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Summary 
 
Sphingolipids are essential components of cellular membranes where they are involved in a range of 
processes through their ability to regulate membrane organization. They constitute an intricate metabolic 
network centered around ceramide, which consists of sphingoid long-chain base attached to a fatty acid. 
Ceramide constitutes a building block from which more complex sphingolipids can be synthesized. 
Deciphering the roles of sphingolipids in cellular processes is not straightforward. Numerous sphingolipid 
species exist, and it is becoming evident that function of each species relies on its specific structure as well 
as its cellular localization. Sphingolipids are particularly abundant in the nervous system, and aberrations in 
the sphingolipid homeostasis have been associated with a vast number of neurological diseases. This PhD 
thesis is based on a review, a research paper, and unpublished results, which all revolve around 
understanding how perturbation of the sphingolipid network contributes to the development of neurological 
disorders, particularly epilepsy.  

Sphingolipids have proven to be important for the development of the human brain as well as maintaining 
neurological functions, which is reviewed in Supplement I. Moreover, Supplement I discusses how 
sphingolipids, through their ability to compartmentalize the plasma membrane, are involved in many 
neurological processes, including neuronal differentiation, polarization, synapse formation, synaptic 
transmission, glial-neural interactions, and myelin stability. Lastly, Supplement I discusses how disturbances 
of the sphingolipid metabolism can lead to plasma membrane rearrangements, which has been linked to the 
development of several neurological diseases. 

Deficiency of several enzymes in the sphingolipid network has been associated with the development of 
epilepsy. Here we have for the first time described a patient diagnosed with progressive myoclonic epilepsy 
linked to a heterozygous deletion of the gene encoding ceramide synthase 2 (Supplement II). 
Characterization of patient skin fibroblasts shows that the patient indeed has only one functional CERS2 
allele, which leads to alterations in the membrane lipid composition, particular in regards to sphingolipids 
and glycerophospholipids (Supplement II and III). These changes may disturb processes relying on plasma 
membrane compartmentalization and the dynamics hereof, as indicated by preliminary data suggesting that 
patient fibroblasts are more insulin sensitive. Thus, deregulation of plasma membrane composition and 
organization may contribute to the development of progressive myoclonic epilepsy.  

The unpublished results addresses the role of sphingolipids in regulating proteins residing in the plasma 
membrane by investigating how perturbation of the sphingolipid metabolism affects properties of the late-
rectifier potassium ion channel Kv2.1. Kv2.1 is, by its dynamic modulation of phosphorylation and 
localization in clusters in the plasma membrane, involved in regulating the intrinsic excitability of neurons. 
We find that sphingolipid metabolism is important for Kv2.1 cluster size, but not constitutive 
phosphorylation, in human embryonic kidney cells during a “resting” state. Future research is needed to 
determine if similar regulation is present during an “active” state and if Kv2.1 kinetics rely on intact 
sphingolipid homeostasis. This is pivotal for determining if disruption of the sphingolipid network affects the 
intrinsic excitability of neurons regulated by Kv2.1. 

Collectively, this thesis emphasizes the importance of investigating sphingolipid metabolism in relation to 
neurobiology. By understanding the role of sphingolipids in the normal functioning brain, we are more able 
to deduce how dysfunctions in the sphingolipid network can lead to the development of neurological 
diseases, and ultimately develop efficient therapeutic treatments for these disorders.   
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Dansk Resumé  
 
Sphingolipider er vigtige komponenter i cellulære membraner, hvor de er involveret i en række processer 
gennem deres evne til at regulere membranorganiseringen. De udgør et komplekst metabolisk netværk 
centreret omkring ceramid, der består af en langkædet sphingoid base koblet til en fedtsyre. Ceramid udgør 
fundamentet for syntese af mere komplekse sphingolipider. Udredning af sphingolipiders rolle i cellulære 
processer er ikke ligetil. Der findes mange sphingolipidarter, og det tyder på at hver arts funktion er 
afhængig af dens specifikke struktur såvel som dens cellulære lokalisering. Sphingolipider er særligt beriget i 
nervesystemet, og forstyrrelser i sphingolipidhomeostasen er forbundet med et stort antal af neurologiske 
sygdomme. Denne ph.d.-afhandling er baseret på et review, en forskningsartikel og upublicerede resultater, 
som alle handler om at forstå, hvordan forstyrrelse af sphingolipidnetværket bidrager til udviklingen af 
neurologiske lidelser, især epilepsi. 

Sphingolipider har vist sig at være vigtige for udviklingen af hjernen samt opretholdelse af neurologiske 
funktioner i mennesker, hvilket belyses i Supplement I. Desuden diskuteres det i Supplement I hvordan 
sphingolipider, gennem deres evne til at samles i særlige områder af plasmamembranen, er involveret i 
mange neurologiske processer, herunder neuronal differentiering, polarisering, dannelse af synapser, 
synaptisk transmission, glial-neurale interaktioner og myelinstabilitet. Endeligt beskriver Supplement I, 
hvordan ændringer i sphingolipidmetabolismen kan føre til omgrupperinger i plasmamembranen, hvilket er 
blevet associeret med udviklingen af flere neurologiske sygdomme. 

Flere enzymdefekter i sphingolipidnetværket er blevet sat i forbindelse med udvikling af epilepsi. Her har vi 
for første gang beskrevet en patient diagnosticeret med progressiv myoklonisk epilepsi forbundet med en 
heterozygot deletion af genet kodende for ceramidsynthase 2 (CERS2) (Supplement II). Karakterisering af 
patientens hudfibroblaster viser at patienten kun har en funktionel CERS2-allel, hvilket fører til ændringer i 
sammensætningen af membranlipider, især med hensyn til sphingolipider og glycerophospholipider 
(Supplement II og III). Disse ændringer kan forstyrre processer som er afhængige af plasmamembranens 
opdeling i særlige områder, og disses dynamik, hvilket foreløbige data tyder på, idet patientens 
hudfibroblaster er mere insulinsensitive. Det kan derfor tænkes at deregulering af plasmamembranens 
sammensætning og organisering kan bidrage til udviklingen af progressiv myoklonisk epilepsi. 

De upublicerede resultater adresserer sphingolipiders rolle i reguleringen af proteiner som befinder sig i 
plasmamembranen ved at undersøge hvordan forstyrrelse af sphingolipidmetabolismen påvirker egenskaber 
for kalium ionkanalen Kv2.1. Kv2.1 er, ved sin dynamiske modulering af fosforylering og lokalisering i 
klynger i plasmamembranen, involveret i regulering af neuronal excitabilitet. Vi finder at 
sphingolipidmetabolisme er vigtig for Kv2.1-klyngestørrelse, men ikke konstitutiv fosforylering, i humane 
embryonale nyreceller under en "hvilende" tilstand. Fremtidig forskning er nødvendig for at afgøre om 
lignende regulering er til stede under en "aktiv" tilstand, og om hvorvidt Kv2.1’s kinetik afhænger af intakt 
sphingolipidhomeostase. Dette er afgørende for at bestemme, om forstyrrelser af sphingolipidnetværket 
påvirker den iboende excitabilitet af neuroner reguleret af Kv2.1. 

Samlet set understreger denne afhandling vigtigheden af at undersøge sphingolipidmetabolisme i relation til 
neurobiologi. Ved at forstå sphingolipiders rolle i den normalt fungerende hjerne, er vi bedre rustet til at 
udlede hvordan dysfunktioner i sphingolipidnetværket kan føre til udvikling af neurologiske sygdomme, og i 
sidste ende udvikle effektive terapeutiske behandlinger for disse lidelser.  
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Chapter 1 

INTRODUCTION 
 
 
 
 
 
 
 
 
 

1.1 Motivation to Study Sphingolipid-related Neurological Diseases 
 
There is more to the cell membrane than just providing a physical barrier between the cellular and 

extracellular milieu. The plasma membrane is a very heterogeneous, complex environment composed of 

hundreds of different lipids important for orchestrating a vast number of cellular processes. One of the key 

lipid classes contributing to this complexity is sphingolipids (SLs). SLs were initially discovered in the 

1880s by J. L. W. Thudichum while studying the lipid composition of the brain [1]. They were named after 

the Greek mythological creature, the Sphinx, due to their enigmatic nature. Since then, comprehensive 

research has revealed that this lipid class constitutes a diverse group of lipids, both in structure and in 

function. Central to the SL metabolism is ceramide composed of a sphingoid long-chain base (LCB) to 

which a fatty acid is attached. Ceramide can function as a precursor for the synthesis of more complex SLs. 

SL synthesis and degradation constitute a dynamic network, whose interconnected metabolism and 

subcellular compartmentalization, as well as regulation hereof, are central to SL functions. 

SLs are particularly enriched in the nervous system and have proven to be essential in a number of processes 

necessary for central nervous functions, including neuronal differentiation, polarization, synapse formation, 

synaptic transmission, glial-neural interactions, and myelin stability (reviewed in [2-5]). 

Compartmentalization of the plasma membrane is involved in each of these processes, to which SLs provide 

the framework. Not surprisingly, perturbations of the SL network have been associated with development of 

several neurological diseases, including several types of epilepsy, hereditary sensory and autonomic 

neuropathy (HSAN), Krabbe, Gaucher, Alzheimer’s, and Parkinson’s diseases among others. Understanding 

how the SL network is integrated and regulated in cellular processes, as well as how disruption of SL 

homeostasis leads to neuropathological disorders, is essential for developing targeted therapeutic strategies 

needed in the treatment of these disorders. 
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In the following sections a general introduction to topics relevant for the work presented in this thesis will be 

given. First, the structure of SLs and their synthesis as well as metabolism will be described in order to 

provide a basic understanding of this very diverse group of lipids along with their interchangeable nature. 

Next, the role of SLs in neurophysiology will be addressed (Supplement I) to provide a foundation for 

understanding how defects in the SL network leads to the development of neurological disorders. Lastly, 

examples on how disturbances of the SL homeostasis have been linked to a number of neurological diseases 

are provided, and some of the therapeutic strategies used in the treatment of these diseases are briefly 

touched upon. 

 

1.2 Ceramide and Sphingolipids 
SLs comprise an interconnected network with common synthetic and catabolic pathways, which is centered 

around the intermediate ceramide (reviewed in [6, 7]). Attachment of different molecules to ceramide creates 

a variety of SLs within the classes of sphingomyelin (SM), glycosphingolipids (GSLs), and sulfatides. 

Previously, the functionality of SLs was very simplistically thought to depend only on the SL class, however 

it is becoming evident that specific SL species within each SL class have unique roles of their own [8]. Thus, 

in order to understand how SLs are implicated in biological functions, we need to pay close attention to their 

precise structure.  

1.2.1. Structure 

The name SL is derived from the simplest form of SLs, namely the sphingoid LCB, which forms the 

structural base for all SLs. The most common mammalian LCBs are sphingosine and dihydrosphingosine 

(also known as sphinganine, Sa), while 1-deoxysphinganine (deoxySa) is less abundant (Figure 1) [9-11]. 

The dominating length of LCBs in mammals is 18 carbons (C18), while C20 LCBs are the second most 

common variant found especially in GSLs in the brain [11]. Furthermore, LCBs also vary in number, 

position, and stereochemistry of double bonds and hydroxyl groups [11].  

Ceramide is produced by attachment of a fatty acid to the LCB via an amide bond at the C2 position (Figure 

1). The chain length, degree of saturation as well as hydroxylation of the fatty acid can vary, which will be 

addressed in more detail later. Ceramide functions as the foundation for the synthesis of more complex SLs, 

which are generated by attaching various head groups at the C1 position of ceramide (Figure 1). Attachment 

of phosphocholine to ceramide yields SM, while sequential transfer of sugars such as glucose, galactose, 

fucose, N-acetylglucosamine, N-acetylgalactosamine, and sialic acid gives rise to more than 500 different 

GSLs, constituting the apex of SL complexity [12].    
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Figure 1: Overview of SL structures. Left) Structures of the three sphingoid long-chain bases sphinganine, 1-deoxysphinganine, 
and sphingosine. Right) Structure of ceramide, the central intermediate in the sphingolipid network. Structure of the non-
metabolizable 1-deoxyceramide is also shown. Attachment of phosphocholine, glucose, or galactose to ceramide at the C1 position 
generates the more complex sphingolipids sphingomyelin, glucosylceramide, and galactosylceramide, respectively. Figure adapted 
from [9]. 

1.1.2 The Sphingolipid Network  

Comprehensive research during the last decades has led to significant advances within the characterization of 

the SL network, of which many enzymes involved in the SL biosynthesis and further metabolism have been 

identified and well described (reviewed in [6, 12, 13]). In order to fully understand the role of each SL 

component in this network, one must also pay close attention to their subcellular localization. Figure 2 

provides an overview of the SL biosynthesis and metabolism pathways, which are outlined in the next 

sections. 

 
1.2.2.1 De Novo Synthesis of Sphingolipids  

The first steps of de novo SL biosynthesis take place at the cytosolic leaflet of the endoplasmic reticulum 

(ER), where ceramide is generated in a four-step process [14-17]. The initial step, which is also the rate-

limiting step, is catalyzed by the serine palmitoyltransferase (SPT), which condensates serine and palmitoyl-

CoA to 3-ketodihydrosphingosine (3-KSph) [9]. In the second step, 3-KSph is rapidly reduced to Sa by the 

3-KSph reductase before the ceramide synthase (CERS), in the third step, acylates Sa, resulting in the 

formation of dihydroceramide. In the final step, a 4,5-trans double bond is introduced into dihydroceramide 

by the dihydroceramide desaturase thereby producing ceramide. SPT is also able to use alanine and glycine  

Sphingosine 

Sphinganine 

Ceramide 

Glucosylceramide or Galactoceramide 

Sphingomyelin 

1-deoxysphinganine 
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Figure 2: Overview of the sphingolipid pathways. De novo synthesis of ceramide (Cer) occurs at the cytosolic leaflet of the 
endoplasmic reticulum where it can be further metabolized or alternatively be transported to the Golgi apparatus for the synthesis 
of more complex sphingolipids. From the Golgi, sphingolipids are transported to other compartments, including the plasma 
membrane. While residing in the plasma membrane, sphingolipids can be metabolized according to cellular demands. 
Degradation of complex sphingolipids occurs through the endolysosomal pathway where they are broken down to sphingosine 
(Sph), which can either reenter the sphingolipid pathway by being acylated by a ceramide synthase (CERS) thereby forming Cer, 
or it can be further degraded. For further details, see main text. Other abbreviations: 3-ketodihydrosphingosine (3-KSph), 3-KSph 
reductase (3KR), acid ceramidase (aCDase), acid sphingomyelinase (aSMase), Cer galactosyltransferase (CGT), Cer-1-phosphate 
(C1P), Cer kinase (CERK), Cer phosphoethanolamine (CPE), Cer transport protein (CERT), cerebroside sulfotransferase (CST), 
dihydroCer (dHCer), dHCer 4-desaturase (DES), dihydrosphingosine (dHSph), galactosylCer (GalCer), glucosylCer (GluCer), 
GluCer synthase (GluCerS), glycosidases (GCase), glycosphingolipids (GSL), GSL synthases (GCSs), neutral CDase (nCDase), 
neutral SMase (nSMase), phosphatidylinositol-4-phosphate adaptor protein 2 (FAPP2), phosphoethanolamine (PEA), serine 
palmitoyltransferase (SPT), sphingomyelin (SM), SM synthase (SMS), SMS-related protein (SMSr), Sph-1-phosphate (S1P), Sph 
kinase (SK). Adapted from [18]. 
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instead of serine, leading to the formation of deoxySa, and ultimately deoxyceramide, as well as 1-

deoxymethylsphinganine (deoxyMSa), which cannot enter the complex SL synthesis pathways nor be 

degraded [10]. 

Once formed, ceramide can be processed through different pathways needed for the synthesis of complex 

SLs. In the ER lumen, the ceramide galactosyltransferase (CGT) catalyzes the transfer of galactose from 

UDP-galactose to ceramide thereby forming galactosylceramide (GalCer), while the SM synthase-related 

protein converts ceramide into ceramide phosphoethanolamine [19, 20]. Ceramide can also be transported to 

the Golgi apparatus where the synthesis of SM and the majority of GSLs occurs. However, trafficking of 

ceramide to the Golgi depends on which of the two synthesis pathways ceramide is utilized in. Vesicular 

transport mediates the delivery of ceramide used in the synthesis of GSLs, whereas a ceramide transfer 

protein (CERT) has been identified as being responsible for the trafficking of ceramide used in SM synthesis 

[12, 21]. Synthesis of SM takes place at the luminal leaflet of the Golgi, where SM synthase 1 (SMS1) 

catalyzes the transfer of phosphocholine from phosphatidylcholine (PC) to ceramide producing 

diacylglycerol as a by-product [22, 23]. The GSL synthesis initiates on the cytosolic leaflet of the Golgi 

where glucose is attached to ceramide by the glucosylceramide synthase thereby generating 

glucosylceramide (GluCer) [24]. Additional transfer of sugars onto GluCer takes place in the Golgi lumen, 

which requires translocation of GluCer facilitated by the phosphatidylinositol-4-phosphate adaptor protein 2 

(FAPP2) [25]. FAPP2 has been shown to transport GluCer by vesicular and non-vesicular trafficking, 

thereby channeling GluCer through two distinct glycosylation tracks located at the Golgi cisternae and the 

trans-Golgi, respectively [25]. This channeling is thought to direct the branching of GluCer and in turn the 

SL glycosylation pattern. Inside the Golgi, GluCer is converted into lactosylceramide (LacCer) by the 

attachment of galactose by the action of galactosyltransferase I [6]. Structurally, LacCer serves as a 

branching point for the synthesis of higher GSLs, which is conducted by sequential transfer of sugars by 

GSL synthases, including galactosyltransferases, sialyltransferases, and N-acetylgalactosamine transferases, 

all residing in the Golgi apparatus [12]. Moreover, the Golgi also serves at the site for the synthesis of 

sulfatides from GalCer made at the ER by the action of cerebroside sulfotransferase (CST) [26].  

After synthesis is complete, vesicular transport facilitates the transfer of SM and GSLs from the Golgi to the 

plasma membrane. As the synthesis of complex SLs occurs on the luminal side of the Golgi, the SLs reside 

in the extracellular leaflet of the plasma membrane after vesicle fusion. In the plasma membrane the SLs are 

involved in several processes, including signal transduction and cell adhesion as well as being recognized as 

binding agents for growth factors and microbial toxins [12].  

In addition to being the precursor of complex SLs, ceramide can also be directly phosphorylated by the 

ceramide kinase (CERK) in the Golgi, resulting in the formation of ceramide-1-phosphate (C1P). The 

trafficking route of ceramide used for the generation of C1P still needs to be fully elucidated, but trafficking 
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of C1P from the Golgi to the plasma membrane occurs similar as for GSLs and SM [27, 28]. C1P has proven 

to be a short-lived metabolite, pointing towards a role as a signaling molecule [27]. Indeed, C1P is regarded 

as a pro-survival molecule and an important mediator of chemotaxis in inflammatory responses [29]. 

 

1.2.2.2 Metabolism  

Of the complex SLs, SM is the most abundant in mammalian cells, and its regulation is thought to be an 

essential part of membrane homeostasis. Moreover, SM constitutes a major resource of ceramide through its 

degradation into ceramide and phosphocholine catalyzed by a group of sphingomyelinases (SMases). Three 

different types of SMases exit, which have been classified according to the optimal pH for their activity: 

Acid SMase (aSMase), alkaline SMase, and neutral SMase (nSMase) [6, 30]. aSMase and nSMase are both 

ubiquitously expressed. aSMase is, as the name implies, located in lysosomes, but it can also be secreted. 

Several isoforms of nSMase exist of which nSMase2 is the best characterized [30]. nSMase2 localizes to the 

plasma membrane, while nSMase1 predominantly localizes to the ER, but is also found at the Golgi and in 

the nucleus. nSMase3 localizes to both the ER and trans-Golgi network, and finally the mitochondria-

associated nSMase is found in the ER and mitochondria.  

Ceramide produced by the SMases can be deacylated, thereby forming sphingosine and a free fatty acid, by a 

family of ceramidases (CDases) [31]. There are three types of mammalian CDases, which differ in their 

localization and, as for SMases, have also been classified according to their pH-dependent activity: Acid 

CDase (aCDase) found in lysosomes, neutral CDase (nCDase) associated with the plasma membrane; and 

three alkaline CDases located in the ER and/or Golgi apparatus. The degradation of ceramide is the only 

known source of intracellular sphingosine [32].  

Sphingosine generated by the CDases can be phosphorylated by sphingosine kinases (SKs) resulting in the 

formation of sphingosine-1-phosphate (S1P). Two mammalian SKs have been identified, SK1 and SK2, 

which differ in their localization [33]. SK1 is primarily cytosolic, whereas SK2 localizes to the nucleus.  

SLs residing in the plasma membrane can undergo remodeling according to cellular demands. SM can be 

degraded by either nSMase or secreted aSMase thereby producing ceramide, which in turn can be 

phosphorylated by CERK or degraded further into sphingosine by the nCDase [31]. Sphingosine can 

subsequently be phosphorylated by SK1. The aforementioned ceramide can also be converted back into SM 

by SMS2. Moreover, gangliosides can be broken down into ceramide by the membrane-associated sialidase 

Neu3 in combination with glycosidases [34].  

SM and GSLs can also contribute to the pool of ceramide through the endolysosomal pathway, also known 

as the salvage pathway. In this pathway, endosomes carrying GSLs and SM fuse with lysosomes containing 

the glycosidases and aSMase necessary for the degradation of the complex SLs into ceramide. Ceramide can 
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then be further degraded into sphingosine by aCDase. Sphingosine can either by reacylated by CERSs, 

thereby recycling sphingosine back into ceramide, which yet again can function as a precursor for more 

complex SLs, or alternatively sphingosine can be phosphorylated by SK1/2. S1P can be converted back into 

sphingosine by the action of S1P phosphatase, or be degraded to phosphoethanolamine and hexadecenal via 

the S1P lyase. These two metabolites cannot be recycled back into the SL pathway and thus represent the 

only known exit route from the SL pathway [35]. Instead, the hexadecanal and phosphoethanolamine can be 

used in the synthesis of glycerophospholipids [36]. The levels of ceramide and S1P are tightly regulated as 

these molecules have proven to control cell survival through their pro-apoptotic and pro-survival properties, 

respectively (reviewed in [12]).   

