370 ± 69       Radiatum layer 899 ± 62

   Lateral olfactory tract 1779 ± 137    CA2 622 ± 30

Cerebral Cortex       Oriens layer 883 ± 65

   Frontal 1439 ± 128        Pyramidal layer 339 ± 47

   Cingulate 1381 ± 91       Radiatum layer 770 ± 73

   Motor 1495 ± 75    CA3 763 ± 90

   Somatosensory 1617 ± 122       Oriens layer 722 ± 51

   Piriform 941 ± 89       Pyramidal layer 571 ± 35

      Layer I - II 932 ± 95       Radiatum layer 733 ± 77

      Layer III - IV 953 ± 69    Dentate gyrus 590 ± 56

      Layer V - VI 1059 ± 105       Polymorph layer 562 ± 92

   Agranular insular 1385 ± 104       Granule cell layer 375 ± 52

   Granular insular 1527 ± 205       Molecular layer 723 ± 98

   Intermediate endopiriform nucleus 1073 ± 125    Lacunosum moleculare layer 1101 ± 102

   Dorsal endopiriform nucleus 1027 ± 117    Stratum lucidum 1147 ± 84

   Claustrum 1833 ± 128

   Corpus callosum 3072 ± 180

   Forceps minor of corpus callosum 1320 ± 174    Superior Colliculus

Basal ganglia       Superficial gray layer 895 ± 170

   Striatum 1534 ± 126       Optic nerve layer 2226 ± 171

   Striatum fibers 2435 ± 200       Intermediate gray 1734 ± 225

   Internal capsule 2480 ± 303       Intermedial white layer 1553 ± 187

   Anterior commissure, anter part 2729 ± 162       Deep gray layer 1781 ± 126

   Accumbens nucleus       Deep white layer 1375 ± 216

      Core 1149 ± 88       Commisure 1839 ± 226

      Shell 1038 ± 160    External cortex of inferior colliculus 2362 ± 259

   Globus pallidus 2623 ± 323    Perioacueductal gray 1473 ± 196

   Ventral pallidum 1394 ± 253    Median raphe nucleus 1342 ± 183

   Substantia nigra 1598 ± 178    Pontine nucleus 919 ± 129

Amygdala    Locus coeruleus 1460 ± 209

   Basolateral amygdaloid nucleus 1733 ± 528

   Central amygdaloid nucleus 1880 ± 408

Cerebellar cortex

Basal forebrain    Molecular layer 595 ± 46

   Basal nucleus magnocellularis 2920 ± 326    Granular layer 356 ± 67

   Medial septal nucleus 1561 ± 244    White matter 1024 ± 155

CEREBELLUM

S1P1 net 
stimulation 

(nCi/g t.e.)

CEREBRUM

DIENCEPHALON

BRAINSTEM

S1P1 net 
stimulation 

(nCi/g t.e.)
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S2.- Anatomical detection of lipids in the rat CNS 

In the tables S2 and S3 are collected all selected m/z values and also the 

assignment for those that are identified with the respect average intensity. 

Table S2. Positive ionization mode. All selected m/z values are collected in this table, 

and those, which have been asigned, are shown corresponding to the average intensity 

of the slice. 