The routes through the SL network are many. Hundreds of different SL species exists, each with their own 

specific structure, pathway, and subcellular localization, which is a consequence of the distinct localizations 

of the enzymes of the SL metabolism. Thus, SLs are thought to have very distinct compartmentalized 

functions besides being merely components of the membrane important for structural integrity [8]. The 

current challenge is to understand the regulation and integration of the SL metabolism in order to decipher 

how specific SLs are involved in specific cellular responses. 

 

1.3 Ceramide Synthases 
CERSs are key enzymes of the SL pathway as they are responsible for synthesizing the central precursor 

(dihydro)ceramide. The first gene responsible for the generation of ceramide was identified in a screen for 

longevity related genes in Saccharomyces cerevisiae [37]. Deletion of the longevity-assurance gene 1 

(LAG1) promoted longer lifespan in yeast, but it was not until later that LAG1, along with its close homolog 

LAC1, were shown to be necessary for the synthesis of ceramide in yeast [38, 39]. The mammalian LAG1 

homolog UOG1 (upstream of growth and differentiation factor 1) was found to functionally complement 

deletion of both LAG1 and LAC1 in yeast, but is was first later, when overexpression of UOG1 in 

mammalian cells was shown to increase ceramide synthesis, that this enzyme was denoted a CERS, namely 

CERS1 [40, 41]. Since then, bioinformatic analyses and functional studies have led to the identification of 

five additional mammalian CERSs (CERS2-6) [42].  

1.3.1 Structure  

All mammalian CERSs share the TLC (TRAM-LAG1-CLN8) domain, which consists of transmembrane α-

helices. The TLC domain contains a highly conserved stretch of ~50 amino acid residues known as the 

Lag1p motif. The motif is involved in CERS activity, and six amino acid residues herein have proven to be 

essential for this [43]. Furthermore, all the mammalian CERSs, besides CERS1, also possesses an N-terminal 

homeobox (Hox)-like domain [44]. The Hox domain is primarily found in transcription factors, but as the 

Hox-like domain in CERS2-6 lacks key residues enabling DNA binding, it is not likely that this domain 
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facilitates transcription factor function. 

1.3.2 Specificity and Tissue Distribution  

As discussed, the term ceramide covers a range of ceramide species, which, among other variations, differ in 

the length of the acyl-chain linked to the LCB. This is due to the fact that the six mammalian CERSs each 

display a unique specificity towards the length of the fatty acyl-CoAs they use for ceramide synthesis [41, 

46-51]. The specificity is summarized in Figure 3A. CERS1 predominantly uses C18- acyl-CoAs, while 

CERS2 and CERS3 attach longer acyl-CoAs, primarily C22-C24 and C26-C34 acyl-CoA, respectively. 

CERS4 utilizes C18-C20 acyl-CoAs, while CERS5 and CERS6 both display highest specificity towards 

shorter C14-C16 acyl-CoAs. The region defining the substrate specificity is still being elucidated, but a study 

using CERS chimeras has narrowed this region down to 150 residues within the TLC domain corresponding 

to 40% of the CERS sequence [52].  

 

Figure 3: Substrate specificity and expression profiles of mammalian ceramide synthases. A) Each ceramide synthase (CERS) 
catalyzes the synthesis of ceramide using acyl-CoAs of defined lengths. B) Color-indicated distribution of the highest expressed 
CERSs at the transcriptional level [45]. Other abbreviations: SB, stratum basale; SC, stratum corneum; SG stratum granulosum; SS, 
stratum spinosum. Figures adapted from [45]. 

CERS1 CERS2 CERS3 CERS4 CERS6 

A 

B 
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All mammalian CERSs are encoded by different genes located on different chromosomes, which enable a 

tight regulation of differential CERS expression. Along this line, each cell type and tissue display a unique 

CERS expression profile leading to distinct SL profiles. CERS tissue distribution is outlined in Figure 3B. 

Briefly, CERS1 is mainly expressed in neurons and skeletal muscles [46, 53]. CERS2 is more ubiquitously 

expressed and is in particular highly expressed in kidney, liver, and oligodendrocytes in the brain [46]. 

CERS3 is predominantly expressed in the skin and testis, whereas CERS4 displays a broad tissue 

distribution, but have highest expression in the skin, heart, liver, and leukocytes [46, 47, 51]. CERS5 and 

CERS6 are expressed in most tissues, yet the latter shows the highest expression in the kidneys and intestines 

[46]. 

Collectively, through their acyl-CoA specificity and tissue distribution, CERSs are highly responsible for the 

diverse SL profiles found in cells and tissues of the mammalian body. Remarkably, it has been found that the 

CERS mRNA expression does not always correlate with the SL profile in tissues, indicating that CERS 

activity is regulated by post-translational mechanisms [46]. These will be elaborated in the following section.  

 

1.3.3 Regulation of Ceramide Synthases  

In the light of the diversified roles of ceramide and SL species in physiological as well as pathophysiological 

processes, it is important to understand how CERSs are regulated. Years of research have shown that CERSs 

are regulated on multiple levels, including epigenetic, transcriptional, post-transcriptional, and post-

translational levels (reviewed in [54]). Yet only few general mechanisms have been described. 

Numerous studies have reported alterations in CERS mRNA expression in response to various stimuli and 

knockdown/knockout of non-targeted CERSs [54]. For instance, toxic stimuli have been associated with 

increase in CerS1 expression [55, 56], while the expression of CerS5 is elevated in the livers of CerS2-/- mice 

[57]. Systematic knockdown of CERSs in the MCF-7 human breast cancer cell line has revealed that down-

regulation of each CERS leads to counter-regulation of non-targeted CERSs, which maintains the overall 

level of ceramide at the expense of profound changes in the SL profile [58].  

Kinases may also be involved in the regulation of CERSs, as several CERSs have been found to be 

phosphorylated. A large-scale phosphorylation study on mice liver has identified phosphorylation of CERS2 

and CERS5 at multiple sites in their C-terminals [59], which is in agreement with a recent study revealing 

phosphorylation of CERS2-6 at several sites in the C-terminal region in human embryonic kidneys cells [60]. 

It was found that CERS2 activity was heavily dependent on phosphorylation, while the activity of CERS3-6 

was only mildly increased upon phosphorylation. Moreover, activation of protein kinase C (PKC) has been 

shown to mediate phosphorylation of CERS1, which in turn slows down the turnover of CERS1 [61]. PKC 

has also been shown to regulate translocation of CERS1 from ER to the Golgi during stress conditions, 

which probably is specific for CERS1, as neither CERS4 nor CERS5 translocate upon stress induction [62]. 
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An increasing number of studies have shown that CERSs activity is modulated by interaction with other 

enzymes or lipids. S1P inhibits CERS2 activity in vitro via direct interaction with a S1P receptor-like motif 

found exclusively in CERS2 [46]. In addition to S1P, the elongation of very long chain fatty acids protein 1 

(ELOVL1), which, as the name implies, catalyzes the synthesis of very long-chain fatty acids, also interacts 

with CERS2 [63]. The activity of ELOVL1 is regulated by CERS2, thereby efficiently coordinating the 

production of very long-chain fatty acids with their utilization for ceramide synthesis. Recently, CERS2 and 

CERS3 have been shown to interact with the acyl-coenzyme A-binding protein (ACBP), which enhances 

their activity more than 2-fold and 7-fold, respectively [64]. Lastly, CERSs themselves have also been shown 

to regulate CERS activity through homo- and hetero-dimerization [65].  

Collectively, the acyl chain length of ceramides and subsequent complex SLs in specific tissues does not 

entirely depend on CERS expression patterns, but also rely on CERS regulation by phosphorylation and 

interaction partners, which are specific for each CERS. This aspect is important to keep in mind when trying 

to decipher SL-related diseases. 

 

1.4 Neurophysiology Orchestrated by Sphingolipid Metabolism  
SLs are essential components of the plasma membrane in all eukaryotic cells, and the cells of the nervous 

system are no exception. In fact the brain is particularly enriched in SLs [1, 3]. The nervous system contains 

two basic types of cells: Neurons and glial cells. Glial cells encompass, among other cell types, 

oligodendrocytes and astrocytes in the central nervous system as well as Schwann cells and satellite cells in 

the peripheral nervous system. Neurons and oligodendrocytes/Schwann cells are highly polarized cells that 

rely on distinct morphological and functional compartmentalization in order to uphold normal physiology 

(Figure 4). The role of SLs in plasma membranes extends beyond being merely structural elements as they 

are also recognized as important mediators of membrane organization through their ability to form 

microdomains. Along these lines, the nature of SLs provides a structured environment allowing for 

compartmentalization of cellular processes necessary for normal neurophysiological functions. Indeed, 

spatial and temporary regulation of SL metabolism is essential for maintaining the functional integrity of the 

nervous system, including neuronal differentiation, neuronal survival, synapse formation, synaptic 

transmission, neuron-glial interactions, as well as the formation and stability of myelin (reviewed in [3, 66, 

67]). Supplement I, which should be considered as a part of this introduction, addresses the importance of 

SLs in brain development and function seen particularly in relation to SLs’ importance for membrane 

organization [68].  
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Figure 4: Neurons and oligodendrocytes are highly polarized cells. Both neurons and oligodendrocytes have specialized 
structures making them highly polarized cells. Neurons are composed of a soma from which dendrites and axon project. The axon 
terminal forms a synapse with the postsynaptic cell, which allows for signal transduction. Oligodendrocytes extend their membrane 
thereby forming myelin sheaths that wrap around the neuronal axon. Image adapted from [69]. 

 

1.5 Sphingolipids in Neurological Diseases 
Multiple enzymes along the SL pathway have been associated with the development of neurological 

diseases. Deficiencies of these enzymes disturb the cellular SL homeostasis, leading to a range of 

neurological phenotypes. Neurological diseases linked to enzyme defects both in the synthesis and 

degradation of SLs, along with therapeutic approaches for the treatment of these diseases, are described in 

the following sections. 

 

1.5.1 Synthesis Pathway 

Even though the synthesis of SLs involves a range of enzymes, relatively few of these enzymes have been 

linked to the development of neurological disorders (summarized in Table 1).  

SPT catalyzes the initial step in de novo synthesis of ceramide. A number of reports have identified 

mutations in the genes encoding the SPT subunits SPTLC1 and SPTLC2, which are associated with the  
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development of HSAN [71-74, 77]. The mutations cause a permanent shift in the substrate preference from 

serine to alanine and glycine, leading to the generation of deoxySa, and subsequently deoxyceramides, along 

with deoxyMSa instead of Sa. Moreover, the localization of the different mutations has shown to correlate 

with the severity of the disease [78]. As deoxySa and deoxyMSa lack the C1 hydroxyl group of normal Sa, 

they cannot enter the SL biosynthesis pathway as normal LCBs, which hinder their metabolization [78]. 

Thus, both metabolites cannot be phosphorylated, thereby preventing their degradation, as they cannot enter 

the canonical catabolic pathway, which leads to accumulation of deoxySa and deoxyMSa (Figure 2). 

DeoxySa has proven to be toxic for a range of cells, including neurons [77, 87], and its apoptosis-inducing 

effect has been associated with deregulation of cytoskeletal structures [88]. Indeed, it is believed that it is the 

accumulation of these two neurotoxic deoxyLCBs that is responsible for the pathology of SPT-related 

development of HSAN [77, 78]. 

 

Table 1: Human neurological diseases linked to the biosynthesis of sphingolipids. Table updated and modified from [70]. 

Gene Enzyme SL effect Disease, phenotypes Ref. 

SPTLC1/ 
SPTLC2 

SPT Increased de novo GluCer 
Accumulation of neurotoxic deoxySa 
and deoxyMSa  
Increased C20 LCBs 

Hereditary sensory and autonomic 
neuropathy 

Distal sensory loss, atrophy and 
demyelination in the cauda equine, 
thinning of the sciatic and ulnar nerves, 
atrophy of the dorsal root ganglia, 
significant loss of myelinated fibers in 
several afferent peripheral nerves, 
sensorineural hearing loss  

[71-78] 

CERS1 CERS1 Not described for patient cells.  
Probably reductions in C18 ceramide 
and more complex sphingolipids 
synthesized from C18 ceramide 
(particular gangliosides), and increase 
in LCBs [79].  

Progressive myoclonic epilepsy 
Myoclonus, generalized tonic-clonic 
seizures, and moderate to severe cognitive 
impairment 

[80, 81] 

CERS2 CERS2 Reduction in C24 and C26 ceramide 
and SM species 
Increase in C14, C16, and C18 
glycosylceramide species. 

Progressive myoclonic epilepsy 
Myoclonus, generalized tonic-clonic 
seizures, tremor, dysarthria, ataxia, 
developmental delay 

[82] 

SIAT9 GM3 
synthase 

Absence of a- and b-series gangliosides 
Increase in LacCer and other 
ganglioside series. 

Refractory epilepsy 
Myoclonus, generalized tonic-clonic 
seizures, psychomotor delay, 
developmental stagnation, blindness, and 
deafness 

[83, 84] 

GALGT1 GM2/GD2 
synthase 

GM3 accumulation. Hereditary spastic paraplegia 
   Progressive weakness and spasticity, non-

progressive cognitive impairment, seizure 
activity 

[85, 86] 
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Deficiencies in CERS1, CERS2, and the GM3 synthase have all been associated with the development of 

epilepsy in humans [80-84], which is discussed in Supplement I [68]. 

Hereditary spastic paraplegia is a motor neuron disease, which has been associated with mutations in the 

gene encoding the GM2/GD2 synthase that catalyzes the second step in the synthesis of gangliosides [85]. 

Loss of the GM2/GD2 synthase in mice leads to elevated levels of the simple gangliosides GM3 and GD3 

along with reduced levels of complex gangliosides downstream the action of the GM2/GD2 synthase [89]. 

These mice suffer from progressive neuropathy, impaired motor coordination, reduced conduction velocities 

in motor nerves, and diminished hind-limb reflexes [90]. The radical change in ganglioside composition 

causes abnormal organization of the nodes of Ranvier [91]. Moreover, the mice display decreased central 

myelination, which probably is due to neuronal lack of the complex gangliosides GD1a and GT1b normally 

interacting with myelin-associated protein (MAG), which is important for axon-myelin stability [90, 92, 93]. 

Thus, disturbances of nodes of Ranvier organization and the axon-myelin stability may drive the pathology 

linked to GM2/GD2 synthase deficiency observed in humans.  

 

1.5.2 Degradation Pathway 

Defects in the degradation of SLs have been associated with a vast number of human diseases, also known as 

lysosomal storage disorders (LSDs) as the catabolic enzymes are localized in late endosomes and lysosomes 

(reviewed in [70]). These are often complex, multi-system progressive diseases, where accumulation of 

lipids occurs in many cells and tissues of the human body simultaneously. This causes progressive cell and 

tissue damage along with impairment of function of multiple organs. Multiple LSDs involve the nervous 

system where neurodegeneration is a typical phenotype. The severity of the LSDs is often reflected at the 

level of residual activity of the catabolic enzyme in question [70, 94]. Table 2 summarizes SL-related LSDs 

associated with neurological hallmarks. 

Mutations and deletions in the gene encoding aCDase have been associated with both spinal muscular 

atrophy with progressive myoclonic epilepsy (SMA-PME) and Farber disease, but the latter far outnumbers 

the former in occurrences. The pathology of Farber disease is more severe compared to SMA-PME, which is 

thought to be due to a higher residual aCDase activity in SMA-PME patients [95]. Interestingly, in most 

cases the aCDase-deficiency related to Farber disease does not result in the same neurological phenotypes as 

described for SMA-PME, pointing towards a more neuronal sensitive condition in the SMA-PME cases [70, 

95]. Accumulation of ceramide is a recognized inducer of apoptosis in various cell types, and thus aCDase, 

by catalyzing the hydrolysis of ceramide to sphingosine and a fatty acid, is a key enzyme in controlling cell 

survival. In line with this, the pathology of aCDase-related SMA-PME is associated with neuronal cell death 

in the CNS as well as in motor neurons [95].  
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Table 2: Human neurological diseases linked to catabolic enzymes of the sphingolipid pathway. Table updated and modified 
from [70]. 

Gene Enzyme Major storage materials Disease, phenotypes Ref. 

ASAH1 aCDase Ceramide 
 
 
 
 
 
 
 
 
Ceramide, hydroxyl 
ceramide 
 

Spinal muscular atrophy with progressive 
myoclonic epilepsy 

Progressive walking difficulties, frequent falls, 
tremor, muscle weakness, muscular atrophy, 
myoclonic seizures, generalized epileptic 
seizures, neurogenic atrophy, cognitive 
impairment of variable degree, sensorineural 
hearing loss 

 
Farber disease 

Granulomas, lipid-laden macrophages in the 
CNS, mild or no neurological involvement, 
subcutaneous skin nodules near or over joints 

[96-99] 
 
 
 
 
 
 
 
 

[97, 100-
105] 

ASRA Arylsulfatase A 
(cerebroside-3-
sulfate 3-sulfo-
hydrolase) 

Sulfatide Metachromatic leukodystrophy 
Difficulties walking, progressive peripheral 
neuropathies, muscle wasting/weakness, 
developmental delay, seizures, dementia 

[106-109] 

GALC GalCer  
β-galactosidase  

GalCer, 
galactosylsphingosine 

Krabbe disease 
Progressive CNS and PNS involvement, 
hypertonicity/hyperactive reflexes, progressive 
flaccidity, peripheral neuropathy, severe 
developmental delay, blindness, spastic 
paraparesis, dementia, loss of vision, infiltration 
of characteristic “globoid cells” 

[110-113] 

GBA1 GCase GluCer, GM1. GM2, GM3, 
GD3, glucosylsphingosine 
 
 
GluCer 

Gaucher disease type 2 
Progressive CNS and lung involvement, neural 
death/drop-out 

 
Gaucher disease type 3 

Variable seizures, normal intelligence, short 
stature with splenomegaly, abnormal eye 
movements 

[114, 115] 
 
 
 

[114, 115] 

GLB1 GM1-β-
galactosidase 

GM1, GA1, GM2, GM3, 
GD1A, lyso-GM1, GluCer, 
LacCer, oligosaccharides, 
keratin sulfate 

GM1 gangliosidosis 
Hepatosplenomegaly, localized skeletal 
involvement, CNS deterioration, seizures, mental 
regression, dystonia, gait disturbances, dysarthria. 

[116, 117] 

HEX A Hexosaminidase 
A 

GM2, GD1aGalNac, GA2, 
lyso-GM2 

GM2 gangliosidosis, Tay-Sachs disease 
CNS disease, rapid mental and motor 
deterioration, exaggerated startle response, fine 
motor problems, visual problems, seizures, 
variable early dementia in adults 

[117, 118] 

HEX B Hexosaminidase 
B 

GM2, GD1aGalNac, 
globoside, oligosaccharides, 
lyso-GM2 

GM2 gangliosidosis, Sandhoff disease 
Neurological symptoms begin within first year, 
facial dysmorphism, skeletal dysplasia, 
hepatosplenomegaly 

[117-119] 

SMPD1 aSMase SM, cholesterol, Bis 
(monoacylglycero) 
phosphate, GluCer, LacCer, 
Gb3, GM2, GM3 

Niemann-Pick (type A) 
Infantile onset of severe neurodegeneration with 
progressive psychomotor deterioration, neuronal 
cell loss in cerebral and cerebellar cortices, 
gliosis, demyelination and infiltration of foam 
cells, hepatosplenomegaly 

[94, 120-
123] 
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GalCer and sulfatide are the major GLSs in myelin and are made by oligodendrocytes and Schwann cells. 

Deficiencies in the enzymes responsible for GalCer and sulfatide degradation (GalCer β-galactosidase and 

arylsulfatase A, respectively) have both been associated with neurological diseases (reviewed in [113, 124]). 

This points towards an essential role of myelin turnover/remyelination for normal functioning 

oligodendrocytes and Schwann cells, which in turn is pivotal for the central and peripheral nervous system. 

Delineating the pathological mechanisms of the SL-related LSDs is far from straight forward. The numerous 

gene variants, enzymatic consequence, and their clinical outcomes do only to some extent correlate with 

disease severity [70]. Moreover, deficiencies in several SL activator proteins have also been linked to the 

development of LSDs, thereby adding another layer of complexity [70]. As seen in Table 2, alterations in the 

degradation of both SM and GSLs are accompanied by accumulation of a range of SL species. The question 

still remains if the pathology is caused by direct accumulation of lipids in lysosomes, or by other effects such 

as accumulation of secondary lipids, secondary molecular defects in the cells, or inflammation. Inflammation 

is a general pathological event in SL-related LSDs [70]. The accumulation of lipids triggers a pro-

inflammatory response, activating the microglial/macrophage system and resulting in damages in the central 

nervous system. Understanding the pathological mechanisms will be most beneficial in the development of 

therapeutic strategies for SL-related LSDs. 

 

1.5.3 Therapeutic Treatments 

Successful development of therapeutic treatments for SL-related neurological diseases relies on 

understanding the basic and initial mechanisms causing the disease, as well as the pathophysiological 

phenotypes of the disease. Several drugs for the treatment of GSL LSDs are already on the marked or in 

clinical trials [70, 125]. However, as many of these drugs cannot cross the blood-brain barrier, the treatment 

of neurological LSDs are lacking behind.     

Several strategies have been developed for the treatment of SL-related LSDs: 1) Enzyme replacement 

therapy (ERT) where the needed enzymes is directly supplied; 2) Enzyme enhancement therapy (EET) where 

chemical chaperones stabilize the enzyme in question, thereby preventing its degradation; 3) Substrate 

reduction therapy (SRT) where accumulation of lipids are prevented by partial inhibition of their synthesis; 

4) Gene therapy where the needed enzymes is indirectly delivered using virus or transplanted cells; 5) 

Administration of molecules affecting the synthesis of SLs. The latter strategy has proven difficult in most 

cases due to problems with passing the blood-brain barrier. However, a pilot study with patients diagnosed 

with HSAN has shown that L-serine supplementation reduces the level of the neurotoxic deoxySa, which is 

why L-serine administration is now in clinical trial for treatment of HSAN [126, 127]. The drug Miglustat, 

which inhibits GSL synthesis, is an example of SRT and is approved for the treatment of both Gaucher 

disease type 1 and Niemann Pick type C (NPC) [125]. In case of NPC, Miglustat has proven to slow down 
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the neurological progression of the disease [128]. Although NPC is not caused by a direct deficiency in an 

enzyme of the SL pathway, accumulation of GSLs, among other lipids, is the cause of this disease [70]. It is 

therefore possible that Miglustat, or derivatives thereof, may prove beneficial in the treatment of GSL LSDs.  

Early diagnosis of SL-related neurological diseases is important for the success of the treatment, as the 

pathology for the majority of these diseases develop very early and are progressive. Moreover, it is pivotal 

that we are able to identify the manner in which the enzyme in question is affected, as this is crucial for 

determining the type of treatment needed. Hopefully, concurrently with our increasing knowledge of the 

pathogenic mechanisms underlying SL-related neurological diseases, efficient therapeutic treatments will be 

developed to help combat or at least slow down these devastating diseases. 
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Chapter 2 

AIM OF PROJECT 
 
 
 
 
 
 
 
 
 
 
Prior to my project, a collaboration was established with the Danish Filadelfia Epilepsy Hospital as they had 

identified a heterozygous deletion containing the CERS2 gene in a patient diagnosed with progressive 

myoclonic epilepsy (PME). Based on this discovery, the overall aim of this thesis was to investigate how 

perturbation of the SL metabolism can contribute to the development of epilepsy or associated phenotypes. 

 

More specifically, the aims were to: 

 

i. Characterize human primary skin fibroblasts obtained from the patient diagnosed with PME 

linked to a heterozygous deletion of CERS2, and to further investigate cellular consequences 

caused by the deletion. 

  

ii. Investigate the role of SLs in the function of the voltage-gated potassium channel Kv2.1, which, 

by its dynamic modulation of localization in clusters in the plasma membrane, is involved in 

regulating the intrinsic excitability of neurons. 
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Chapter 3 

RESULTS AND DISCUSSION 
 
 
 
 
 
 
 
 
 

3.1 CERS2+/- Patient 

3.1.1 Supplement II - Reduced Ceramide Synthase 2 Activity Causes Progressive Myoclonic 
Epilepsy	  

Supplement II describes the identification of a de novo heterozygous 27 kb deletion on chromosome 1q21, 

harboring the entire CERS2 gene, in a patient diagnosed with PME. Collectively, characterization of patient 

primary skin fibroblasts shows a 50% reduction on the level of CERS2 mRNA, protein, and activity 

compared to parental controls. The reduced level of CERS2 activity is reflected in the SL profile of the 

patient fibroblasts, which shows a reduction in ceramide and SM species containing the very long-chain fatty 

acids C24-26 and increased levels of ceramide, GluCer, and LacCer species containing the long-chain fatty 

acids C16-18. Additionally, cholera toxin B staining of the patient fibroblasts is strongly decreased 

indicating a reduction of the ganglioside GM1 in the plasma membrane and hence an altered lipid 

composition and possibly formation of membrane microdomains. 

The 27 kb deletion on chromosome 1q21 found in our patient also includes the distal part of the gene 

encoding SETDB1 (exon 15-22). Expression analysis of muscle biopsies from the patient and six unrelated 

controls shows normal levels of shorter SETDB1 transcripts, while longer transcripts are reduced to ~50% in 

the patient, consistent with the identified deletion. The later was also observed on protein level in patient 

primary skin fibroblasts compared to parental controls (result not shown). SETDB1 is a histone H3 Lys9 

methyltransferase, which is highly expressed in the early stages of mouse brain development, and ablation of 

SETDB1 in mice embryos results in peri-implantation lethality [129]. Conditional knockout of Setdb1 in 

mice has shown that SETDB1 controls the expression of neural genes and suppresses the expression of non-

neural genes during neurogenesis [130]. In the adult mouse brain increased Setdb1 expression leads to 

repression of ionotropic glutamate receptor N-methyl-D-aspartate (NMDA) genes involved in controlling 

mood-related behavior [131]. Heterozygous mutations and intragenic deletions in SETDB1 have been found 

in a genetic screen for autism spectrum disorders (ASDs) [132]. However, all the detected SETDB1 variants 
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in the genetic screen were inherited from healthy parents, suggesting that reduced level of SETDB1 does not 

necessarily result in the development of ASD. In line with this, our patient has not shown any typical signs 

of ASD. Collectively, it is not likely that the partial deletion of SETDB1 is the cause of the development of 

PME seen in our patient, but it cannot be ruled out that the partial deletion of SETDB1 may contribute to the 

phenotypes observed in the patient.  

In the central nervous system CERS2 is expressed in the white matter tracts of the cerebrum, cerebellum, and 

brainstem, which is consistent with its expression in myelin producing oligodendrocytes [133-135]. CERS2 

is also expressed in Schwann cells, which are the myelinating cells of the peripheral nervous system [53]. 

Ablation of CERS2 in mice leads to the development of several brain phenotypes, including myelin 

degeneration and detachment, cerebellar degeneration, as well as abnormal motor behavior with generalized 

and symmetrical myoclonic jerks [134, 135]. These phenotypes correlate well with the clinical phenotypes 

described for our patient. No abnormalities were described in initial magnetic resonance imaging (MRI) 

scans of the patient’s brain, however, cerebellar atrophy was found on the most recent MRI scan and 

indicates degeneration of the cerebellum. This correlates with progression of dysarthria and ataxia in the 

patient during recent years. EEG recordings show abnormal fast rhythmic activity that does not change 

during myoclonic events in both the patient and CerS2-/- mice [135]. This points towards abnormal 

subcortical functions being responsible for the motor dysfunctions, which correlates with astrogliosis and 

microglial activation in several subcortical regions observed in the CerS2-/- mice [135]. GalCer is the primary 

SL in myelin, and during normal development of the brain the level of GalCer increases proportional with 

the myelination process [136]. Pronounced reductions in C22-C24 GalCers are found in the brain of CerS2-/- 

mice, which is believed to cause the observed myelin sheath defects [135]. As human skin fibroblasts do not 

synthesize GalCer [137], it has not been possible to evaluate if having one functional CERS2 allele affects 

the synthesis of this important myelin SL. The patient has been highly light sensitive, which is also observed 

for the CerS2-/- mice along with increased sensitivity towards audiogenic stimuli [82, 135]. This suggests that 

CERS2 is important for proper sensory perception. CERS2 is also highly expressed in the liver and kidney 

[46], and ablation of CERS2 in mice leads to the development of hepatocarcinomas and gaps in the renal 

parenchyma beyond seven months of age [134]. Yet, having one functional CERS2 allele appears to be 

sufficient for maintaining normal liver functions in humans, as no liver pathologies in humans related to 

CERS2 has been reported to date. However, single nucleotide polymorphisms (SNPs) in the CERS2 gene has 

been associated with accelerated increase in albuminuria in patients with diabetes [138]. Albuminuria is a 

pathological condition where the protein albumin is abnormally present in the urine, which is assign of early 

kidney disease. It is currently not know to which extent the SNPs affects the activity or stability of CERS2, 

but the they underline the importance of CERS2 for normal kidney function in humans. The study in which 

SNPs were described does not report the age of the patients used for the analysis. Thus, it is possible that 

CERS2+/- patient diagnosed with PME might develop kidney pathologies with age. It can only be speculated 
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why CERS2 haploinsufficiency in one case is connected to the development of PME and in another case is 

associated with early kidney disease. It is possible that the genetic background of the patients is the deciding 

factor, which is in line with the fact that the two different CerS2-/- mice described do not display identical 

phenotypes [134, 139].    

SLs are particularly abundant in the brain where they are pivotal for development as well as maintenance of 

the functional integrity of the nervous system [1, 3]. An increasing number of studies associate defects in 

both the SL biosynthesis and degradation pathway with the development of epilepsy and in particular 

development of PME. PME is a group of rare genetic disorders characterized by generalized tonic-clonic 

seizures, myoclonus, and progression of neurologic dysfunctions, including ataxia and cognitive 

deterioration [140]. Usually PME shows an autosomal recessive pattern of inheritance, but in the current 

case the PME appears to be caused by haploinsufficiency. We are awaiting whole genome sequencing 

analysis in order to exclude possible recessive mutations in the regulatory part of the functional CERS2 

allele. Recently, a homozygous mutation in the gene encoding CERS1 has been identified in a patient 

diagnosed with PME [81]. The mutation leads to a substitution of the conserved amino acid (H183Q) in the 

Lag1-motif, which is important for enzyme activity. While CERS2 is the primary CERS in oligodendrocytes, 

CERS1 is the predominant CERS in neurons [53]. Ablation of CERS1 in mice results in cerebellar ataxia, 

Purkinje cell degeneration, and accumulation of lipofuscin in several brain regions [141]. These phenotypes 

are all symptoms related to PME subtypes [140, 141]. The neuronal degeneration observed in CERS1-

deficient mice can be explained by increased apoptosis [79], which possibly is a result of increased ER stress 

and induction of pro-apoptotic pathways as seen when downregulating CERS1 in a neuroblastoma cell line 

[81]. SL analysis of the forebrain of CERS1-deficient mice displays reduced levels of C18-ceramide, 

hexosylceramide (HexCer) species, C18 SM, and gangliosides, while C16 and C22 ceramide levels were 

increased along with C18 LCBs [79]. A homozygous loss-of-function mutation in the GM3 synthase gene 

has been linked to the development of infantile-onset symptomatic epilepsy syndrome and refractory 

epilepsy [83, 84]. Analyses of blood plasma from the affected children show a complete lack of GM3 and its 

downstream derivatives, whereas gangliosides in the alternative ganglioside pathways are increased [83]. Yet 

this compensatory flux in gangliosides is not observed in patient-derived GM3 synthase-deficient skin 

fibroblasts where the total level of gangliosides is reduced to 7% of control skin fibroblasts [142]. Besides 

hearing loss, no obvious neurological phenotypes are observed in GM3 synthase-deficient mice [143], which 

highlights the fact that SL metabolism in mice might be more redundant compared to humans, as mice seems 

to be able to compensate more sufficiently upon disturbances in the SL metabolism. Further analysis of 

patient-derived GM3 synthase-deficient skin fibroblasts shows reduced mitochondrial membrane potential 

and increased apoptosis [84], which possibly causes the neurodegeneration and development of PME in the 

patients. Yet, whether the neurodegeneration is caused by lack of gangliosides, a possible increase in 

ceramide, something third, or a combination of perturbations remains to be elucidated. Lastly, several studies 
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have linked mutations in the gene encoding the aCDase with development of SMA-PME [96-99, 144]. 

Several of the studies report a pronounced reduction in aCDase activity rather than total ablation. Common 

traits in the reported cases are muscle weakness in line with muscle denervation, tremor, and myoclonic 

seizures [98]. aCDase deficiency in mice results in accumulation of ceramides, hydroxyl-ceramides, 

dihydroceramides, dihexoxylceramides, and GM3 in the brain, leading to several behavioral abnormalities, 

including reduced voluntary locomotion, impaired grip strength, and defects in motor coordination [145]. A 

study performed in zebrafish has shown that knockdown of the aCDase orthologue reduces motor neuron 

axonal branching and increases apoptosis in the spinal cord [96]. Collectively, SL-related development of 

epilepsy seems to revolve around increased susceptibility towards apoptosis. The molecular mechanisms 

leading to apoptosis may very well differ between the SL-related epilepsies as they have very different SL 

profiles. A recent study suggests that an increase in LCBs probably is the primary cause of neuronal death in 

CERS1-deficient mice [87]. Ectopic expression of CerS2 in CERS1-deficient mice almost completely 

rescues neurodegeneration, which most likely is because of a reduction in LCBs as CERS2 produces C22- 

and C24-ceramides and not C18-ceramides. This is in line with induction of neurite fragmentation by LCBs 

in cultured neurons when administered in the elevated levels found in CERS1-deficient mice brains [87]. 

Future research will hopefully help clarify the molecular mechanisms governing each of the SL-related 

epilepsies.  

As CERS2 has proven essential for maintaining proper myelination of neurons in the mouse brain, and the 

fact that CERS2 is not expressed in neurons, indicates that the development of PME seen in our patient 

might be caused by malfunctioning oligodendrocytes. Stability of myelin depends on lipid-lipid interactions 

between myelin sheaths as well as lipid-protein interactions between the neuronal axon and myelin sheaths. 

GalCer and its derivative sulfatide, which are both significantly reduced in CerS2-/- mice, form 

glycosynapses in between myelin sheaths important for long-term myelin stability [146, 147]. GalCer also 

controls the localization of major myelin proteins, including MAG [148], which is known to interact with the 

gangliosides GD1a and GT1b residing in axonal membranes [92, 93, 149]. Neurons require proper 

myelination in order to maintain axonal organization of proteins, including ion channels, and disturbances 

hereof compromise neuronal signal transduction [68]. Mice lacking the ability to synthesize GalCer and/or 

sulfatide have disrupted axon-glial interactions, leading to diffuse organization of the Nodes of Ranvier 

(unmyelinated regions along the axon, which are highly enriched in ion channels and responsible for action 

potential propagation), ultimately resulting in conduction defects and distinct tremor along with progressive 

ataxia [150-152]. As it has not been possible to assess the level of GalCer and sulfatide in the brain of the 

patient, it remains an open question to whether or not similar ultrastructural defects may cause the 

neurological phenotypes observed in the patient. The patient’s disease progression involves neuronal 

degeneration, observed as cerebellar atrophy in latest MRI scans, which is consistent with cerebellar 

degeneration at 9 months of age in CerS2-/- mice [135]. The neuronal degeneration is most likely a secondary 
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effect of compromised myelin stability, as myelin not only serves to insulate axons, but also provides trophic 

support important for long-term axonal survival [153]. Indeed, axonal degeneration is observed in mice 

lacking individual key myelin proteins [154], and thus it is very likely that myelin defects can lead to axonal 

degeneration as well. 

Several laboratory analyses have been performed on the patient, but only few abnormalities have been found, 

including lowered activity of complex I/citrate synthase ratio (0.18 compared to the normal range of 0.19-

0.54) and an elevated level of cholesterol in the blood plasma (>10 mM compared to normal level of <5.2 

mM). The latter will be discussed later in relation to unpublished patient data. The low activity of complex I 

of the respiratory chain indicates that mitochondrial function may be compromised in the patient. In line with 

this, it has been shown that ablation of CERS2 in mice liver leads to mitochondrial dysfunction displayed as 

reduced mitochondrial membrane potential and increased generation of reactive oxygen species (ROS) 

[155]. Ceramide can trigger ROS generation, but this ability is dependent on the FA chain length of the 

ceramide. CerS2-/- mice lack the ability to synthesize C22- and C24-ceramide, which is compensated for by 

an increased level of C16-ceramide [139]. Consistent with this, C16-ceramide, and not C24:0- or C24:1-

ceramide, has been found to directly inhibit complex IV of the respiratory chain leading to increased 

generation of ROS [155]. As described, a similar compensatory mechanism is seen in patient fibroblasts 

compared to parental controls at the ceramide level. Thus, the low level of complex I in the patient might be 

due to increased levels of C16-18 ceramides. As generation of ROS and oxidative stress have been 

associated with the pathology of neurodegenerative diseases, such as Alzheimer's and Parkinson’s diseases 

[156], it would be relevant to investigate if the low complex I activity is sufficient to increase ROS 

generation. As mentioned, CERS2 is highly expressed in oligodendrocytes, which are particularly 

susceptible to oxidative stress due to a low supply of the antioxidant glutathione and a high level of iron, of 

which the latter is important for the synthesis of cholesterol and as a co-factor of several enzymes involved 

in the myelination process [157, 158]. Increased oxidative stress can result in death of oligodendrocytes, and 

it has been shown that several ROS-promoting molecules and ROS itself can activate the nSMase, thereby 

producing ceramide and ultimately inducing apoptosis and cell death [159]. It can be speculated that 

increased ceramide/ROS production in the patient might contribute to progression of his disease through 

compromising oligodendrocyte function. 

 

3.1.2 Supplement III - Global Lipidomics Analysis of Ceramide Synthase 2-Deficient 
Fibroblasts Reveals Alterations in Lipid Membrane Composition  

Supplement III is an extension of Supplement II and describes the application of MS-based global lipidomics 

to elaborate the lipid profile of primary skin fibroblasts obtained from the CERS2+/- patient, which is 

compared to gender- and age-matched controls rather than parental controls as in Supplement II. The motive 
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behind this change in controls is discussed in the next sections. Surprisingly, the lipidomics analysis shows a 

reduction in practically all ceramide species detected (C16, C22, and C24) and not only in the ceramide 

species corresponding to the substrate specificity of CERS2. However, the decrease in C16 ceramide 

correlates with an increase in the level of C16 SM (assuming a LCB chain length of C18 in the analyzed SM 

species), which indicates a possible increased flux of C16 ceramide towards synthesis of SM. In contrast to 

the SL profile presented in Supplement II, no other significant SL changes were observed besides a marked 

reduction of approximately 50% in the ganglioside GM3 species containing C22-24 FAs (assuming a LCB 

chain length of C18 in the analyzed GM3 species) in patient skin fibroblasts compared to controls (Figure 5). 

Intriguingly, a clear reduction in cholesteryl esters (CE) was found in patient fibroblasts compared to 

controls, while a 2.5-fold increase was observed for phosphatidylserine (PS) species containing very long 

polyunsaturated FAs (C22:4 - C22:6).  

 

Figure 5: Very long-chain ganglioside GM3 species are reduced in patient skin fibroblasts. Global lipidomics analysis was 
performed on lipid extracts prepared from three independent skin fibroblast cultures from the patient (PME patient) and four gender- 
and age-matched controls and analyzed using Fourier Transform Mass Spectrometry. The results indicate a reduction in species 
containing very long-chain fatty acids (i.e. 40:1;2, 42:1;2, and 42:2;2) in patient fibroblasts compared to controls. Mean ± SD of n=3 
fibroblast cultures per group is shown. The figure is extracted from Figure 2 in Supplement III.  

 

Application of patient-derived cells and tissues is pivotal in the search for disease cause and effects. When 

performing such research, it is important to keep in mind the human variability, to which gender and age are 

contributing factors. In Supplement II we applied parental primary skin fibroblasts as controls, which lead to 

the conclusion that the SL profile of CERS2+/- patient skin fibroblasts is significantly changed on SM and 

GSLs levels. In Supplement III we have applied gender- and age-matched skin fibroblasts, which shows that 

the reduction in ceramides species does not affect the level of more complex SLs besides a considerable 

reduction in the ganglioside GM3. A probable cause of this disparity in SL profiles when employing the two 

different control groups is senescence, biological ageing. A study performed in human diploid fibroblasts has 

demonstrated that the level of ceramide increases significantly as these cells become senescent [160]. Further 
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investigations showed that the activity of nSMase was markedly increased in the fibroblasts correlating with 

an elevated ceramide level. Although these results relate to cellular senescence, it can be speculated that 

similar changes occur during normal biological ageing of the human body. In line with this, the level of 

ceramide has been reported to rise during normal ageing of the mouse brain [161]. As reported in 

Supplement II, cholera toxin B staining of patient fibroblasts showed a clear reduction of the ganglioside 

GM1 in plasma membrane compared to parental controls. The staining has not been repeated using the 

gender- and age-matched controls. However, the decrease of GM3 in the patient fibroblasts compared to the 

gender- and age-matched controls suggests that the GM1 reduction is real, as GM1 is downstream GM3 in 

the ganglioside synthesis pathway. Both GM1 and GM3 have been shown to form clusters in living cells 

[162], and hence the reductions of these gangliosides strongly suggests that the formation of membrane 

microdomains is compromised in patient skin fibroblasts. 

When it comes to gangliosides, the primary focus is on neurons, rather than oligodendrocytes, as a hallmark 

of neurons is their particular enrichment in this group of GSLs. However, few gangliosides, including GM3, 

are also found in oligodendrocytes. It has been shown that GM3 enhances differentiation of oligodendrocytes 

in culture [163, 164], which suggests a role for gangliosides in oligodendrocyte biology. It is currently 

impossible to find out whether or not the changes in GM3 found in the patient fibroblasts reflect that of his 

oligodendrocytes, as the patient currently still alive and no brain biopsies have been performed. Moreover, if 

such a change is present in the oligodendrocytes, it can still only be speculated to what extend that will affect 

the functional aspects of oligodendrocyte biology. 

As mentioned, laboratory analyses performed on the patient show reduced activity of the complex I of the 

respiratory chain. Based on the ceramide levels presented in Supplement III, it can be questioned whether or 

not the compromised mitochondrial function in the patient is caused by an increase in C16-18 ceramides as 

discussed above. Analysis of CERS mRNA levels in the human skin fibroblasts in Supplement II indicates 

that CERS2 and CERS5 are the major CERSs in these cells. Both CERSs are expressed in oligodendrocytes, 

but the role of CERS2 in white matter gets more prominent during development, seen by increases in C22-24 

ceramides while C16-18 ceramides are reduced [53, 165]. It can be speculated that concurrently with the 

oligodendrial maturation and formation of the myelin sheath, having only one functional allele of CERS2 is 

not sufficient to uphold normal levels of very long-chain ceramides. In the CerS2-/- mice, upregulation of 

CERS5 is observed as an attempt to compensate for the loss of CERS2, which leads to elevation of long-

chain ceramides [57, 135, 166]. As discussed, such an increase in long chain ceramides could lead to 

mitochondrial dysfunction or other dysfunctions for that matter, ultimately compromising oligodendrocyte 

functions. 

Initial blood work performed on the patient showed an increased level of cholesterol in the plasma. This is 

also seen in CerS2-/- mice [57] and heterozygous CerS2 mice when kept on a high-fat diet [167]. Reduced 
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CERS2 activity does also affect the cholesterol pathway in the patient skin fibroblasts, where the level of 

cholesteryl esters is markedly reduced compared to gender- and age-matched skin fibroblasts. In an initial 

attempt to address the level of free cholesterol in patient skin fibroblasts, fibroblasts were fixated and stained 

with the fluorescent compound filipin, which is known to bind free cholesterol [168]. The filipin staining 

(Figure 6) indicates a minor reduction of free cholesterol in the patient skin fibroblasts compared to parental 

control 2. However, it has been reported that filipin is also able to bind to ganglioside GM1 [168], and 

therefore it is likely that the slight decrease in filipin staining reflects the observed reduction of GM1 

staining reported in Supplement II. Moreover, analysis of free cholesterol was originally included in the 

global lipidomics analysis described in Supplement III and suggests that free cholesterol levels are similar in 

patient skin fibroblasts compared to gender- and age-matched controls, but the quality of the data does not 

allow for free cholesterol quantification (results not shown).  