Experimental 
m/z 

Theorical 
m/z 

Assignment 
Intensity 

(%) 
570.5277 

573.4851 573.4853 DG (P-14:0/18:1) + Na+ 1.77 

577.523 

602.5939 

605.5561 

610.4508 

621.4848 621.4854 PA (O-31:0) + H+ 0.53 

623.5038 

627.5357 
 

630.6241 

649.5184 

651.5373 

652.5942 652.5894 DG (18:0/0:0/18:0) + Na+ 0.24 

652.6072 

666.4834 

682.4606 682.4655 GlcCer (d30:1) + K+ 0.58 

694.5161 

697.4856 697.4891 PE-Cer (d34:2) + Na+ 6.07 

703.5815 
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708.4732 
 

710.4871 
 

713.4588 713.463 PE-Cer (d34:2) + K+ 26.48 

722.5469 
 

723.5016 723.5048 PE-Cer (36:3) + Na+ 8.12 

725.4925 725.4882 PA (O-36:2) / PA (P-36:1) + K+ 2.26 

729.5997 729.6004 TG (41:1) + Na+ 0.56 

731.6145 

734.5702 734.5694 PC (32:0) + H+ 40.92 

737.4527 737.4518 PA (36:3) + K+ 1.26 

738.5281 738.5281 GlcCer (d34:1) + K+ 2 

739.4697 739.4675 PA (36:2) + K+ 35.21 

739.5755 739.5724 SM (d35:1) + Na+ 0.04 

743.4839 743.4834 PG (32:1) + Na+ 0.89 

745.4787 745.4779 PA (38:5) + Na+ 0.47 

746.6036 746.6058 PC (O-34:1) / PC (P-34:0) + H+ 2.25 

748.5808 748.5851 PC (33:0) + H+ 2.62 

751.5307 751.5272 PA (40:5) + H+ 2.86 

753.5899 753.5881 SM (d36:1) + Na+ 8.86 

756.5536 756.5538 PC (34:3) + H+ 17.71 

759.6453 

760.581 760.5851 PC (34:1) + H+ 52.49 

761.4528 761.4518 PA (38:5) + K+ 3.89 

763.6014 

764.4633 764.4627 PC (32:4) + K+ 0.21 
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765.4866 765.4831 PA (38:3) + K+ 2.31 

766.5289 
 

767.5074 767.5069 PI (O-30:1) /PI (P-30:0) + H+ 12.74 

769.4556 
 

769.5683 769.5718 PA (39:0) + Na+ 33.97 

772.5296 772.5253 PC (32:0) + K+ 75.81 

772.6435 
 

778.471 

778.6187 778.6167 GlcCer (d38:1) + Na+ 0.14 

780.5595 

781.6155 781.6194 SM (d38:1) + Na+ 1.21 

782.5743 782.5694 PC (36:4) + H+ 32.35 

783.5685 783.5664 PA (O-40:1) / PA (P-40:1) + K+ 15.31 

784.5801 784.5827 PC (34:0) + Na+ 8.84 

785.4607 785.4601 MGDG (18:3/16:3) + K+ 3.14 

785.578 785.5821 PA (O-40:0) + K+ 2.96 

786.6104 

788.6157 788.6164 PC (36:1) + H+ 17.76 

789.4864 

792.5638 

795.5569 

796.5247 796.5253 PC (34:2) + K+ 3.89 

797.5956 797.5933 SM (d38:1) + K+ 5.22 

798.5497 798.541 PC (34:1) + K+ 100 

802.5561 802.5593 PS (37:2) + H+ 3.18 
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804.5528 804.5538 PC (38:7) + H+ 3.64 

806.5578 806.5624 LacCer (d30:1) + H+ 5.99 

808.5866 808.5851 PC (38:5) + H+ 4.05 

810.6061 
 

810.7107 
 

812.5988 
 

813.4913 813.4914 MGDG (18:3/18:3) + K+ 1.82 

813.6853 813.6844 SM (d42:2) + H+ 0.67 

820.5338 820.531 PI-Cer (d18:0/16:0) + Na+ 11.03 

822.6522 

824.5636 

825.5667 825.564 PG (40:5) + H+ 3.65 

826.5719 826.5723 PC (36:1) + K+ 37.56 

830.5192 

832.5849 832.5851 PC (40:7) + H+ 3.66 

834.6037 834.6007 PC (40:6) + H+ 3.52 

837.6738 

838.6288 838.6296 PC (38:1) + Na+ 2.55 

844.5319 
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Table S3. Negative ionization mode. All selected m/z values are collected in this table, 
and those, which have been asigned, are shown corresponding to the average intensity 
of the slice. 