 

Several studies have shown that SL metabolism is involved in the regulation of cholesterol homeostasis [169, 

170]. The molecular mechanisms behind this regulation are not clear, but manipulations of ceramide, SM, 

and GSLs levels have all been associated with the maturation and translocation of sterol regulatory element 

binding protein 2 (SREBP2), a key transcription factor activating genes responsible for cholesterol synthesis 

[169, 170]. Furthermore, SLs have been implicated in the regulation of plasma cholesterol by the ATP-

binding cassette receptors A1 (ABCA1) and ABCG1, both regulators of cholesterol efflux [170]. Inhibition 

of de novo ceramide synthesis has been shown to increase ABCA1 expression in the plasma membrane 

leading to elevated cholesterol efflux [170]. Cholesterol is transported in the blood by LDL and HDL 

particles, which are able to deliver cholesterol to cells through receptor-mediated endocytosis [171, 172]. 

CERS2-derived SLs are emerging players in the regulation of protein trafficking, including endocytosis 

 
Figure 6: Filipin staining of cholesterol is slightly reduced in primary patient fibroblasts. Primary skin fibroblasts isolated 
from the patient and parental control 2 were stained with the cholesterol-binding compound filipin. Fibroblasts were fixated using 
3% paraformaldehyde for 1 hour followed by filipin staining (50 µg/mL) for 2 hours. A) Representative fluorescence images of 
filipin-stained fibroblasts. Scale bar: 10 µm. B) Quantification of fluorescence intensity according to cell area was performed using 
ImageJ. Statistical analysis was performed using unpaired two-tailed t-test with Welch’s correction using GraphPad Prism 
software. Error bars represent ±SEM. Experiment was performed twice; n(parent 2) = 38 and n(patient) = 49.  
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[173, 174], and in a recent study the rate of LDL internalization was found to be reduced in astrocytes 

isolated from the CerS2 KO mice. Thus, the elevated level of plasma cholesterol in the patient might be 

explained by elevated cholesterol efflux, impaired cellular cholesterol uptake, or a combination of both. 

More work is necessary in order to understand how reduced activity of CERS2 leads to 

hypercholesterolemia. 

Besides the described changes in SL species, the global lipidomics analysis also showed a significant 

increase in several PS species containing very long polyunsaturated fatty acids in patient skin fibroblasts 

compared to gender- and age-matched controls. PS is considered to be the major acidic phospholipid in 

cellular membranes, and is particularly enriched in myelin in human brain [175]. PS supplementation has 

shown positive effects on multiple cognitive functions, including memory, ability to learn, concentration, 

and ability to communicate, and it also leads to beneficial support of locomotor functions [175]. The 

molecular mechanism leading to the observed increase in PS in patient fibroblasts remains to be elucidated 

along with the biological consequences, but as PS supplementation has shown many beneficial effects, the 

elevated level of PS does probably not add to the patient pathology.  

 

3.1.3. Insulin Sensitivity (Unpublished Results) 

Increasing evidence suggests that SLs are important regulators of insulin signaling as several SLs species has 

been associated with either development or prevention of insulin resistance. The insulin receptor localizes to 

membrane microdomains in the plasma membrane, and signaling through receptor has shown to depend on 

the lipid environment it resides in [176-179]. Ablation of CERS2 in mice has pronounced effect on the 

membrane SL composition, which results in altered biophysical membrane properties, including fluidity, 

curvature, and phases [57, 134, 135]. These changes may very well disturb the plasma membrane 

organization, which is in line with the inability of the insulin receptor to translocate into detergent-resistant 

membranes, thereby preventing phosphorylation of Akt in the liver of CerS2-/- mice, ultimately leading to 

hepatic insulin resistance [179]. Interestingly, CerS2+/- mice display enhanced phosphorylation of Akt upon 

insulin stimulation [167]. Thus, it was relevant to investigate if the reduced activity of CERS2 found in the 

patient skin fibroblasts affects insulin sensitivity. Patient and parental control skin fibroblasts were serum 

starved for 15 hours followed by stimulation with 10 nM or 100 nM insulin. Insulin sensitivity was evaluated 

by monitoring phosphorylation of the down-stream effector Akt at Ser473 by Western Blotting. As shown in 

Figure 7, patient skin fibroblasts display enhanced insulin sensitivity when treating with both 10 nM and 100 

nM insulin, and as seen in the figure this is not due to an increase in Akt protein. This result supports the 

earlier observation that having one functional allele of CERS2 seems to improve insulin signaling, while total 

ablation of CERS2 leads to insulin resistance. The reduced level of ganglioside GM3 in patient skin 

fibroblasts compared to gender- and age-matched controls presented in Supplement III may very well be the 

cause of the increased insulin sensitivity. This is supported by the observation that insulin sensitivity is  
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enhanced in mice lacking the GM3 synthase [180]. A mechanism of the GM3-mediated regulation of insulin 

signaling has been proposed in adipocytes [177, 178]. Here GM3 is thought to disturb the interaction 

between the insulin receptor and the protein caveolin-1, which keeps the receptor within the membrane 

microdomain caveolae necessary for signaling. Thus, having reduced level of GM3 might sustain the insulin 

receptor in microdomains to a higher extent than normal, thereby increasing signaling through it. 

In order to test the hypothesis of increased insulin sensitivity caused by a reduction in GM3 in patient skin 

fibroblasts, the insulin stimulation experiment was repeated using gender- and age-matched skin fibroblasts 

and stimulation with 10 nM insulin with the intention to test if supplementation of GM3 could reduce insulin 

sensitivity to that of control gender- and age-matched controls. Unfortunately, none of the fibroblasts were 

responding the insulin stimulation as only a very faint band of phosphorylated Akt at Ser473 could be 

detected (Appendix I). The lacking phosphorylation can be explained by malfunctioning insulin or an 

inability of the fibroblasts to respond to the insulin. The fibroblasts used in the repetition of the insulin 

experiment were similar in passage number as the fibroblasts used in the initial experiment. Primary skin 

fibroblasts are very sensitive towards senescence and are only suitable for experiments in a limited number 

of passages before they go into growth arrest. Therefore, it was not possible to repeat the insulin stimulation 

experiment, as the fibroblasts would undergo too many passages before having enough material to perform 

the experiment, and unfortunately only a limited amount of fibroblasts has been available to us.  

 

3.1.4. Summary and Comments 

We have for the first time identified a patient diagnosed with PME linked to a heterozygous deletion of 

CERS2. We find that the patient has only one functional CERS2 allele as levels of CERS2 mRNA, protein, 

and enzyme activity are reduced to approximately 50% of controls. The decrease in CERS2 activity leads to 

altered SL and glycerophospholipid composition, indicating a changes lipid composition of the plasma 

 

Figure 7: Increased insulin sensitivity in patient skin fibroblasts. Primary skin fibroblasts isolated from the patient and parental 
controls were serum starved for 15 hours after which the fibroblasts were stimulated with 0 nM, 10 nM, or 100 nM insulin for 10 
min. Protein was extracted and used for detection of Akt and insulin-stimulated phosphorylation of Akt at Ser473 by Western 
Blotting. Equal amounts of protein (15 ug) were loaded in each lane. β–actin was used as loading control. Phosphorylation of Akt is 
more pronounced in patient fibroblasts after both 10 nM and 100 nM insulin stimulation compared to both parental controls 
indicating increased insulin sensitivity. The experiment was performed once in technical duplicate.    

Patient Parent 1  Parent 2  
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membrane and possibly disturbance of membrane microdomain formation. We show that patient skin 

fibroblasts are more insulin sensitive, which we speculate is due to a reduction in the level of the ganglioside 

GM3. Further analyses are needed to validate this hypothesis. 

Skin fibroblasts are easily obtainable from patients and are often used in initial investigations of disease 

pathology. However, as a cell type, skin fibroblasts are often remarkably different from the tissue/cell types 

in which the disease originates. Therefore, results or trends found in skin fibroblasts should only be 

considered as indications as enzymes are differentially expressed and regulated in different cells and tissues, 

which constitute the basis of development of the mammalian organism. Thus, it is possible that the 

haploinsufficiency of CERS2 has a more pronounced effect on the SL metabolism in the brain, as the clinical 

phenotypes described for our patient are highly related to disturbances in the nervous system. Much more 

information is needed in order to pinpoint the molecular mechanism underlying the disease onset and 

progression in our patient. Moving future investigations into a cellular system where neurons and 

oligodendrocytes of human origin are co-cultured will most likely help unravel how dysfunctions in the SL 

network can lead to the development of PME as well as other SL-related neurological disorders. 

 

3.2 Regulation of the Kv2.1 Ion Channel by Sphingolipids (Unpublished Data) 

As discussed, deregulation of the SL metabolism has been associated with a vast number of neurological 

disorders, of which several are characterized by the occurrence of epileptic seizures. The presented case 

linking CERS2-deficiency to the development of PME is an example of such a disorder. In this case, reduced 

CERS2 activity causes subtle change in the SL profile of skin fibroblasts, which apparently is enough to 

affect microdomain formation and signaling events depending on this structural organization. This spurred us 

to investigate how changes in the SL metabolism can affect ion channels known to localize to membrane 

microdomains and whose deregulation can contribute to the development of epilepsy or associated 

phenotypes. More precisely, we aimed to investigate the role of SLs in the function of the voltage-gated 

potassium channel Kv2.1, which, by its dynamic modulation of phosphorylation and localization in clusters, 

is involved in regulating the intrinsic excitability of neurons.  

Kv2.1 is expressed in excitatory as well as inhibitory neurons throughout the brain [181, 182]. It is a delayed 

rectifier K+ channel, meaning that its activation is slow, and moreover it inactivates quite slowly over a 

period of seconds [183]. Thus, Kv2.1 is not involved in the repolarization process during single action 

potentials, but rather serves as a regulator of intrinsic excitability during periods of repetitive high-frequency 

firing [184, 185]. The distribution of Kv2.1 is highly restricted in neurons as it is only present in the soma, 

proximal dendrites, and the axon initial segment [186, 187]. In a resting state, Kv2.1 is localized in distinct 

high-density clusters, which are believed to be rich in cholesterol and SLs [183, 186-188]. Initially, a link 

between Kv2.1 function and membrane microdomain integrity was found when cholesterol depletion was 



 31 

shown to induce a hyperpolarization shift in the Kv2.1 inactivation curve in Ltk- cells [183]. Later, 

cholesterol depletion was also found to affect Kv2.1 localization by increasing cluster size in HEK293 cells 

(hereafter referred to as HEK cells) [189]. It is becoming evident that SLs are important for Kv2.1 function 

as well. Cleavage of the positively charged choline group from SM by SMase D causes a hyperpolarization 

shift in the conductance-voltage curve for Kv2.1 in Xenopus oocytes, meaning that the ion channel will 

activate at more negative membrane potentials where it would otherwise have been low conducting [190, 

191]. Moreover, removing the charged phosphodiester group along with the choline from SM by SMase C 

treatment profoundly inhibits Kv2.1 current, which is thought to be attributed to SM’s role in counteracting 

charges in the voltage censor domain of Kv2.1 important for ion channel gating [192]. Thus, disturbances of 

microdomain integrity and direct interaction between Kv2.1 and SM have different outcomes in regard to 

Kv2.1 function, but this nevertheless shows that the lipid environment surrounding Kv2.1 is most important 

for maintaining its functional properties.  

In resting neurons and HEK cells clustered Kv2.1 channels are highly phosphorylated [186, 193, 194]. More 

than 20% of the amino acids located in the cytoplasmic regions of Kv2.1 are serine, threonine, or tyrosine 

residues [193]. Phosphoproteomic analysis of recombinant Kv2.1 expressed in HEK cells has identified 16 

phosphorylated sites primarily located on the cytoplasmic C-terminal tail [193]. Excitatory synaptic 

transmission is often mediated through the neurotransmitter glutamate, which binds to glutamate receptors, 

for instance the NMDA ion channel and the α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid 

(AMPA) ion channel, in the postsynaptic membrane. This induces a influx of Ca2+ into the postsynaptic 

neuron. Several of the Kv2.1 phosphorylation sites have shown to be sensitive to Ca2+-induced 

dephosphorylation [193]. Indeed, dephosphorylation of Kv2.1 upon neuronal activity or simulation hereof 

has been demonstrated in several studies [186, 193, 194]. The change in Kv2.1 phosphorylation induces 

lateral translocation of Kv2.1 from clusters to a more dispersed state, both in vivo and in vitro, by stimulation 

with glutamate [186]. In cultured hippocampal neurons the delocalization of Kv2.1 leads to a large 

hyperpolarizing shift in the voltage-dependence of activation, resulting in activation at membrane potentials 

of -55 to -50 mV instead of -25 to 20 mV when Kv2.1 is phosphorylated in clusters [186, 195]. Furthermore, 

in a study analyzing the importance of the Kv2.1 C-terminus in clustering of the ion channel, a 25 amino 

acid segment, termed the proximal restriction and clustering (PRC) signal, was found to be necessary and 

sufficient for clustering in MDCK cells [196]. The PRC signal contains four amino acid residues, which have 

proven particularly important for Kv2.1 localization in clusters. As three of these four residues in the PRC 

signal are serines, and thus potential phosphorylation sites, it suggests that the Kv2.1 clustering and 

phosphorylation state indeed are connected.  

Several heterozygous de novo missense mutations in the gene encoding Kv2.1 have been associated with 

infantile epileptic encephalopathy [197-199]. The identified mutations are located within the pore forming 
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domain, and functional analyses of the mutations show loss of ion selectivity leading to gain of 

depolarization currents [197, 199]. This affects the neuron’s ability to repolarize and leaves it more 

susceptible to excitability and repetitive firing. The function of the Kv2.1 as a suppressor of neuronal activity 

correlates with observed hyperactivity and hypersensitivity towards convulsants in mice lacking this ion 

channel [200]. Thus, both defects in the Kv2.1 channel resulting in a more depolarized membrane potential 

and total lack of the ion channel lead to phenotypes related to epilepsy. As discussed, neuronal activity 

dictates the dynamic regulation of Kv2.1 phosphorylation and localization in microdomains. Given SLs’ 

prominent role in microdomain formation and several associations of derailed SL metabolism with epileptic 

seizure phenotypes [81-84, 96, 97], it is highly relevant to investigate the role of SLs in Kv2.1 localization as 

well as phosphorylation.   

The HEK cell line is derived from human embryonic kidney and does not display the same sophisticated 

level of cellular architecture, organization, or biochemistry as in vivo or cultured neurons does. However, 

HEK cells have proven to be a valuable tool in the study of several aspects of neurobiology due to their easy 

handling and manipulation, as well as endogenous expression of several important neurophysiological 

receptors and proteins [201]. In regards to the Kv2.1 ion channel, HEK cells contain the machinery 

necessary for the formation of exogenous Kv2.1 clusters in the plasma membrane, as well as constitutive 

phosphorylation and voltage-gated activity of Kv2.1 as observed for endogenous Kv2.1 in neurons [193, 

194]. Furthermore, Ca2+-dependent regulation of Kv2.1 phosphorylation and localization has been shown to 

occur in HEK cells [185, 186, 193, 194]. Thus, the HEK cell line constitutes a simple, but relevant model 

system for the study of the Kv2.1 ion channel. 

 

3.2.1 Sphingolipids in Kv2.1 Clustering 

Initial investigations of the role of membrane microdomains in Kv2.1 localization have shown that 

cholesterol depletion dramatically alters the Kv2.1 cluster size from small discrete clusters to large patches in 

live HEK cells [189]. In order to confirm the applicability of our model system to study Kv2.1 clustering, 

HEK cells were transfected with EGFP-Kv2.1 (The EGFP-Kv2.1 construct was kindly provided by Professor 

Michael Tamkun (Colorado State University, USA)) followed by cholesterol depletion using 2% 2-

hydroxypropyl-β-cyclodextrin (HPCD) for 1 hour at 37°C. Kv2.1 clusters on the basal surface of HEK cells 

were imaged using confocal microscopy with a pinhole size corresponding to 1 Airy Unit for optimal 

resolution of the clusters. Kv2.1 clusters localized on the basal surface of HEK cells have been found to be 

representative for the entire cell surface, and thus only the basal surface was imaged [202]. As expected, 

cholesterol depletion induced a significant change in the Kv2.1 clustering with an average cluster size of 

1.73 ± 0.13 µm2 for cholesterol-depleted cells compared to 0.75 ± 0.06 µm2 for control cells (Figure 8). The 

Kv2.1 cluster size after cholesterol depletion is in fact an underestimation as the Kv2.1 tended to arrange into  
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large plaques of whose boundaries were difficult to distinguish and thus analyze. Based on this result, our 

model system appears to be applicable to investigate Kv2.1 localization. 

The investigation of how changes in the SL metabolism influence the clustering of Kv2.1 was initiated by 

examining how inhibition of ceramide synthesis by the CERS inhibitor fumonisin B1 (FB1) affects Kv2.1 

cluster area. HEK cells were transfected with EGFP-Kv2.1 followed by incubation with 20 µM FB1 for 48 

hours at 5% CO2, 37°C. As shown in Figure 9, inhibition of ceramide synthesis significantly increased Kv2.1 

cluster size with an average area of 1.22 ± 0.13 µm2 compared to 0.45 ± 0.06 µm2 for control cells. 

Next, the question was which SL species, or the lack hereof, were responsible for the increased Kv2.1 cluster 

size. It is evident that when inhibiting ceramide synthesis, the synthesis of downstream complex SLs is also 

affected. To evaluate the effect of FB1 on the SL profile of HEK cells, a liquid chromatography-mass 

spectrometry (LC-MS) analysis of FB1-treated HEK cells was performed (Figure 10). As seen in Figure 

10A-E, all the investigated SL species (ceramide, HexCer, SM, and gangliosides) were dramatically reduced 

by FB1. The metabolism of glycerolipids and SLs are connected through the degradation of SLs to 

hexadecenal, which can be turned into palmitoyl-CoA and then used in the synthesis of glycerolipids, 

including the major glycerophospholipid PC [36]. No marked changes were observed in PC species upon 

FB1 treatment, indicating that the glycerolipid pathway was not affected by inhibition of ceramide synthesis  

 
Figure 8: Cholesterol depletion leads to increased Kv2.1 cluster size in HEK293 cells. HEK293 cells transfected with EGFP-
tagged Kv2.1 were cholesterol depleted using 2% 2-hydroxypropyl-β-cyclodextrin (HPCD) for 1 hour at 37°C. Within 1 hour, 
confocal imaging of the basal surface of the cells was performed in order to evaluate Kv2.1 cluster size. The laser power was 
adjusted manually for each image in order to avoid signal saturation. Cluster size analysis was performed using FIJI software with 
the LSM Toolbox plugin. Six representative clusters were measured per cell. A) Representative fluorescent images. Scale bar: 5 µm. 
B) Kv2.1 cluster area is shown as mean ±SEM. The average cluster area for control cells was 0.75 ± 0.06 µm2 (n = 48) and 1.73 ± 
0.13 µm2 (n = 36) for cholesterol depleted cells. Statistical analysis was performed by unpaired t-test with Welch's correction using 
GraphPad Prism software. The data represent one of three independent replicates. 
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(Figure 10F). This is contrary to observations in rat hepatocytes where FB1 has been found to increase the 

synthesis of PC [203], which indicates a cell type specific connection between glycerolipid and SL 

metabolism. 

We then addressed the role of reduced complex SL synthesis in the FB1-mediated increase in Kv2.1 

clustering. SMase from Bacillus cereus (hereafter referred to as SMase) is a homologue to the mammalian 

nSMase, which hydrolyzes SM to ceramide and phosphocholine [204]. In HeLa cells this SMase has been 

shown to hydrolyze plasma membrane SM completely using a concentration of 25 mU/mL for 10 min. with 

a concurrent rise in ceramide levels [205]. To investigate if reduced SM in the plasma membrane of HEK 

cells would enhance Kv2.1 clustering, HEK cells transfected with EGFP-Kv2.1 were subjected to SMase 

treatment at 25, 50, and 100 mU/mL for 10 min. at 37°C. Kv2.1 cluster area was increased for all treatments 

proportional with the increase in SMase concentration (Figure 11). An average cluster size of 0.68 ± 0.06 

µm2 was found for control cells compared to 1.31 ± 0.05 µm2, 2.00 ± 0.23 µm2, and 2.43 ± 0.19 µm2 for 

cells incubated with 25, 50, and 100 mU/mL SMase, respectively. The observed effect could potentially be 

caused by two aspects of SL metabolism, either a decrease in SM or an increase in ceramide. To address the 

latter we transfected EGFP-Kv2.1 into a HEK cell line overexpressing CERS5 having increased level of C16 

ceramide, as C16 SM constitutes the major SM in HEK cells (Figure 10D). No change in Kv2.1 clustering 

was observed (Appendix II), indicating that the increased Kv2.1 cluster size found upon SMase treatment 

indeed is due to a decrease in SM rather than an increase in ceramide. The FB1 treatment of the HEK cells  

 
Figure 9: Inhibition of ceramide synthesis results in increased Kv2.1 cluster size in HEK293 cells. HEK293 cells transfected 
with EGFP-tagged Kv2.1 were treated with 20 µm fumonisin B1 (FB1) for 48 hours at 5% CO2, 37°C in order to inhibit ceramide 
synthesis. Within 1 hour, confocal imaging of the basal surface of the cells was performed in order to evaluate Kv2.1 cluster size. 
The laser power was adjusted manually for each image in order to avoid signal saturation. Cluster size analysis was performed using 
FIJI software with the LSM Toolbox plugin. Six representative clusters were measured per cell. A) Representative fluorescent 
images. Scale bar: 5 µm. B) Kv2.1 cluster area is shown as mean ±SEM. The average cluster area for control cells was 0.45 ± 0.06 
µm2 (n = 42) and 1.22 ± 0.13 µm2 (n = 41) for FB1 treated cells. Statistical analysis was performed by unpaired t-test with Welch's 
correction using GraphPad Prism software. The data represent one of three independent replicates. 
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also lead to a pronounced reduction in GSLs (Figure 10A,C,E). To investigate the contribution of this in the 

enhanced Kv2.1 clustering, HEK cells transfected with EGFP-Kv2.1 were incubated with 10 µM D-threo-1-

phenyl-2-decanoylamino-3-morpholino-1-propanol (PDMP) for 48 hours at 5% CO2, 37°C. PDMP inhibits 

the GluCer synthase catalyzing the transfer of glucose to ceramide, which is the first step in GSL synthesis.  

Figure 10: Major changes in the sphingolipid profile upon inhibition of ceramide synthesis. Lipid extracts prepared from three 
independent HEK293 cell control cultures and cultures treated with 20 µM  fumonisin B (FB1) for 48 hours at 5% CO2, 37 °C were 
analyzed by LC-MS using appropriate internal standards. All lipid species besides hexosylceramides (HexCer) are presented as 
pmol/µg protein. Due to lack of internal standards, HexCer species are presented as relative abundance. Mean ± SD of n = 3 HEK293 
cell cultures per group is shown. A) Total levels of analyzed lipid species. B) Ceramide, C) HexCer species. D) Sphingomyelin 
species E) Ganglioside species. F) Phosphatidylcholine species. Statistical analysis was performed by a multiple t-test using 
GraphPad Prism software. Lipid extraction and analysis were kindly performed by Marta Moreno Torres (Dept. Biochemistry and 
Molecular Biology, University of Southern Denmark). 
 
 

 

 
 
Figure 11: Hydrolysis of sphingomyelin in the plasma membrane leads to pronounced increase in Kv2.1 cluster size in 
HEK293 cells. HEK293 cells transfected with EGFP-tagged Kv2.1 were treated with 25, 50, or 100 mU/mL SMase for 10 min at 
37°C in order to reduce the amount of sphingomyelin in the plasma membrane. Within 1 hour, confocal imaging of the basal surface 
of the cells was performed in order to evaluate Kv2.1 cluster size. The laser power was adjusted manually for each image in order to 
avoid signal saturation. Cluster size analysis was performed using FIJI software with the LSM Toolbox plugin. Six representative 
clusters were measured per cell. A) Representative fluorescent images. Scale bar: 5 µm. B) Kv2.1 cluster area is shown as mean 
±SEM. The average cluster area for control cells was 0.68 ± 0.06 µm2 (n = 48) and 1.31 ± 0.05 µm2 (n = 36), 2.00 ± 0.23 µm2 (n = 
36), and 2.43 ± 0.19 µm2 (n = 36) for cells treated with 25, 50, or 100 mU/mL SMase, respectively. Statistical analysis was 
performed by One-way ANOVA with Brown Forsythe and Bartlett’s tests for correction of significantly different standard 
deviations using GraphPad Prism software. The data represent one of three independent replicates. 

Control 25mU/mL SMase 

50 mU/mL SMase 100 mU/mL SMase 

Contro
l

25
 m

U/m
L S

Mas
e

50
 m

U/m
L S

Mas
e

10
0 m

U/m
L S

Mas
e

0

1

2

3

K
v2

.1
 c

lu
st

er
 a

re
a 

(µ
m

2 )

****

****
****

A B 



 37 

Lipid LC-MS analysis of PDMP-treated HEK cells showed that PDMP effectively inhibited the synthesis of 

HexCer and ganglioside species without markedly affecting other SLs species (Appendix III). In relation to 

Kv2.1 clustering, treatment with PDMP did not significantly change the cluster area given an average Kv2.1 

cluster size of 0.53 ± 0.04 µm2 for control cells compared to 0.67 ± 0.10 µm2 for PDMP- treated cells 

(Appendix II). Collectively, these results indicate that a reduction in the level of SM in the plasma 

membrane, and not GSLs, is most likely contributing to the increased Kv2.1 cluster size observed in FB1-

treated cells. 

Several studies have shown that accumulation of ceramide precursors, such as Sa and deoxySa, occurs when 

ceramide synthesis is inhibited by FB1 [204-206]. Thus, we aimed to examine if increased levels of Sa and 

deoxySa could mediate an effect on Kv2.1 clustering. As these LCBs are known pro-apoptotic molecules, we 

first tested the toxicity of Sa and deoxySa at several concentrations in HEK cells. No obvious detachment or 

morphology changes where observed for HEK cells when treating with 1 µM Sa for 24 hours (results not 

shown). Increased levels of Sa and deoxySa have previously been found to be neurotoxic effectors in 

primary neurons in CerS1-/- mice [87]. In these neurons, the concentrations of Sa and deoxySa were 

calculated to be 15 µM and 0.15 µM, respectively. Our LC-MS setup did not allow us to detect LCBs, and 

therefore it was not possible to measure Sa and deoxySa levels induced by FB1 treatment of HEK cells. 

Thus, a 1:100 ratio in the concentrations between Sa and deoxySa was chosen for subsequent experiments. 

No obvious detachment or morphology changes were observed when treating HKE293 cells with 0.01 µM 

deoxySa. To analyze the effect of Sa and deoxySa on Kv2.1 clustering, HEK cells transfected with EGFP-

Kv2.1 were incubated with 1 µM Sa or 0.01 µM deoxySa complexed with bovine serum albumin (mol 1:1) 

for 24 hours at 5% CO2, 37°C. As shown in Figure 12, both LCB treatments increased Kv2.1 cluster area 

with an average cluster size of 1.02 ± 0.10 µm2 for Sa-treated cells compared to 0.66 ± 0.06 µm2 for control 

cells and 1.07 ± 0.06 µm2 for deoxySa-treated cells compared to 0.53 ± 0.03 µm2 for control cells. The 

results suggest that increased levels of LCBs upon inhibition of ceramide synthesis by FB1 may contribute to 

the increase size of Kv2.1 clusters in addition to the contribution from reduced SM in the plasma membrane. 

The question remains how the LCBs mechanistically adds to this effect, as LC-MS analyses of HEK cells 

incubated with 1 µM Sa and 0.01 µM deoxySa for 24 hours at 5% CO2, 37°C do not reveal any pronounced 

changes in the SL profile (Appendix IV). Yet treatment with deoxySa did lead to an increase in several 

deoxyceramide species (Figure 13), suggesting that the effect can be mediated though elevation of either 

deoxySa directly or deoxyceramide, as the latter cannot be metabolized further. 

To address whether inhibition of de novo ceramide synthesis contributes to the increased Kv2.1 cluster area 

observed for FB1 treatment, HEK cells transfected with EGFP-Kv2.1 were treated with 20 uM myriocin, a 

known inhibitor of SPT, which catalyzes the initial step in de novo ceramide synthesis. Unexpectedly, Kv2.1 

clustering proved to be very sensitive towards the solvents, methanol and dimethyl sulfoxide (DMSO), in 
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which the myriocin was dissolved (results not shown). Even at concentrations of 0.2% solvent, Kv2.1 

clustering was significantly increased, making it impossible to achieve SPT inhibition and simultaneously 

investigate Kv2.1 clustering. In order to evaluate the role of de novo ceramide synthesis in Kv2.1 clustering, 

other inhibitors of SPT could be applied [207], or alternatively the experiment could be carried out in a HEK 

cell line having reduced SPT activity. 

 

. 

 

Figure 12: Stimulation with sphinganine and 1-deoxysphinganine increases Kv2.1 cluster size. HEK293 cells transfected with 
EGFP-tagged Kv2.1 were treated with 1 uM sphinganine (Sa) and 0.01 uM 1-deoxysphinganine (deoxySa) complexed with bovine 
serum albumin (mol 1:1) for 24 hour at 5% CO2, 37°C. Within 1 hour, confocal imaging of the basal surface of the cells was 
performed in order to evaluate Kv2.1 cluster size. The laser power was adjusted manually for each image in order to avoid signal 
saturation. Cluster size analysis was performed using FIJI software with the LSM Toolbox plugin. Six representative clusters were 
measured per cell. A) Representative fluorescent images for cells treated with Sa. Scale bar: 10 µm. B) Kv2.1 cluster area is shown 
as mean ±SEM. The average cluster area for control cells was 0.66 ± 0.06 µm2 (n = 36) and 1.02 ± 0.10 µm2 (n = 36) for Sa treated 
cells. C) Representative fluorescent images for cells treated with deoxySa. Scale bar: 10 µm. D) Kv2.1 cluster area is shown as 
mean ±SEM. The average cluster area for control cells was 0.53 ± 0.03 µm2 (n = 36) and 1.07 ± 0.06 µm2 (n = 36) for deoxySa 
treated cells. Statistical analyses were performed by unpaired t-test with Welch's correction using GraphPad Prism software. For 
each treatment the data represent one of three independent replicates. Results were kindly provided by Cathrine Høyer Christensen 
(Dept. Biochemistry and Molecular Biology, University of Southern Denmark). 
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Figure 13: Deoxyceramide is synthesized upon 
treatment with 1-deoxysphinganine. Lipid extracts 
prepared from three independent HEK293 cell control 
cultures and cultures treated with 0.01 µM 1-
deoxysphinganine (deoxySa) for 24 hours at 5% CO2, 37 
°C were analyzed by LC-MS. Due to lack of internal 
standards, deoxyceramides (DeoxyCer) are presented as 
relative abundance. Mean ± SD of n = 3 HEK293 cell 
cultures per group is shown. Statistical analysis was 
performed by multiple t-test using GraphPad Prism 
software. Lipid extraction and analysis were kindly 
performed by Marta Moreno Torres (Dept. Biochemistry 
and Molecular Biology, University of Southern Denmark). 

Future experiments should encompass explorations of how specific steps in the SL metabolism are involved 

in the regulation of Kv2.1 localization. This could be obtained through investigations of Kv2.1 clustering in 

HEK cells lacking specific enzymes along the SL pathway. We tried to access the role of CERS2 in Kv2.1 

clustering by transfecting EGFP-Kv2.1 into primary skin fibroblasts obtained from the CERS2+/- PME 

patient and gender- and age-matched controls. As seen in Figure 14, Kv2.1 does not cluster in human 

primary skin fibroblasts, making it impossible to use these cells in the investigation of Kv2.1 clustering. 

Collectively, the described results show that reducing the 

amount of SM in the plasma membrane of HEK cells 

alongside increasing the concentrations of Sa and 

deoxySa promote accumulation of Kv2.1 in larger 

patches compared to small discrete clusters under control 

conditions. The molecular mechanisms causing the 

assembly of Kv2.1 into larger clusters remain to be 

elucidated. It could be postulated that increased Kv2.1 

clustering upon SMase treatment is caused by elevated 

levels of ceramide in the plasma membrane, which 

through its ability to self-associate leads to the 

generation of larger microdomains [208]. Yet this 

mechanism is not likely to explain the increased Kv2.1 

clustering upon treatment with FB1, as ceramide is 

practically absent in FB1-treated cells (Figure 10). 

Ablation of CERS2 has shown to strongly affect 
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Figure 14: Kv2.1 clusters are not observed in 
human primary skin fibroblasts. EGFP-tagged 
Kv2.1 transfected into primary skin fibroblasts from 
the gender- and age-matched control C used in 
Supplement III. Image was obtained using a Nikon-
Andor Spinning Disk setup. 
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biophysical properties of membranes from tissues where CERS2 is considered to be one of the primary 

CERSs [208]. Lack of CERS2 causes alterations in membrane curvature promoting vesicle adhesion and 

vesicle fusion in membranes isolated from mouse liver and brain. Therefore, it is possible that the changes 

observed in Kv2.1 localization upon FB1 treatment is causes by overall changes in membrane properties 

leading to accumulation of Kv2.1 in larger patches. As increased level of Sa has been found to induce 

apoptosis, a process to which the generation of ceramide platforms has been associated [209, 210], it can be 

speculated that the observed increase in Kv2.1 cluster size after treatment with Sa is a consequence of the 

discussed ceramide-mediated generation of larger microdomains. However, the fact that no marked changes 

were observed in the SL profile of Sa-treated HEK cells (Appendix IV) points towards that the increased 

level of Sa does not change the overall SL profile, which complicates the interpretation of Sa-mediated 

Kv2.1 clustering. In respect to deoxySa, a recent study has shown that treatment with an analog of deoxySa, 

alkyne-deoxySa, leads to morphological changes of the ER in mouse embryonic fibroblasts observed as 

enlarged and dense-appearing ER sheets compared to a net-like appearance [211]. Interestingly, clusters of 

Kv2.1 on the soma and proximal dendrites in pyramidal neurons have been found to lie over subsurface 

cisternae derived from the ER [184]. Thus, it can be speculated that the increase in Kv2.1 clustering in the 

plasma membrane of deoxySa-treated HEK cells is a secondary effect to disturbances in the ER morphology. 

Further investigations are necessary in order to address this aspect.  

The presented results suggest that SL metabolism indeed is important for regulation of Kv2.1 localization in 

what corresponds to a ”resting” state. Future experiments should encompass how changes in the SL profile 

affect Kv2.1 clustering in an “active” state during which Kv2.1 channels are nonclustered. This could be 

achieved by raising the intracellular level of Ca2+ promoting dephosphorylation and declustering of Kv2.1 as 

seen in rat hippocampal neurons [186]. It can be hypothesized that treatment with FB1, SMase, Sa, or 

deoxySa prevents delocalization of Kv2.1 upon “activation” in HEK cells. This in turn could potentially 

affect the activation threshold of Kv2.1. Future experiments are necessary in order to determine if this indeed 

is the case. 

Our intention was to extend the presented results with corresponding experiments performed in mouse 

hippocampal neuron, as HEK cells cannot replicate the full environment of neuronal proteins nor the 

complex regulation of these. In order to achieve this, a collaboration was set up with the laboratory of 

Associate Professor Nicole Schmitt, Section of Heart and Circulatory Research, University of Copenhagen, 

Denmark. Visualization of endogenous Kv2.1 in hippocampal neurons was attempted using 

immunohistochemistry, but unexpectedly Kv2.1 displayed a more diffuse localization with only few clusters 

(Figure 15). Several attempts to optimize Kv2.1 detection were performed without successful improvements. 

Instead we tried overexpression of Kv2.1 in the neurons, but the majority of the Kv2.1 clusters had donut-

shapes with uneven fluorescence much different from other observations of Kv2.1 clustering in hippocampal 
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neurons (Figure 15) [186, 187]. Overexpression of Kv2.1 using different constructs was attempted without 

successful improvements. Thus, due to the time limiting nature of this project, we were not able to 

complement our results with equivalent experiments in neurons, but these will be most important in future 

experiments in order to address the role of SLs on Kv2.1 localization under more physiological relevant 

conditions.  

We are in the process of complementing the presented work with electrophysiological measurements of 

Kv2.1 ion channel properties in HEK cells upon SL manipulations through a collaboration with the 

laboratory of Professor Michael Tamkun, Department of Biomedical Sciences, Colorado State University, 

USA. As mentioned, disturbance of membrane microdomain integrity by cholesterol depletion as well as 

hydrolysis of SM has been associated with changes in Kv2.1 properties [189, 190, 192]. Moreover, 

cholesterol depletion and inhibition of ceramide synthesis by FB1 have been shown to have similar effects 

on Kv1.5 properties with hyperpolarization shifts of both the activation and inactivation curve [188]. 

Opposed to Kv2.1, Kv1.5 localizes to caveolin-rich microdomains [188], and therefore it can only be 

speculated that inhibition of ceramide synthesis has a corresponding effect on Kv2.1 properties. However, as 

the FB1 treatment of HEK presented here results in a clear reduction in the level of SM, it is possible that 

FB1 treatment will affect Kv2.1 properties as observed for SM hydrolysis. Hopefully in the near future, we 

will be able to assess the importance of SLs in Kv2.1 function, which will be most valuable for the 

understanding of the potential role of Kv2.1 in SL-related neurological disorders. 

It is becoming evident that the Kv2.1 ion channel has an additional function besides regulating excitability 

during high frequency firing. Kv2.1 is not exclusively located in clusters neither in hippocampal neurons nor 

 

Figure 15: Kv2.1 in primary mouse hippocampal neurons. Left) Attempt to visualize endogenous Kv2.1 in mouse hippocampal 
neurons. Notice how the Kv2.1 distribution is very diffuse with only few larger clusters. Right) Overexpression of Kv2.1 in 
hippocampal neurons led to unnatural donut-shaped Kv2.1 clusters with uneven fluorescence. Images were kindly provided by 
Camilla Stampe Jensen (Section of Heart and Circulatory Research, University of Copenhagen). 
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when being overexpressed in HEK cells [202, 212]. A portion of Kv2.1 remains unclustered, and it has been 

shown that only a fraction of these are actually conducting [202, 212]. Moreover, it has been suggested that 

the Kv2.1 channels in clusters do not serve as a reservoir of nonconducting channels that are activated upon 

release, as declustering by dephosphorylation was found not to increase whole-cell currents in HEK cells 

[212]. This points towards a secondary function of Kv2.1, which is not directly involved in controlling the 

membrane potential. It has been suggested that Kv2.1 clusters may act as specialized platforms involved in 

membrane protein trafficking as the clusters have proven to be sites for delivery of Kv channels [213]. In 

addition, Kv2.1 has been associated with SNARE protein-mediated vesicular trafficking, indicating that 

Kv2.1 is involved in exocytosis as well [214]. To which extent the SL metabolism is involved in regulating 

these non-channel functions of Kv2.1 still needs to be elucidated. 

Besides functioning as a membrane-trafficking hub, a recent study has shown that Kv2.1 clusters have a 

structural role in the formation of stable ER-plasma membrane junctions in both HEK cells and in 

hippocampal neurons [215, 216]. The ER is a known Ca2+ store, and interestingly Kv2.1 co-localizes with 

several proteins involved in Ca2+ homeostasis in neurons, including the ryanodine receptor, the Ca2+ sensor 

stromal interaction molecule 1, and the plasma membrane Ca2+ ion channel ORAII [215]. Dispersion of 

Kv2.1 channels upon glutamate treatment has been shown to induce retraction of ER from the plasma 

membrane [215]. This could suggest that phosphorylation of Kv2.1 mediates binding to an ER component 

preventing translocation of Kv2.1, as seen upon glutamate-mediated dephosphorylation of Kv2.1. Overall, 

this suggests that Kv2.1 has a significant role in regulating the Ca2+ homeostasis in neurons. If changes in the 

SL metabolism indeed affect Kv2.1 clustering both in an “inactive” and in an “active” state, this in turn 

could lead to disturbances in the Ca2+ homeostasis, which would be damaging for neuronal functions [217]. 

Future experiments are needed on order to enlighten this aspect of SL metabolism.  

 

3.2.2. Sphingolipids in Kv2.1 Phosphorylation 

The phosphorylation state of Kv2.1 is tightly coupled to its localization in the plasma membrane. Multiple 

kinases and phosphatases are thought to orchestrate the phosphorylation of Kv2.1, including the kinases 

protein kinase C (PKC), casein kinase II, Ca2+-calmodulin kinase II, and AMP-activated protein kinase, as 

well as the phosphatases protein phosphatase 1 (PP1), protein phosphatase 2A (PP2A), calcineurin (also 

known as PP2B) [218, 219]. Ceramide and sphingosine have been associated with modulation of several of 

these kinases and phosphatases [220-222], thereby making it relevant to investigate the role of altered SL 

metabolism in Kv2.1 phosphorylation. It has been suggested that the phosphatases PP1 and PP2A are 

involved in constitutive regulation of Kv2.1 phosphorylation, as inhibition of these increases Kv2.1 

phosphorylation in resting rat hippocampal neurons [186]. In this study, glutamate-mediated 

dephosphorylation of Kv2.1 through NMDA and AMPA receptors was not affected by okadiac acid, an 

inhibitor of PP1 and PP2A, indicating that PP1 and PP2A are not involved in the activity-dependent 
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regulation of Kv2.1 phosphorylation. Instead, calcineurin has been shown to be pivotal in the glutamate-

induced, Ca2+-dependent dephosphorylation of Kv2.1 leading to a hyperpolarized shift in its voltage-

dependence of activation [186]. In other studies, synaptic stimulation through the NMDA glutamate receptor 

has been found to activate PP1 in primary mouse neurons [223, 224], which occurs in a manner independent 

of calcineurin [223]. Furthermore, the activation of PP1 was found to led to dephosphorylation of Kv2.1 and 

a hyperpolarizing shift in its inactivation kinetics [224]. Thus, regulation of Kv2.1 phosphorylation upon 

synaptic activity in neurons is not straightforward.  

We set out to investigate if changes in the SL metabolism was involved in the regulation of constitutive 

Kv2.1 phosphorylation. Initially, HEK cells overexpressing Kv2.1 (HEK293 cells overexpressing Kv2.1 was 

kindly provided by Professor James Trimmer ( University of Southern California, USA)) was treated with either 20 

µM FB1, 50 mU/mL SMase, 1 µM Sa, or 0.01 µM deoxySa. Kv2.1 phosphorylation was evaluated by 

monitoring mobility of Kv2.1 by Western Blotting. In vitro phosphatase treatment by alkaline phosphatase 

(AP) was included as a control for Kv2.1 mobility shift. As seen in Figure 16, treatment with either FB1, 

SMase, Sa, or deoxySa did not induce a higher phosphorylation state or dephosphorylation of Kv2.1. As 

expected, treatment with AP led to Kv2.1 dephosphorylation seen as increased mobility (Figure 16). The 

experiment indicates that the constitutive phosphorylation of Kv2.1 is not sensitive towards changes in the 

SL metabolism in HEK cells.   

 

It can be speculated that the described increase in Kv2.1 cluster size upon modulation of the SL metabolism 

can inhibit translocation of the ion channel upon “activation”, which in turn also can affect the Kv2.1 

phosphorylation state. It is possible that the regulation of Kv2.1 localization is a matter of regulating the 

accessibility of kinases to phosphorylate Kv2.1. In line with this, SL-mediated predisposition of Kv2.1 ion 

channels to remain in clusters would lead to an increase in Kv2.1 phosphorylation. Thus, we wanted to 

investigate if altered SL metabolism would affect Kv2.1 phosphorylation after “activation”. In order to do 

 
 

Figure 16: Modulation of sphingolipid metabolism does not appear to affect the constitutive phosphorylation of Kv2.1. 
HEK293 cells overexpressing Kv2.1 were treated with 20 µM fumonisin B1 (FB1) (48 hr), 50 mU/mL SMase for 10 min, 1 µM 
sphinganine (Sa) complexed with bovine serum albumin (BSA) (24 hr), or 0.01 µM 1-deoxysphinganine (deoxySa) complexed with 
BSA (24 hr). In vitro alkaline phosphatase (AP) treatment (1 U/µg protein) of a non-treated sample was applied as positive control 
for Kv2.1 dephosphorylation. Kv2.1 detection was performed by Western Blotting using a 7.5% SDS-PAGE gel and an antibody 
against full Kv2.1. Mobility of molecular weight standards is shown on the left.  
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this, HEK cells overexpressing Kv2.1 were treated with 20 µM FB1, 1 µM Sa, or 0.01 µM deoxy Sa after 

which the cells were incubated with 1 µM ionomycin, a Ca2+ ionophore, which has been shown to induce 

dephosphorylation of Kv2.1 in HEK cells [194]. AP treatment was used as a positive control for Kv2.1 

dephosphorylation. No obvious changes in Kv2.1 phosphorylation were observed upon incubation with 

ionomycin (Figure 17), indicating that the treatment was not sufficient to increase the intracellular level of 

Ca2+ to the extent of activating phosphatases, such as calcineurin, which could dephosphorylate Kv2.1. 