Experimental 
m/z 

Theorical 
m/z 

Assignment 
Intensity 

(%) 
419.256 419.2568 CPA (18:0) – H- 6.46 

437.2658 437.2674 LPA (18:0) – H- 2.64 

457.0739 
 

480.2497 480.2497 LPC (16:0) – CH3
- 0.22 

508.3386 508.3386 LPC (18:0) – CH3
- 0.44 

535.895 

553.1915 

558.2119 

581.316 

586.242 

599.3215 599.3202 LPI (18:0) – H- 2.15 

603.1661 

644.5018 644.5025 CerP (d18:1/18:0) – H- 0.36 

645.1825 

670.5195 

673.4823 673.4814 PA (34:1) – H- 0.98 

687.5444 687.5447 SM (d18:1/16:0) – H- 1.49 

699.4995 699.497 PA (36:2) – H- 1.38 

701.5176 701.5127 PA (36:1) – H- 1.14 

713.5668 

715.5738 715.5760 SM (d18:1/18:0) – CH3
- 44.17 

728.5679 
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743.6024 743.6073 SM (d18:1/19:0) – H- 5.39 

744.5537 744.5549 PE (18:0/18:1) – H- 7.52 

760.5161 760.5134 PS (34:1) – H- 1.08 

766.5443 
 

769.6272 769.6229 SM (d18:1/21:0) – H- 0.18 

770.1505 
 

771.639 771.6386 SM (39:1) – H- 0.49 

774.5475 774.5443 PE (P-18:0/22:6) – H- 1.25 

778.5222 

786.1307 

786.5307 786.5291 PS (36:2) – H- 2.7 

788.5522 

793.5133 793.5141 SQDG (16:0/16:0) – H- 0.38 

795.5278 

797.6522 797.6542 SM (d41:2) – H- 2.66 

804.5248 
 

806.5468 806.5458 ST (d18:1/18:0) – H- 39.99 

809.5331 809.5338 PG (39:5) – H- 2.74 

816.5779 816.576 PS (38:1) – H- 0.94 

821.5392 

822.5369 822.5407 ST (d18:1/h18:0) – H- 10 

834.5427 

837.5395 

840.4786 

850.5699 850.572 ST (d18:1/h20:0) – H- 3.8 
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857.5126 
 

876.6371 
 

878.6024 878.6033 ST (d18:1/h22:0) – H- 24.94 

881.5034 
 

882.5726 
 

883.5247 
 

885.553 885.5499 PI (18:0/20:4) – H- 100 

887.5684 887.5655 PI (38:3) – H- 15.79 

888.6287 888.624 ST (d18:1/24:1) – H- 65.29 

890.6345 890.6395 ST (d18:1/24:0) – H- 53.95 

892.4858 

893.5347 

895.5571 

896.5911 

897.5864 897.5862 PI ( O-40:5) /PI (P-40:4) – H- 5.57 

902.5874 
 

904.6201 904.6189 ST (d18:1/h24:1) – H- 34.23 

906.639 906.6346 ST (d18:1/h24:0) – H- 66.1 

907.5062 

907.6303 907.6281 PI (39:0) – H- 34.02 

909.5141 

911.5494 

916.6677 

920.519 

920.6457 
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925.5641 
 

929.493 
 

932.6499 
 

933.5332 
 

934.6769 
 

947.5085 
 

949.4958 
 

955.5177 

957.5302 

961.552 

966.6433 

971.4774 

977.5252 

993.4972 

999.5131 

1023.4877 
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S3.- “Lipotype” of cell types in the rat CNS 

Due to the massive information obtained in this technique, the rest of the lipids 

that are common to several cell types are collected in this section. 

 

Figure S2. Phospholipids that have in common the cell types, astrocytes (A), neurons (N), 

oligodendrocytes (O) and ependymocytes (E). Note the intensity graduation it is represented as 

the red the most intense and the yellow the less intense, and in addition, the grey represent the 

absence of the lipid. 
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Figure S3. Phospholipids that have in common the cell types, astrocytes (A), neurons (N), 

oligodendrocytes (O) and ependymocytes (E). Note the intensity graduation it is represented as 

the red the most intense and the yellow the less intense, and in addition, the grey represent the 

absence of the lipid. 



SUPLEMENTARY MATERIAL 

 

 

Figure S4. Sphingolipids, glycerolipids and fatty acyls that have in common the cell types, 

astrocytes (A), neurons (N), oligodendrocytes (O) and ependymocytes (E). Note the intensity 

graduation it is represented as the red the most intense and the yellow the less intense, and in 

addition, the grey represent the absence of the lipid. 
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