Overall, the mobility of the samples corresponds to the mobility in Figure 16, yet including a sample treated 

with an inhibitor of calcineurin would have been decisive for whether or not the ionomycin treatment had 

worked or not. Nonetheless, optimization of the ionomycin-mediated elevation of intracellular Ca2+ is 

necessary in order to evaluate the role of SLs in regulating the “activated” phosphorylation state of Kv2.1. 

Other Ca2+ ionophores, such as A23187, could also be applied to increase intracellular Ca2+, or alternatively 

glutamate receptors could be expressed in the cells allowing for glutamate-induced elevation of Ca2+. 

Optimization of the intracellular Ca2+ level was unfortunately not possible within the timeframe of this 

project, but it will be pivotal in future research of how SL metabolism might be involved in the regulation of 

activity-induced dephosphorylation of Kv2.1. 

 

In Figure 16 and Figure 17 the Kv2.1 band is very broad indicating that there are several phosphorylation 

states of Kv2.1. It is possible that changes in the SL metabolism only affect a subset of these states. It proved 

difficult to separate the phosphorylation states of Kv2.1 using regular SDS-PAGE, and therefore we 

attempted to set up Phos-Tag SDS-PAGE, which is an improved method for the separation and detection of 

large phosphoproteins [225]. The Phos-Tag interacts with phosphorylated proteins slowing down their 

migration and hence induces a mobility-shift compared to the less phosphorylated proteins. This method 

 
 

Figure 17: Modulation of sphingolipid metabolism does not appear to affect the phosphorylation of Kv2.1 upon treatment 
with ionomycin. HEK293 cells overexpressing Kv2.1 were treated with 20 µM fumonisin B1 (FB1) (48 hr), 1 µM sphinganine (Sa) 
complexed with bovine serum albumin (BSA) (24 hr), or 0.01 µM 1-deoxysphinganine (deoxySa) complexed with BSA (24 hr). 
The cells were treated with 1 µM ionomycin for 5 hr, 37 ℃, prior to harvesting of cells. In vitro alkaline phosphatase (AP) 
treatment (1 U/µg protein) of a non-treated sample was applied as positive control for Kv2.1 dephosphorylation. Kv2.1 detection 
was performed by Western Blotting using a 7.5% SDS-PAGE gel and an antibody against full Kv2.1. GADPH was used as a 
loading control. Mobility of molecular weight standards is shown on the left. Results were kindly provided by Cathrine Høyer 
Christensen (Dept. Biochemistry and Molecular Biology, University of Southern Denmark). 
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requires careful optimization of gel pore size, Phos-Tag concentration, and electrophoresis timing, which 

unfortunately was not achieved within the timeframe of this project (optimizations tests not shown). Yet, 

Phos-Tag SDS-PAGE combined with phosphoproteomics will be valuable tools in the investigation of SL-

mediated regulation of Kv2.1 phosphorylation. Phos-Tag SDS-PAGE will provide information of the overall 

phosphorylation state of Kv2.1, while phosphoproteomics will reveal regulation of specific phosphorylation 

sites on Kv2.1. 

3.2.3. Summary and Comments 

Collectively, the presented results show that disturbed SL metabolism leads to increase in Kv2.1 cluster size 

in HEK cells. Particularly reduction of SM in the plasma membrane as well as increasing the concentrations 

of Sa and deoxySa induce accumulation of Kv2.1 into larger patches compared to smaller assemblies under 

control conditions. Furthermore, our intention was to investigate if disturbed SL metabolism would affect the 

phosphorylation state of Kv2.1. Our results indicate that the SL profile is not important for constitutive 

Kv2.1 phosphorylation during a “resting” state. It was not possible to evaluate the role of SLs in regulation 

of Kv2.1 phosphorylation during an “active” state, however this information will be essential for the 

understanding of how SL metabolism might be involved in the regulation of activity-induced 

dephosphorylation of Kv2.1 and ultimately regulation of neuronal excitability.  

As mentioned, we are in the process of complementing our observations with functional studies of Kv2.1 

kinetics. The ongoing electrophysiological measurements of Kv2.1 kinetics are performed at room 

temperature, as many electrophysiological experiments are. In order to provide a standard of comparison, the 

Kv2.1 localization experiments were performed at room temperature. It is known that membrane fluidity is 

heavily dependent on temperature, which should be kept in mind when interoperating the results as 

membrane fluidity can impact internal dynamics of proteins as well as protein movement potentially 

affecting protein-protein interactions [226]. Thus, it would be highly relevant to perform equivalent studies 

under more physiological relevant settings with regards to both Kv2.1 localization and electrophysiological 

experiments if possible. 
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Chapter 4  

CONCLUDING REMARKS 
 
 
 
 
 
 
 
 
 

SLs constitute a multifaceted metabolic network, which is involved in the regulation of a vast array of 

cellular functions. SLs are highly expressed in the nervous system where they are pivotal both for the 

developing and mature brain. Indeed, perturbation of SL network has been implicated in range of human 

diseases, including many neurological disorders. As SLs are involved in many aspects of cell physiology, it 

is challenging to pinpoint the specific causes behind the pathophysiology of each disease as it is most likely 

to the combination of several factors. Understanding the interchangeable nature of SLs and how they are 

involved in modulating cellular processes are fundamental for delineating how disturbances in the SL 

homeostasis lead to the development of diseases. The review, research paper, manuscript, and unpublished 

data included in my PhD thesis all contribute this delineation.  

Several defects along the SL pathways have been associated with the development of epilepsy. The overall 

aim of the thesis was to investigate how perturbation of the SL metabolism can contribute to the 

development of epilepsy or associated phenotypes. We have for the first time described a patient diagnosed 

with PME linked to a heterozygous deletion the gene encoding CERS2. Characterization of patient skin 

fibroblasts shows that the patient indeed has only one functional CERS2 allele, which leads to subtle 

alterations of the SL as well as glycerophospholipid profile. These changes are likely to disturb processes 

relying on plasma membrane compartmentalization and the dynamics hereof, as indicated by preliminary 

data suggesting that patient fibroblasts are more insulin sensitive. This hypothesis is strengthened by the 

observation that heterozygous CerS2 mice are also more sensitive towards insulin, and the fact that processes 

relying on membrane microdomains are perturbed in CerS2-/- mice. Thus, disturbances in the regulation of 

plasma membrane compartmentalization probably contribute to the pathogenesis of the PME. We have 

addressed the importance of SL-mediated plasma membrane organization in a more neurological relevant 

setting through investigation of the role of SL metabolism on properties of the Kv2.1 ion channel. Kv2.1 is, 

by its dynamic modulation of phosphorylation and localization in clusters in the plasma membrane, involved 

in regulating the intrinsic excitability of neurons. We demonstrate that SL homeostasis is important for 
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Kv2.1 cluster size restriction, but not constitutive phosphorylation state, during a “resting” state. Future 

research is needed to determine if similar SL-mediated restriction of Kv2.1 clustering is present during an 

“active” state and to which extend SL homeostasis affects the activity-induced dephosphorylation of Kv2.1. 

Moreover, functional studies are pivotal for determining if disturbances of the SL metabolism affect Kv2.1 

kinetics and thereby the regulation of neuronal excitability. 

Although membrane compartmentalization via microdomains has been studied for years, we are at the 

infancy of understanding the variety in SL composition in these compartments and subsequently their 

functions. The major diversity of SLs is reflected in their expression patterns and chemical properties, which 

is crucial for determining protein interaction partners and hence functions. The development of advanced 

imaging techniques and high-resolution secondary ion mass spectrometry (SIMS) has paved the way direct 

imaging of the SL distribution in the plasma membrane [227, 228]. Interestingly, super-resolution 

fluorescence techniques have recently shown that cholesterol analogs diffuses unhindered in the membrane 

of living cells, and that cholesterol, in contrast to SLs, is evenly distributed in the plasma membrane [229, 

230]. These observations indicate that SLs indeed are key actors in the organization of the plasma 

membrane. Furthermore, it is now possible to globally identify SL-protein interactions using chemical 

proteomics combined with a recently developed bifunctional sphingosine, which can be cross-linked to 

neighboring proteins [36]. Using this technique in neurological systems will significantly contribute to the 

understanding of the interplay between SLs and proteins in neurophysiological functions. Thus, with these 

tools we are at the beginning of a new era of elucidating how SLs modulate cellular processes, which is 

pivotal for future research unraveling how disturbances in the SL metabolism is involved in the development 

of human diseases, including neurological disorders.  
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Appendix 
 
 
Appendix I – Insulin Stimulation of Primary Skin Fibroblasts 

 
 

Figure 18: Primary skin fibroblasts from patient and gender- and age-matched controls are not responding to stimulation 
with insulin. Primary skin fibroblasts isolated from patient and gender- and age-matched controls were serum starved for 16 hours 
and stimulated with 10 nM insulin for 10 min. Cell extracts were harvested and used for detection of phosphorylated Akt (Ser473) 
(60 kDa) by Western Blotting as a measure for insulin sensitivity. Equal amount of protein (35 µg) was loaded in each lane. Only a 
faint band around 60 kDa is observed, indicating that the fibroblasts did not respond to the insulin treatment. 

 
 
 

 
 

Figure 19: Amido Black staining. Amido Black staining was performed on the membrane used in the experiment described in 
Figure 15 in order to assess the protein amount being blotted onto the membrane. As seen on the figure, the reduced signal for 
phosphorylated AKT was not due to problems with blotting. 

 
 
 
 
  

50 kDa 

70 kDa 

40 kDa 

P-AKT 

Insulin  − + − + − + 
Control B  Control C  Proband  

Insulin  − + − + − + 
Control B  Control C  Proband  



 63 

Appendix II – Kv2.1 Clustering in HEK Cells  
 

 
 

 
 
Figure 20: Overexpression of CERS5 does not affect Kv2.1 cluster size in HEK293 cells. HEK293 stably transfected with 
CERS5 transfected with EGFP-tagged Kv2.1. Within 1 hour, confocal imaging of the basal surface of the cells was performed in 
order to evaluate Kv2.1 cluster size. The laser power was adjusted manually for each image in order to avoid signal saturation. 
Cluster size analysis was performed using FIJI software with the LSM Toolbox plugin. Six representative clusters were measured 
per cell. A) Representative fluorescent images. Scale bar: 5 µm. B) Kv2.1 cluster area is shown as mean ±SEM. The average cluster 
area for control cells was 0.66 ± 0.05 µm2 (n = 42) and 0.71 ± 0.04 µm2 (n = 36) for CERS5 cells. Statistical analysis was performed 
by unpaired t-test with Welch's correction using the GraphPad Prism software. No significant difference was found on Kv2.1 cluster 
area upon overexpression of CERS5. The data represent one of three independent replicates. 

 
 
Figure 21: Inhibition of glycosphingolipid synthesis does not affect Kv2.1 cluster size in HEK293 cells. HEK293 cells 
transfected with EGFP-tagged Kv2.1 were treated with 10 uM D-threo-1-phenyl-2-decanoylamino-3-morpholino-1-propanol 
(PDMP) for 48 hours at 5% CO2, 37°C in order to inhibit the synthesis of glucosylceramide and downstream glycosphingolipids. 
Within 1 hour, confocal imaging of the basal surface of the cells was performed in order to evaluate Kv2.1 cluster size. The laser 
power was adjusted manually for each image in order to avoid signal saturation. Cluster size analysis was performed using FIJI 
software with the LSM Toolbox plugin. Six representative clusters were measured per cell. A) Representative fluorescent images. 
Scale bar: 5 µm. B) Kv2.1 cluster area is shown as mean ±SEM. The average cluster area for control cells was 0.53 ± 0.04 µm2 (n = 
42) and 0.67 ± 0.10 µm2 (n = 36) for PDMP treated cells. Statistical analysis was performed by unpaired t-test with Welch's 
correction using the GraphPad Prism software. No significant difference was found on Kv2.1 cluster area upon PDMP treatment. 
The data represent one of two independent replicates. 
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Appendix III – Lipidomics Data for PDMP Treatment of HEK Cells 

 
Figure 22: Major changes in the sphingolipid profile upon inhibition of ceramide synthesis. Lipid extracts prepared from three 
independent HEK293 cell control cultures and cultures treated with 20 µM FB1 for 48 hours at 5% CO2, 37 °C were analyzed by 
LC-MS using appropriate internal standards. All lipid species besides hexosylceramides (HexCer) are presented as pmol/µg protein. 
Due to lack of internal standards, HexCer species are presented as relative abundance. Mean ± SD of n = 3 HEK293 cell cultures 
per group is shown. A) Total levels of analyzed lipid species. B) Ceramide, C) HexCer species. D) Sphingomyelin species E) 
Ganglioside species. F) Phosphatidylcholine species. Statistical analysis was performed by multiple t-test using GraphPad Prism 
software. Lipid extraction and analysis were kindly performed by Marta Moreno Torres (Dept. Biochemistry and Molecular 
Biology, University of Southern Denmark) 
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Appendix IV – Lipidomics Data for Sphinganine and 1-deoxysphinganine Treatments 
of HEK Cells 
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Figure 23: Treatment with deoxysphinganine does not change the levels of canonical sphingolipids. Lipid extracts prepared 
from three independent HEK293 cell control cultures and cultures treated with 0.01 µM deoxysphinganine (deoxySa) complexed 
with bovine serum albumin (mol 1:1) for 24 hours at 5% CO2, 37 °C were analyzed by LC-MS using appropriate internal standards. 
All lipid species besides hexosylceramides (HexCer) are presented as pmol/µg protein. Due to lack of internal standards, HexCer 
species are presented as relative abundance. Mean ± SD of n = 3 HEK293 cell cultures per group is shown. A) Total levels of 
analyzed lipid species. B) Ceramide, C) Sphingomyelin species. D) HexCer species. E) Ganglioside species. Statistical analysis was 
performed by multiple t-test using GraphPad Prism software. Lipid extraction and analysis were kindly performed by Marta Moreno 
Torres (Dept. Biochemistry and Molecular Biology, University of Southern Denmark). 
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Sphingolipids are highly enriched in the nervous system where they are

pivotal constituents of the plasma membranes and are important for

proper brain development and functions. Sphingolipids are not merely

structural elements, but are also recognized as regulators of cellular events

by their ability to form microdomains in the plasma membrane.

The significance of such compartmentalization spans broadly from being

involved in differentiation of neurons and synaptic transmission to neur-

onal–glial interactions and myelin stability. Thus, perturbations of the

sphingolipid metabolism can lead to rearrangements in the plasma mem-

brane, which has been linked to the development of various neurological

diseases. Studying microdomains and their functions has for a long time

been synonymous with studying the role of cholesterol. However, it is

becoming increasingly clear that microdomains are very heterogeneous,

which among others can be ascribed to the vast number of sphingolipids.

In this review, we discuss the importance of microdomains with emphasis

on sphingolipids in brain development and function as well as how disrup-

tion of the sphingolipid metabolism (and hence microdomains) contributes

to the pathogenesis of several neurological diseases.

1. Introduction
The nervous system is among the tissues in the mammalian body that has the

highest lipid content as well as the highest lipid complexity. This complexity

can be ascribed to the lipid class of sphingolipids. Sphingolipids are particu-

larly abundant in the brain and are essential for the development and

maintenance of the functional integrity of the nervous system [1,2]. The grey

matter and neurons are highly enriched in the glycosphingolipid (GSL)

subgroup gangliosides, while the sphingolipid species sphingomyelin (SM),

galactosylceramide (GalCer) and sulfatide are enriched in oligodendrocytes

and myelin [3,4]. However, the sphingolipid profile of the brain is far from

static as it continuously changes as the brain develops and ages [4–6].

The plasma membrane is a very heterogeneous environment composed of

several hundreds of different lipid species [7]. Yet the movement of lipids

and proteins has been shown to be more or less restricted due compartmenta-

lization of the membrane as a consequence of lipid–lipid, lipid–protein and

membrane–cytoskeletal interactions [8]. The compartmentalization is a conse-

quence of the generation of microdomains that can be described as dynamic

assemblies enriched in cholesterol and/or sphingolipids, which are located in

the outer leaflet of the plasma membrane [9]. The saturated acyl chains of the

sphingolipids allow these to pack more readily against cholesterol, which

leads to the formation of highly packed liquid-ordered phases that are distinct

from the bulk liquid-disordered phase of the plasma membrane [10]. Indeed,

the plasma membrane of cells in the nervous system is highly enriched in
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both cholesterol and sphingolipids, especially GSLs [11–13].

The existence of microdomains has been highly debated, as

they have proven difficult to define experimentally and

thus study. Recent studies indicate that this may very well

be attributed to the heterogeneity of microdomain compo-

sition, which is reflected in the numerous combinations of

lipids as well as proteins [14]. Morphologically only one

type of microdomain has been defined, namely the caveolar

microdomain. Caveolae are small 50–100 nm invaginations

of the plasma membrane where the protein caveolin associates

with membrane enriched in cholesterol and sphingolipids [15].

However, sphingolipid- and cholesterol-dependent micro-

domains with a diameter less than 20 nm and an average

lifespan of 10–20 ms have been identified in living cells [16,17].

Neurons and oligodendrocytes are highly polarized cells,

and compartmentalization of signalling events is required in

order to maintain normal neuronal physiology, including

neuronal differentiation, polarization, synapse formation,

synaptic transmission and glial–neural interactions [18].

Studies show the involvement of sphingolipids in all these

processes (reviewed in [2,3,18,19]). Dysregulation of the

sphingolipid metabolism has been associated with a vast

number of neurological diseases via disturbances of mem-

brane organization [2,20,21]. The list of ion channels and

signalling receptors that localize to and are regulated by

sphingolipid microdomains in the brain is expanding, but

for a long time cholesterol has been the pivot when studying

the formation of membrane microdomains. In the present

review, we discuss the connection between sphingolipids

and their involvement in membrane microdomains, brain

development as well as neurological diseases.

2. Biosynthesis and metabolism
of sphingolipids

Numerous studies during the past decades have led to sig-

nificant advances in our understanding of the biosynthesis

and degradation of the sphingolipid pathway [22–24]. Cera-

mide constitutes the basal building block for the more

complex sphingolipids and consists of a long-chain sphingoid

base (LCB), sphinganine or sphingosine, with a fatty acid

attached via an amide bond at the C2 position [25]. More

complex sphingolipids are generated by attaching various

head groups in the C1 position of ceramide [26]. Sphingoli-

pids constitute a very diverse group of lipids, which counts

several hundred different species. The vast number of species

originates from the structural diversity and combinations

within LCBs, fatty acids and head group variants [27–30].

Figure 1 outlines the synthesis and major parts of the

metabolism of sphingolipids. The de novo synthesis of cera-

mide is initiated at the cytosolic leaflet of the endoplasmic

reticulum (ER) where it is generated in a four-step process

[31–33]. Briefly, serine and palmitoyl-CoA are condensed to

3-ketodihydrosphingosine by the serine palmitoyltransferase

(SPT). 3-ketodihydrosphingosine is rapidly reduced to

sphinganine before a ceramide synthase (CERS) converts

sphinganine to dihydroceramide. Lastly, dihydroceramide is

desaturated resulting in the formation of ceramide [34].

Six different mammalian CERSs have been identified. They

all display unique expression profiles as well as fatty acyl-

CoA specificity ranging from C14 to C26 carbon atoms [35].

For instance CERS1, which mainly uses C18 CoAs, is highly

expressed in the brain and skeletal muscles, while CERS2 is

more ubiquitously expressed, but with a high expression in

oligodendrocytes and generates mainly C20–C26 ceramides.

Once formed, ceramide can be converted into more com-

plex sphingolipids through different pathways. In the ER

lumen, ceramide can either be turned into ceramide phos-

phoethanolamine or be glycosylated to GalCer [36,37].

GalCer is a precursor for sulfatides that along with GalCer

are important components in myelin that insulates neurons in

the central nervous system (CNS) [22]. Ceramide can also be

delivered to the Golgi apparatus where it is converted into

SM or glucosylceramide (GluCer). GluCer can then be con-

verted into lactosylceramide (LacCer) by addition of galactose

[22]. LacCer serves as an intermediate in the synthesis of

more complex GSLs, which is conducted by sequential transfer

of sugars and other chemical groups by galactosyltransferases,

sialyltransferases, N-acetylgalactosamine transferases and

GalCer sulfotransferases all residing in the Golgi apparatus

[24]. Gangliosides constitute a rather large GSLs subgroup,

which is particularly abundant in the grey matter of the

brain. Combinations of glucose, galactose and N-acetylgalacto-

samine constitute the head groups of gangliosides and give rise

to a highly structural diversity [38].

Once synthesis is complete, SM and GSLs are relocated to

the plasma membrane where they are known to participate in

microdomain formation [24]. The fact that complex GSL syn-

thesis occurs on the luminal side of Golgi apparatus renders

that GSLs are oriented towards the extracellular matrix after

trafficking to the plasma membrane. The plasma membrane

is very dynamic in the sense that microdomains form and dis-

perse in response to cellular signals. Sphingolipids in the

plasma membrane can undergo remodelling, which allows

for fast modulation of membrane composition in response

to stimuli. For instance, ceramide can be generated from

both SM and GM3 by the action of sphingomyelinases

(SMases) and N-acetyl-a-neuraminidase 3 (Neu3) in combi-

nation with glycosylhydrolases, respectively [39,40], and

SM can be re-synthesized by the action of SM synthase 2 [41].

Removal of sphingolipids from the plasma membrane

occurs through the endolysosomal pathway where SM and

GSLs are degraded to ceramide by the action of acid sphingo-

myelinase (aSMase) and glycosidases, respectively [42]. Here

ceramide is further deacylated to sphingosine by the acid cer-

amidase (aCDase). Sphingosine can either be re-acylated by

CERSs, allowing sphingosine to enter the recycling pathway

and be used as a precursor for complex sphingolipids, or

alternatively be broken down.

As the function of each sphingolipid species depends on

their specific structure, pathway and subcellular localization

[43], tight regulation of the sphingolipid network is necessary

in order to ensure proper brain functions, as discussed below.

3. Sphingolipid composition during brain
development and ageing

The sphingolipid composition of the human brain has been

studied in detail since the 1960s [4,5,44–48]. Numerous

studies have shown that sphingolipids are found in high

concentrations in nervous system and that the distribution

and composition of sphingolipids are distinct in different

regions as well as cell types of the CNS. The grey matter

and neurons are particularly enriched in gangliosides, while
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oligodendrocytes and myelin are highly enriched in galacto-

lipids GalCer and its sulfated derivate sulfatide [48].

Furthermore, the sphingolipid profile changes continuously

as the brain develops and ages (figure 2), indicating that

sphingolipids are involved in the differentiation and main-

tenance of neural functions [4–6]. Consistently, expression

of enzymes involved in sphingolipid biosynthesis follows

brain development [3].

Gangliosides are major components of the neuronal mem-

branes as they account for 10–12% of the lipid content [49].

They are located on the external leaflet of the plasma membrane

from where they participate in key processes maintaining neur-

onal functions such as neuronal development and myelin

stability [13,38,49]. In the adult mammalian brain, the four

major brain gangliosides are GM1, GD1a, GD1b and GT1b

[46,50]. It is well known that the ganglioside profile changes

remarkably during development of the nervous system as

well as throughout life, and these changes are region-specific

[46,51]. The tight regulation of ganglioside expression is

thought to instruct brain maturation processes, which as

the brain ages are being reversed [52]. The importance of the

ganglioside changes in brain maturation is highlighted by

the fact that they correlate with several neurodevelopmental

milestones including neural tube formation, neuronal

differentiation, axongenesis, outgrowth of dendrites and

synaptogenesis. During embryogenesis in mice, there is a

marked shift from the simplest gangliosides, GM3 and GD3,

to the more complex gangliosides [53]. There is a rapid increase

in GD1a in human cortical layers between weeks 16 and 30 of

gestation, coinciding with a rapid cortical synaptogenesis

[51]. Increase of GM1 and GD1a in the human frontal cortex

correlates with neuronal differentiation, outgrowth of

dendrites and axons, as well as synaptogenesis [46]. Further-

more, the four major brain gangliosides GM1, GD1a, GD1b

and GT1b all increase significantly from 5 months of gestation

to 5 years of age, which is coinciding with the most active
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Figure 1. Overview of the sphingolipid metabolism. Sphingolipids encompass a broad spectrum of lipids. Ceramide is central in the sphingolipid metabolism as it
serves as a precursor for the synthesis of more complex sphingolipids. Ceramide is synthesized de novo from serine and palmitoyl-CoA. Subsequently, complex
sphingolipids are synthesized by attachment of different head groups to ceramide as indicated in the figure. In particular, ganglioside biosynthesis has been high-
lighted. Gangliosides are mono- or multi-sialosylated glycosphingolipids, which are highly abundant in the nervous system. Their synthesis is a multistep process of
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period of myelination [46]. After 5 years of age, the proportion

of GM1 and GD1a decreases, while the levels of GM3, GD3,

GT1b and GD1b increase with age [6,46]. It is not only the

ganglioside head group that changes with age. The length of

LCB and the fatty acid attached to the LCB also changes [45].

The most common ganglioside chain lengths of both LCBs

and fatty acids in the human brain are C18, but C20 species

increase from birth [30,45,49].

SM and the galactolipids are major lipids in myelin and

their concentrations increase proportionally during the devel-

opment of myelin [44]. GalCer and sulfatide comprise 23 wt%

and 4 wt% of the total lipid of myelin, respectively [54].

During the first 2 years of post-natal life, there is a marked

shift in the type of SM in the white matter [5]. C18 SM

decreases from 82% to 33%, while C24:0 SM and C24:1 SM

increases from 4% to 33% and 2% to 11%, respectively. This

pronounced shift from medium-long-chain to very-long-

chain SMs is not observed in the cerebral cortex. Here, the

SM pattern remains fairly constant from birth to 2 years of

age with C18:0 SM constituting more than 85% [5]. GalCer

in myelin is enriched in very-long-chain fatty acids

(C22–C26) [55]. Thus, overall the dominating fatty acid in

ceramide found in the grey matter of the brain is C18,

while C24 dominates the white matter. This is in line with

a high expression of CERS1 and CERS2 in the grey and

white matter, respectively.

It is important to keep in mind that the changes in sphin-

golipid composition can be highly regional. For instance,

there is an age-dependent increase in SM and GM1 in synap-

tosomes isolated from mice brains [56,57]. Enrichment of

GM1 occurs in microdomains isolated from synaptosomes

that are resistant to cholesterol depletion indicating the pres-

ence of GSL microdomains at synaptic terminals [57]. Thus

local changes in the sphingolipid profile, which might be

hidden in the overall level of brain sphingolipids, can be

functionally important.

4. Microdomains in brain development
and maintenance

Neurons and oligodendrocytes are highly polarized cells with

morphological differences that allow them to carry out special-

ized functions. This is attributed to the organization of their

membranes in specific sub compartments of which sphingoli-

pids play an important role. During neuronal development,

the composition and organization of synaptic membranes are

being remodelled. Establishment and maintenance of mem-

brane organization is crucial in order to maintain neuronal

physiology including neuronal differentiation, polarization,

synapse formation and glial–neural interactions. Hence, per-

turbations of the sphingolipid network, and thus membrane

microdomains, have been implicated in multiple dysfunctions

affecting neuronal physiology. The diverse roles of sphingoli-

pids in brain development and maintenance are described

below and outlined in figure 3.

4.1. Neural differentiation, polarization and synapse
formation

As discussed above, the ganglioside profile changes during

embryonic development with simple gangliosides dominat-

ing the early phases. The simple ganglioside GD3 may have

a central role in early neurogenesis as the activity of the

GD3 synthase increases during this period, where it also

constitutes the major ganglioside [58]. This is supported by

studies showing GD3 being crucial for sustaining the self-

renewal capability and neurogenesis of mice neural stem

cells [59,60]. Sorting of the epidermal growth factor receptor

(EGFR) has proven to be essential for the regulation of stem

cell renewal, and it has been shown that EGFR co-localizes

with GD3 in membrane microdomains in mice neural stem

cells [59]. Furthermore, neural stem cells from GD3
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Figure 2. Outline of how key sphingolipids change during neurodevelopment and ageing. During development of the nervous system the ganglioside profile
changes from the simple species (GM3 and GD3) early in embryogenesis to the more complex gangliosides (GM1, GD1a, GD1b and GT1b) later in embryogenesis.
Concurrent with myelination, the levels of the myelin sphingolipids sphingomyelin (SM), galactosylceramide (GalCer), sulfatide and GM4 increase. In adulthood, the
ganglioside profile changes again with increasing levels of GM3, GD3, GD1b and GT1b, while the levels of GM1 and GD1a decrease.
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Figure 3. Roles of sphingolipids in neuronal and glial development and interaction. Sphingolipids are involved in multiple steps of the development of the nervous
system. Ganglioside GD3 is important for neuronal stem cell proliferation during which it is found co-localizing with the epidermal growth factor receptor (EGFR) in
microdomains. Inhibition of ceramide and glucosylceramide (GluCer) synthesis both inhibit axonal outgrowth, while inhibition of GluCer degradation and overexpres-
sion (OE) of the sialidase Neu3 stimulate axonal outgrowth. Neu3 stimulates breakdown of polysialogangliosides to GM1, which recruits the nerve growth factor
receptor TrkA into microdomains thereby promoting axonal outgrowth. Dendritic arborization is reduced in CerS12/2 mice, which is likely to be caused by increase
of long-chain bases (LCBs). Myelination defects have been found in mice deficient in ceramide synthase 2 (CERS2), GalCer sulfotransferase (CST) as well as
UDP-galactose:ceramide galactosyltransferase (CGT). Sphingolipids are important for myelin stability. Galactosylceramide (GalCer) and sulfatide in microdomains
in opposing membranes of the myelin sheath form glycosynapses important for long-term myelin stability. GD1a and GT1b in axonal membrane microdomains
contribute to myelin stability by interacting with myelin-associated glycoprotein (MAG) residing in the myelin sheath.
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synthase-deficient mice have reduced level of EGFR

expression and accelerated EGF-induced EGFR degradation

consistent with decreased self-renewal capacity [59].

Early studies have shown that exogenously supplemented

gangliosides promote neurite outgrowth in neuroblastoma

cell lines, primary neurons and sensory ganglia [61–64].

The nerve growth factor (NGF) induces neurite extension

through binding to and activation of the tropomyosin recep-

tor kinase A (TrkA) receptor leading to the activation of the

Ras/Raf/MEK/Erk pathway [65]. Accordingly, exogenous

GM1 binds to the TrkA receptor in membrane microdomains

augmenting NGF-induced activation in the rat pheochromo-

cytoma cell line PC12 and in rat primary hippocampal

neurons [66–69]. Interestingly, overexpression of the GD3

synthase in PC12 cells leads to continuous activation of

TrkA signalling through the Ras/Raf/MEK/Erk pathway

[70]. Overexpression of the GD3 synthase also leads to an

increase in GD1b and GT1b, while the level of GM1 decreases

indicating that GD1b and GT1b might also be involved in

regulating TrkA signalling. Surprisingly, overexpression

of the GM1 synthase (B3GALT4) in PC12 cells prevents

NGF-induced activation of TrkA, which is probably due to

significant changes in the intracellular localization of the recep-

tor [71]. Thus, balancing the level of GM1, as well as GD1b and

GT1b, is important in controlling the TrkA signalling response

in neuronal polarization.

Axonal outgrowth, projection of the axon from the soma

of a neuron towards a target cell, is an essential process in the

wiring of the neural network. It has been shown that inhi-

bition of CERS activity leading to depletion of ceramide,

SM and GSLs significantly reduces axonal outgrowth in cul-

tured hippocampal neurons [72]. The depletion of GSLs

might be the primary effector responsible for this phenotype

as inhibition of GluCer synthesis decreases axonal outgrowth

as well as axonal branching in cultured hippocampal neurons

[73], whereas the opposite effect is observed when GluCer

degradation is inhibited. As inhibition of ceramide synthesis

leads to build-up of the ceramide precursors, sphingosine

and sphinganine, it is possible that these precursors contrib-

ute to the decrease in axonal growth as treating distal neuritis

of cultured rat sympathetic neurons with exogenous sphingo-

sine causes neurites to retract and/or degenerate [74]. GM1

may very well be a central player in determining axonal

fate, as Neu3, which converts more complex gangliosides to

GM1, is essential for determining which growth cone of

unpolarized neurons will become the axon (axon specifica-

tion) in rat primary embryonic hippocampal neurons [69].

Consistently, overexpression of Neu3 accelerates the axon

specification as well as axonal growth, while suppressing

Neu3 activity blocks axonal generation [69]. Furthermore,

NGF-induced polarization is significantly enhanced by

Neu3 overexpression, which is in line with a pronounced

increase in TrkA phosphorylation, indicating Neu3 induces

axon specification through enhancing TrkA signalling [69].

Purkinje cells are some of the largest neurons in the

human brain and are characterized by their extensive dendri-

tic arborization. It has been shown that inhibition of CERS

activity compromises dendrite genesis by decreasing length,

expanse and arborization of dendrites along with reduced

survival of rat Purkinje cells [75]. Consistent with the fact

that CERS1 is the primary neuronal CERS, loss of CERS1

function in mice leads to shortening of dendritic arbours

and degeneration of Purkinje cells [76]. Similar phenotypes

have been observed for inhibition of SPT in Purkinje neurons,

indicating that the de novo sphingolipid synthesis is pivotal

for dendritic development and survival [77]. Pinpointing

the sphingolipid species responsible for these phenotypes is

highly challenging. Purkinje cell-specific knockout (KO) of

the glucosyltransferase has little effect on dendrites, but

leads to axonal degeneration and disrupted myelin sheath,

which suggests that GSLs are not responsible for the dendri-

tic phenotypes [78]. Inhibition of CERS activity and loss

of CERS1 in Purkinje cells result in accumulation of the

ceramide precursors sphinganine, sphingosine and 1-deoxy-

sphinganine [76,79]. Ectopic expression of CERS2 in neurons

suppresses Purkinje cell death in CerS12/2 mice through

restoration of LCBs to wild-type levels indicating that

elevation of LCBs is the primary cause of neuronal death in

CERS1-deficient mice [79]. This is supported by the obser-

vation that treatment of cultured neurons with LCB levels

corresponding to the levels found in the brain of CerS12/2

mice causes neurite fragmentation [79]. Thus, LCBs may be a

central player of neurodegeneration upon disruption of the

sphingolipid metabolism.

During brain development neurons migrate to a final local-

ization where they interact with their appropriate signalling

partners ensuring correct formation of pre- and post-synaptic

elements at the right time and place. Early in the developing

rat nervous system the expression of a variant of GD3, 9-O-

acetyl GD3, appears to be involved in glial-guided neuronal

migration and neurite outgrowth [80]. A similar role might

be performed by GM1 in the early stages of the human brain

development as GM1 has been implicated in glial-neuronal

contacts during the migration of neuroblasts [81].

Synapses are key sites of communication between neuronal

cells where the presynaptic cell propagates a response to the

postsynaptic cell through either a chemical or electrical

signal. Compartmentalization is pivotal at synapses in order

to transmit the signal as efficiently as possible. In rat hippocam-

pal neurons disruption of microdomains by simultaneous

cholesterol depletion and CERS inhibition leads to fewer, but

larger clusters of both the excitatory AMPA receptor and the

inhibitory GABAA receptor [82]. Structurally the microdomain

disruption means loss of inhibitory and excitatory synapses as

well as reduction in the number of dendritic spines [82]. As

excitatory synapses are usually located on spines in hippo-

campal neurons the morphological consequences caused by

microdomain disruption most probably also have functional

consequences. This is in line with the fact that gradual loss of

synapses and spines are characteristic for neurodegenerative

diseases [83].

4.2. Sphingolipids mediating axon-glial architecture
Myelination of axons is crucial in order to provide electrical

insulation of axons ensuring rapid and efficient action poten-

tial propagation. Proper myelination in the CNS requires

oligodendrocytes to form multilayered myelin membranes

wrapped around axons, the myelin sheaths, which involves

precise sorting and compartmentalization of myelin proteins

as well as GSLs and galactosphingolipids into microdomains

(reviewed in [3,55,84]). Disruption hereof leads to deterio-

ration of myelin, resulting in axon degeneration, which

contributes to the pathogenesis of demyelinating diseases

[14]. Indeed, myelin defects have been associated with several

enzymes of the sphingolipid pathway including the GM2/

rsob.royalsocietypublishing.org
Open

Biol.7:170069

6



GD2 synthase, UDP-galactose:ceramide galactosyltransferase

(CGT) and GalCer sulfotransferase (CST) [85–89].

Formation and stability of the myelin sheath depends on

protein–lipid interaction between the sheath and axon, but it

also depends on lipid–lipid interactions between myelin

sheath layers. Gangliosides GD1a and GT1b localized in

microdomains in the axonal membrane interact and regulate

the myelin protein myelin-associated glycoprotein (MAG)

[87,90,91], which itself is located in GalCer-enriched micro-

domains in mature myelin [92]. Disturbance of GD1a and

GT1b in neurons by either neuramidase treatment, blockage

of ganglioside biosynthesis or blockage of access by specific

IgG-class anti-ganglioside antibodies all prevent MAG-

mediated inhibition of neurite outgrowth [90]. Other major

myelin proteins found within GalCer-enriched microdomains

in mature myelin are myelin basic protein (MBP), 20,30-cyclic-

nucleotide 30-phosphodiesterase (CNP), myelin/oligodendro-

cyte glycoprotein (MOG) and proteolipid protein (PLP) [92].

Sorting of the myelin proteins into the GalCer-enriched

microdomains may already occur in the Golgi apparatus as

it has been shown that PLP association with GalCer- and

cholesterol-enriched microdomains in the Golgi is necessary

for correct localization in the membrane of oligodendrocytes

[93]. Besides controlling the localization of the major myelin

proteins, GalCer contributes to the long-term stability of

myelin by interacting with sulfatide located in the membrane

of opposing layers in the myelin sheath forming what is

known as a glycosynapse [94,95].

Between myelin sheaths there are regularly spaced

unmyelinated regions of the axon, also known as nodes of

Ranvier, where ion channels driving the action potential

propagation are highly enriched. The structural stability of

the nodes and their neighbouring functional regions (parano-

dal, juxtaparanodal and internode region) depends on cell

adhesion molecules (CAMs) in the axonal and glial mem-

branes, as well as oligodendrial GalCer and sulfatide

[85,86,96,97]. Disturbances of the nodes of Ranvier have

been observed in CGT-deficient mice lacking the ability to

synthesize both GalCer as well as sulfatide, and in CST-

deficient mice, which are unable to synthesize sulfatide

from GalCer [96,98]. Both mice strains have disrupted

axo–glial interactions, which in turn lead to dislocation of

axolemma proteins including juxtaparanodal Kþ channels

transcending into the paranodal region and diffuse distri-

bution of the axonal CAMs contactin-associated protein

(Caspr) and paranodin [86,96,98]. These disturbances result

in conduction deficits and pronounced tremor combined

with progressive ataxia [86,89]. Similar ultrastructural

dysfunctions may very well be present in the CerS22/2

mouse. As mentioned, CERS2 is responsible for the synthesis

of very-long-chain ceramides including C22 and C24 cera-

mide. The lipid composition of myelin in CERS2-deficient

mice is significantly changed on the level of ceramide, SM,

and in particular GalCer [99]. As WT mice age from birth

to 1 month, the acyl chain length of GalCer changes from

C18 to C22/C24 coinciding with active myelination. As

CerS22/2 mice are not able to compensate for the loss of

C22 and C24 GalCer, these mice develop unstable myelin

including degeneration and detachment [99]. This is consist-

ent with myelin degeneration after the age of 1.5 months as

seen in CGT-deficient mice [86]. Not only galactolipids

have proven to be important for maintaining the structure

of the nodes of Ranvier; imbalance in the ganglioside profile

has been shown to challenge their stability. Mice deficient in

the GM2/GD2 synthase have normal levels of ganglioside,

but express only the simple gangliosides GM3 and GD3,

yet no major abnormalities have been observed in the gross

development of their nervous system [100]. However, ultra-

structural defects have been detected, including axon

degeneration and demyelination resulting in progressive be-

havioural neuropathies as deficits in strength, coordination

and balance as well as development of tremor and catalepsy

[88,100]. GM2/GD2 synthase-deficient mice have abnormal

microdomain composition at the nodes of Ranvier affecting

the myelination, which might be explained by attenuated

expression of the axonal CAM Caspr and the glial CAM neu-

rofascin 155 (NF155) [85]. Furthermore, in these mice the

microdomain disturbance leads to mislocalization of Kþ

channels and Naþ channels that in turn results in ion channel

dysfunction and reduced motor nerve conduction [85]. These

effects only get more prominent with age.

4.3. Neuronal plasticity
The brain is far from being static after development has com-

pleted. Throughout life the brain adapts to stimuli, which

underlie functions of learning, behaviour and memory, and

it is this ability that helps the brain to overcome brain

damage. Neuronal plasticity is evident as modulation of

synapse efficacy, which is controlled by organization and

composition of the synapse structure. As sphingolipids play

an important role in organizing neuronal membranes, it is

not surprising that alterations in the sphingolipid pathway

have been associated with disturbances in neuronal plasticity.

Several lines of evidence point towards the neutral sphin-

gomyelinase-2 (nSMase) being able to modulate postsynaptic

function. nSMase is enriched in the hippocampus, where it

quickly can hydrolyse SM to ceramide [101]. It has been

shown that nSMase regulates excitatory postsynaptic currents

by controlling membrane insertion and clustering of NMDA

receptors [102]. Not surprisingly, mice deficient in nSMase

show compromised plasticity by having impaired spatial

and episodic-like memory [103]. It is becoming evident that

the balance between SM and ceramide is important in

order to maintain a normal state of mind as increased level

of ceramide has been associated with major depression

[104,105]. Several anti-depressant drugs have been shown

to inhibit the aSMase thereby lowering the concentration of

ceramide in the hippocampus resulting in increased neuronal

proliferation, maturation and survival as well as improving

stress-induced depression in mice [104]. Similar effects are

seen in mice deficient in aSMase activity, while the reverse

is observed in mice accumulating ceramide by either over-

expression of aSMase, heterozygous loss of acid ceramidase,

pharmalogic inhibition of ceramide metabolism or direct

injections of C16 ceramide into the hippocampus [104].

Thus the concentration of ceramide appears to determine

the behaviour mediated through hippocampal functions.

Synaptic plasticity covers several phenomena including

long-term potentiation (LTP), the strengthening of synapse

signalling through repeated presynaptic stimulation. LTP is

one of the major mechanisms constituting the basis for

memory and learning. The molecular mechanisms governing

LTP are diverse, and are neuronal and region-specific [106].

In the hippocampus, regulation of the glutamate receptor

NMDA in number and localization in postsynaptic
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membranes is one of these mechanisms. NMDA receptors

localize to membrane microdomains enriched in sphingoli-

pids [102,107], indicating that the sphingolipids may very

well be involved in NMDA-mediated LTP. Indeed, several

studies have associated exogenous gangliosides with regu-

lation of LTP in hippocampal neurons [108,109]. Both

exogenous GQ1b and stimulation of ganglioside synthesis

enhance ATP-induced LTP in hippocampal CA1 neurons,

which can be blocked by NMDA antagonists [109]. Further-

more, GQ1b has been found to increase brain-derived

neurotrophic factor (BDNF), an important protein in synaptic

plasticity, through regulation of the NMDA receptor in rat cor-

tical neurons [110]. Understanding the mechanisms behind

sphingolipid modulation of neural plasticity will be a valuable

tool in treatment of disabilities of learning, behaviour and

memory as well as brain injury.

5. Brain ion channels and receptors
in microdomains

A vast number of ion channels and receptors have been

reported to localize to brain membrane microdomains

(reviewed in [7] and [111]). However, the focus has primarily

been on microdomains defined by detergent methods and

cholesterol depletion and less on the role of sphingolipids.

Table 1 gives an overview of neuronal ion channels and

receptors that have been shown to be affected by sphingoli-

pids. When interpreting the effect of changed sphingolipid

metabolism on ion channel/receptor function, it should be

kept in mind that table 1 includes findings in neuronal cells

as well as in non-neuronal model cells. Future research

will help determine whether or not the findings in the

non-neuronal cells can be equated with neurons.

The multifaceted nature of membrane microdomains is

reflected in the way they regulate ion channel and receptor

functions. The effect can be direct through protein–lipid inter-

actions, but also more indirect by influencing the physical

properties of the membrane. The consequence of the effect is

highly dependent on the ion channel/receptor in question,

and can include alterations in kinetics, membrane localization

and trafficking. Yet some overall regulation strategies can be

deduced, which are described in the following sections.

The list of sphingolipid-binding proteins is expanding,

but only relatively few sphingolipid-binding motifs have

been identified [129–131]. SM has been shown to regulate

the activity of the Kv2.1 channel by interacting with the

helix-turn-helix motif found in the S3b and S4 voltage-

sensing domains of the channel in oocytes [113,116].

Hydrolysis of SM into ceramide profoundly inhibits Kþ con-

ductance along with ionic and gating currents [113]. The

latter was also observed for the Kv1.3 channel pointing

towards a general regulation mechanism of the channel’s

voltage sensor by SM. Furthermore, hydrolysis of SM into

ceramide-1-phosphate causes a hyperpolarization shift in the

conductance–voltage relation along with slowing of the deacti-

vation, which overall leads to a stabilization of the open state

of Kv2.1 [113,116,117]. However, removal of SM phospho-

heads also inhibits Kþ conductance of the Kir1.1 channel,

which contains no voltage sensor, indicating that SM has several

modes of ion channel regulation [113].

The major feature of microdomains is their ability to

include or exclude proteins and thereby dictate which

proteins are in close proximity to each other. The tightly

packed microdomains favour incorporation of molecules

with saturated and unbranched side chains, and thus

many of the proteins that reside in the microdomains are

often acylated, primarily palmitoylated and/or myristoylated

[132,133]. Acylated proteins include postsynaptic density

protein 95 (PSD-95), caveolin, GPI-anchored proteins,

Src-family of tyrosine kinases and the neural protein

GAP-43 [132,134]. As several ion channels are regulated by

phosphorylation, co-localization of ion channels with kinases

provides a convenient mode of ion channel modulation. It

has been shown that Kv1.5 associates with the Src kinase

Fyn in mammalian hippocampus through Kv1.5’s Src hom-

ology 3 (SH3) domain [135]. This association facilitates

phosphorylation of Kv1.2 and Kv1.4 subunits, which both

lack the SH3 domain, but reside in a heteromultimeric com-

plex with the Kv1.5 subunit. The phosphorylation of Kv1.2

and Kv1.4 leads to suppression of depolarization-evoked

currents [135]. Kv1.5 is also an example of an ion channel

that localizes to caveolin-rich microdomains. Interestingly, dis-

ruption of the microdomains by cholesterol depletion and

hindering of ceramide synthesis by inhibition of CERS activity

cause hyperpolarizing shifts in both the voltage-dependent

activation and inactivation of Kv1.5 in Ltk cells [115].

The strategy of targeting ion channels/receptors to micro-

domains varies depending on the specific ion channel/

receptor. Protein acylation is one strategy, as mentioned

above, while recruitment to microdomains through binding

to an acylated microdomain-residing protein has proven to

be another strategy. PSD-95, a major synaptic scaffolding-

protein, is an example of such a protein in the postsynaptic

membrane. Palmitoylation of PSD-95, a PSD-95/Dlg/ZO-1

(PDZ) domain protein, localizes it to microdomains to

which it has been shown to recruit the Kv1.4 ion channel

and NMDA receptor subunits through interaction with the

PDZ domain [134,136]. The recruitment of Kv1.4 is elimi-

nated when palmitoylation of PSD-95 is prevented

[134,137]. Interestingly, disturbance of the SM/ceramide bal-

ance by inhibition of nSMase results in increased level of

PSD-95 in mice brain, which further leads to changes in

NMDA subunit composition and an increase in AMPA recep-

tors [103]. This illustrates the ripple effect that can occur

when alterations in synaptic sphingolipids affect central

synapse functions.

Sphingolipids have also proven to be important for the

ability of receptors to bind and respond to ligands. Blockage

of ceramide synthesis resulting in SM depletion leads to loss

of agonist binding to the serotonin1A and serotonin7 receptors

in CHO cells and HeLa cells, respectively [122,123]. Further-

more, disturbance of microdomains has been shown to

regulate initiation of signal transduction through nicotinic

acetylcholine receptors (nAChRs). Simultaneous cholesterol

removal and hydrolysis of SM into ceramide in rat hippocam-

pal neurons increased the rate of recovery from desensitization

and agonist affinity of the neuronal a7 nAChR, which overall

led to slowing of the desensitization kinetics [112]. However,

the same treatment gave an opposite effect for the a3b2

nAChR where the desensitization half-time was decreased

[112]. This underlines the very individual nature of how ion

channels are being regulated by microdomains.

Collectively, the mechanism by which ion channel/receptor

functions is altered, and as a consequence of changes, micro-

domain composition remains elusive in most cases. There are
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Table 1. Examples of neuronal ion channels and receptors being affected by sphingolipid metabolism.

tissue/cell line functional effects/comments references

ion channels

a3b2 nicotinic

acetylcholine

receptor

rat hippocampal neurons removal of cholesterol and hydrolysis of SM into ceramide decreases

desensitization half-time

[112]

a7 nicotinic

acetylcholine

receptor

rat hippocampal neurons removal of cholesterol and hydrolysis of SM into ceramide slows down

the desensitization kinetics including increased agonist affinity

[112]

Kir1.1 oocytes hydrolysis of SM into ceramide inhibits Kþ conductance and decreases

ionic and gating currents

[113]

Kv1.3 jurkat T-lymphocytes constitutively localized in sphingolipid-rich microdomains; generation of

ceramide mediates formation of large ceramide-enriched domains

and inhibits channel activity

[114]

oocytes hydrolysis of SM into ceramide decreases ionic and gating currents [113]

Kv1.5 Ltk cells Co-localizes with caveolin; inhibition of CERS activity induces

hyperpolarization shift of the activation and inactivation curve

[115]

Kv2.1 oocytes hydrolysis of SM into ceramide-1-phosphate induces hyperpolarization

shift in the conductance – voltage relation

[113,116,117]

oocytes interaction with SM. Hydrolysis of SM into ceramide-1-phosphate

induces hyperpolarization shift in the conductance – voltage relation;

hydrolysis of SM into ceramide decreases current to 90% and

reduces gating currents

[113]

oocytes interacts with SM probably through the S3b and S4 voltage-sensing

domains

[116]

TRPA1 rat trigeminal neurons SM hydrolysis and inhibition of de novo synthesis of ceramide decrease

AITC-induced Ca2þ uptake, which is not due to an increase in

ceramide or sphingosine

[118]

rat peripheral sensory

nerve terminals

SM hydrolysis inhibits AITC-induced release of CGRP, which is not due

to an increase in ceramide or sphingosine

[118]

TRPM8 rat trigeminal neurons SM hydrolysis and inhibition of de novo synthesis of ceramide decrease

icilin-induced Ca2þ uptake

[118]

TRPV1 rat trigeminal neurons SM hydrolysis as well as inhibition of the synthesis of GSLs and de

novo ceramide decrease both capsaicin- and resiniferatoxin-evoked

Ca2þ uptake

[119]

rat trigeminal neurons SM hydrolysis and inhibition of de novo synthesis of ceramide decrease

capsaicin-induced Ca2þ uptake, which is not due to an increase in

ceramide or sphingosine

[118]

rat peripheral sensory

nerve terminals

SM hydrolysis inhibits capsaicin-induced release of CGRP, which is not

due to an increase in ceramide or sphingosine

[118]

GPCRs

AMPA receptor rat hippocampal neurons disruption of microdomains by simultaneous cholesterol depletion and

CERS inhibition results in fewer, but larger receptor clusters; loss of

synapses and dendritic spines

[82]

GABAA rat hippocampal neurons disruption of microdomains by simultaneous cholesterol depletion and

CERS inhibition result in fewer, but larger receptor clusters, meaning

reduced synapse number; loss of synapses and dendritic spines

[82]

(Continued.)
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many possible scenarios of how changes in the sphingolipid

metabolism may affect the synaptic structure and hence func-

tion: lack of lipid–protein interaction, mislocalization,

incorrect assembly of ion channel/receptor subunits, hindering

of activity-regulating proteins/factors, changes in trafficking,

altered agonist affinity and so on. Extensive research is

needed in order to decipher the role of sphingolipids in

regulation synaptic function through microdomains.

6. Sphingolipids and microdomains
in neurological diseases

In the previous sections, we have discussed how alterations

in sphingolipid metabolism can lead to abnormal organiz-

ation and functions of membrane microdomains, and how

functions of many neuronal ion channels and receptors

depend on proper microdomain composition and integrity.

Not surprisingly, defects in the sphingolipid metabolism

have been linked to numerous neurological diseases, includ-

ing Alzheimer’s disease (AD), Parkinson’s disease (PD),

several types of epilepsy, Huntington’s disease, Krabbe’s dis-

ease, Gaucher’s disease, inherited sensory and autonomic

neuropathy, and dementia. This section outlines examples

of how sphingolipids and microdomains are involved in

the development of neurological diseases.

6.1. Alzheimer’s disease
One of the major characteristics of AD is accumulation of the

amyloid beta-peptide (Ab), which ultimately leads to

Table 1. (Continued.)

tissue/cell line functional effects/comments references

NMDA receptor rat forebrain localized into PSD-95-rich microdomains and synaptic microdomains [107]

rat hippocampal neurons generation of ceramide by TNFa-induced activation of nSMase2

stimulate NMDA receptor clustering

[102]

CA1 pyramidal cells in

rat hippocampal slices

C2-ceramide induces a sustained synaptic current depression probably

mediated through the activation of protein phosphatases 1 and/or 2A

[120]

rat hippocampal slices long-term treatment with S1P agonist increases phosphorylation and

membrane level of NMDA receptor subunit GluN2B probably through

activation of the microdomain-associated Src kinase Fyn

[121]

serotonin1A receptor CHO cells inhibition of ceramide synthesis leads to impaired function of the

serotonin1A receptor due to reduced ligand binding

[122]

serotonin7 receptor HeLa cells inhibition of ceramide and GSL synthesis reduces maximum agonist

binding

[123]

other receptors

Trk A PC12 cells GM1 directly associates with Trk and enhances neurite outgrowth and

neurofilament expression induced by nerve growth factor (NGF)

[66]

GM1 enhances NGF-dependent homodimerization of Trk [68]

GM1 depletion by inhibition of GluCer synthase inhibits NGF-induced

neurite outgrowth, which is abolished by co-treatment with GM1

[67]

EGFR mouse neural stem cells GD3 mediates membrane microdomain localization of EGFR; ablation of

GD3 results in reduced level of EGFR expression and accelerates EGF-

induced EGFR degradation leading to decreased self-renewal

capability

[59]

insulin receptor CerS22/2 mouse liver lack of C22 – C24 ceramides inhibits phosphorylation and translocation

of the insulin receptor into microdomains upon insulin stimulation

[124]

Huh7 cells clustering of GM2 inhibits signalling through the insulin receptor by

excluding the receptor from non-caveolar membrane microdomains

[125]

3T3-L1 adipocytes TNFa-induced accumulation of GM3 eliminates insulin receptor from

microdomains and inhibits insulin signalling

[126]

GM3 disturbs interaction between the insulin receptor and caveola

protein Cav-1 resulting in exclusion of the receptor from caveola and

impairs insulin signalling

[127]

inhibition of GluCer synthase counteracts TNFa-induced abnormalities

in insulin signalling by normalizing GM2 and GM3 levels

[128]
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formation of plaques linked to disease progression. Several key

enzymes associated with AD have been shown to localize to

membrane microdomains including amyloid precursor protein

(APP), b-site APP cleaving enzyme (BACE-1), g-secretase com-

plex and neprilysin (an Ab-degrading enzyme) (reviewed in

[2,18,138]). Co-localization of APP and secretases in micro-

domains promotes APP processing leading to accumulation

of Ab, which is abolished upon microdomain disturbance by

cholesterol depletion [139]. An SM-binding motif has been

identified in Ab, and in vitro studies have shown that SM pro-

motes aggregation of Ab [130,140]. Accumulation of Ab leads

to SM depletion by activation of SMase, which is thought to

disrupt a range of protein–lipid interactions and hence down-

stream signalling pathways [141]. Furthermore, activation of

aSMase correlates with reported elevated levels of ceramide

in the brain and cerebrospinal fluid of AD patients, which

possibly is a result of increased expression of CERS1, CERS2,

aSMase, nSMase and galactosylceramidase [142–146]. Spread-

ing of plaque formation in the brain is thought to involve

ceramide-enriched exosomes of Ab and phosphorylated Tau

[147]. A recent study has shown that ablation of nSMase in

the AD mouse model 5xFAD improves AD pathology by

reducing brain exosomes, ceramide levels, Ab, phosphorylated

Tau and plaques [148]. Thus, tilting the SM/ceramide balance

towards ceramide contributes to the development of AD.

Evidence points towards gangliosides contributing to the

initiation and progression of AD. Using model membranes, it

has been shown that Ab can bind to GM1 and that GM1

facilitates Ab aggregation in membrane microdomains

[149,150]. Consistently, increased levels of GM1 and GM2

have been found in microdomains isolated from the frontal

and temporal cortex of AD patients and in brains of AD

mice models, which correlate with accelerating plaque for-

mation [151–153]. Recently, GM1 has been proposed to

have a protective role towards Ab aggregation rather than

contributing to it. Using physiological concentrations of

GM1 and Ab in model membranes, it has been shown that

GM1 in nanodomains does not induce Ab oligomerization,

but rather prevents SM-induced aggregation [140]. Thus, as

the overall level of GM1 decreases during ageing [154], the

protective role of GM1 decreases, thereby contributing to

the onset of AD. However, it has been shown that GM1 is

enriched in microdomains isolated from mice synaptosomes

in an age-dependent manner despite an overall reduction of

GM1 with age [57], indicating that regionally GM1 might

facilitate plaque formation. The latter is supported by enrich-

ment of GM1 and GM2 found in microdomains isolated from

AD patients [151]. Additional studies are necessary in order

to elucidate the role of GM1 in plaque formation in AD,

which probably depends on the timing of disease onset [152].

It is evident that AD is accompanied by deregulated

sphingolipid metabolism, yet the precise mechanisms

behind AD pathogenesis need to be clarified. Meanwhile, a

sphingolipid profile and microdomain composition might

function as a diagnostic tool in the development of AD.

6.2. Parkinson’s disease
The cause of PD is generally not known, but it is characterized

by accumulation and fibrillation of a-synuclein in neurons

leading to neurodegeneration. An increasing number of

studies report that mutations in the glucocerebrosidase

(GCase) gene confer increased susceptibility to the

development of PD [155–158]. A reduced activity of GCase

has been found in the brain of PD patients [159,160].

In line with this, GCase deficiency promotes accumulation of

a-synuclein in cultured neurons [161]. GCase is located in

lysosomes where it cleaves GluCer into ceramide and glucose.

a-synuclein has been shown to bind to gangliosides, sharing

the GluCer core structure, derived from the human brain

[162]. GCase deficiency leading to increase in GluCer has

been shown to control intracellular accumulation of a-synu-

clein in mice and human brains as well as in cultured

neurons [161]. Additionally, the assemblies of a-synuclein

were shown to inhibit normal activity of GCase and matu-

ration of lysosomes, thereby contributing to pathology [161].

Other studies show no changes in the level of GluCer in

human PD brains [163,164], indicating that GluCer is not

pivotal to PD development. The attention has turned to

membrane microdomains as a-synuclein has been observed

to bind to lipids within these microdomains [165]. Indeed,

membrane microdomains isolated from the frontal cortex

of patients with incidental PD display profound alterations

in lipid composition with a higher content of saturated

lipids and lower content of unsaturated lipids as well as a

reduction in cerebrosides and sulfatide, which overall

indicates an increase in microdomain order [166]. GM1 has

been of great interest as it binds a-synuclein, thereby pro-

moting oligomerization. [167]. However, treatment of

primate PD models with GM1 has shown beneficial effects

including restoring neurochemical and physiological par-

ameters [168–170]. Additionally, a study has shown that a

consistent portion of PD patients have increased anti-GM1

antibodies [171]. The positive effect of GM1 may be

explained by its ability to stabilize a-synuclein in an

a-helix structure, thereby preventing fibrillation [167]. This

effect is abolished in the familial PD mutant A30P of a-synu-

clein. Further studies are necessary in order to elucidate

the role of membrane microdomains and sphingolipids in

PD development.

6.3. Epilepsy
An increasing number of studies implicate defects in the

sphingolipid metabolism, both in the biosynthesis and

degradation pathway, with the development of epilepsy.

Although our knowledge of how these defects affect mem-

brane microdomains in the epileptic brains is limited, it can

be speculated that the changed sphingolipid profiles perturb

microdomain functions.

Recently, a homozygous mutation in the CERS1 gene and

a heterozygous deletion of the CERS2 gene have been associ-

ated with the development of progressive myoclonic epilepsy

[172,173]. CERS1 is the primary CERS in neurons responsible

for synthesis of C18 ceramide. Downregulation of CERS1 in a

neuroblastoma cell line induces ER stress and proapoptotic

pathways, which points towards a role of CERS1 in neuro-

degeneration [172]. CERS1 deficiency in mice results in a

pronounced decrease in brain gangliosides, along with dim-

inution and neuronal apoptosis in the cerebellum [76,174].

Moreover, loss of CERS1 also causes impaired lysosomal

degradation leading to accumulation of lipofuscin, which is

a common mechanism observed in ageing and neurodegen-

erative diseases [76]. CERS1 deficiency in mice also leads to

a reduction in MAG in oligodendrocytes, indicating how

the lipid composition of neuronal membranes can affect the
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protein expression in oligodendrocytes [174]. CERS2 is the

major CERS in oligodendrocytes, and lipidomic analysis of

skin fibroblasts from the CERS2þ/2 patient shows that the

SM profile resembles the changes in SM observed in the

CerS22/2 mice [99,173,175,176]. CERS2 is important for

maintaining membrane integrity shown by severely altered

biophysical properties of membranes isolated from the

brain of CerS22/2 mice [177]. Ablation of CERS2 in mice

results in degeneration and detachment of myelin as well as

cerebellar degeneration [99,175]. The latter again pinpoints

the functional relationship between neurons and oligoden-

drocytes as insufficient myelination of neurons leads to

their degeneration.

There have been multiple reports associating mutations

in the gene encoding the aCDase with spinal muscular

atrophy with progressive myoclonic epilepsy (SMA-PME)

[178–181], although initially the interest of aCDase was on

its involvement in the lysosomal storage disease Farber’s

disease [182]. Loss of aCDase in mice is embryonically

lethal due to early apoptotic cell death [183]. It has been

speculated that the development of SMA-PME instead of

Farber’s disease is a result of different residual activities of

aCDase in the two diseases [182]. Knockdown of the

aCDase orthologue in zebrafish compromises motor

neuron axonal branching and increases apoptosis in the

spinal cord [178]. It is known that increased levels of cera-

mide rearrange microdomains into larger membrane

domains of which one of the possible outcomes is apoptosis

[182,184]. Thus, control of ceramide levels is crucial in order

to prevent neuronal loss.

Defect ganglioside biosynthesis has been associated with

the development of epilepsy through the discovery of a

homozygous loss-of-function mutation of the GM3 synthase

gene linked to infantile-onset symptomatic epilepsy syn-

drome and refractory epilepsy [185,186]. Loss of GM3

synthase activity in the affected children was accompanied

by complete lack of GM3 and its downstream biosynthetic

derivatives in plasma with evidence of increased flux through

the remaining functional ganglioside synthesis pathways

[185]. However, a compensatory effect is not observed in

patient-derived GM3 synthase-deficient skin fibroblasts,

which have a 93% reduction in ganglioside content com-

pared with control skin fibroblasts [187]. This leads to a

decrease in EGF-induced proliferation as well as migration

of the patient skin fibroblasts caused by lack of GM3 facili-

tation of EGF binding to the EGFR receptor, which is

known to localize to membrane microdomains [187,188].

GM3 synthase-deficient mice show no obvious neurological

defects [189], and thus an alternative model system must be

employed in order to evaluate the role of GM3 synthase in

brain membrane microdomains.

7. Concluding remarks
Genetically engineered mice models with defective sphingo-

lipid metabolism at various stages of the sphingolipid

pathway have paved the way for understanding how sphin-

golipids are involved in regulating the nervous system. The

phenotypes observed in KO mice deficient in ganglioside

synthases have often been milder than expected, pointing

towards a redundancy in the functions of gangliosides. Yet

some ganglioside functions are highly specific and cannot

be substituted for by others. It is important to take into

account that what we see in mice models might not be repre-

sentative for humans. For instance, KO of the GM3 synthase

in mice does not show any major abnormalities [190], while

the human equivalent has been diagnosed with infantile-

onset symptomatic epilepsy [185,186]. Thus, even though

our knowledge of how the brain functions has expanded sub-

stantially through animal models, we must always keep in

mind the limitations of these models.

Membrane microdomains play a central role in brain

development and maintenance. The existence of membrane

microdomains has been highly debated, but accumulating

evidence indicates that the lipid composition of the plasma

membrane is very heterogeneous and laterally organized

into microdomains [191]. Technological advances such as

stimulated emission depletion (STED) microscopy now

allow us to visualize these former enigmatic compartments

in living cells [16,17]. Perturbations of the sphingolipid

metabolism affect dynamics, integrity and functions of the

microdomains. Disarrangement of sphingolipid micro-

domains has been associated with numerous neurological

diseases, and it has been proposed that analysis of membrane

microdomain disorder can function as a diagnostic tool in the

early diagnosis of neuropathological development [18]. The

challenge is how to take advantage of this early diagnosis

in the treatment of patients as it can be challenging to dis-

tinguish between primary and secondary effects. Future

research will help clarify the role of sphingolipids in neuro-

logical disorders, and further reveal whether individual

sphingolipid species or collective changes in the sphingolipid

profile are primary effectors. This will be pivotal in the devel-

opment of therapeutic strategies in treatment of sphingolipid

related neurological diseases.
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Abstract

Objective: Ceramides are precursors of complex sphingolipids (SLs), which are

important for normal functioning of both the developing and mature brain.

Altered SL levels have been associated with many neurodegenerative disorders,

including epilepsy, although few direct links have been identified between genes

involved in SL metabolism and epilepsy. Methods: We used quantitative real-

time PCR, Western blotting, and enzymatic assays to determine the mRNA,

protein, and activity levels of ceramide synthase 2 (CERS2) in fiibroblasts iso-

lated from parental control subjects and from a patient diagnosed with progres-

sive myoclonic epilepsy (PME). Mass spectrometry and fluorescence

microscopy were used to examine the effects of reduced CERS2 activity on cel-

lular lipid composition and plasma membrane functions. Results: We identify a

novel 27 kb heterozygous deletion including the CERS2 gene in a proband

diagnosed with PME. Compared to parental controls, levels of CERS2 mRNA,

protein, and activity were reduced by ~50% in fibroblasts isolated from this

proband, resulting in significantly reduced levels of ceramides and sphingomye-

lins containing the very long-chain fatty acids C24:0 and C26:0. The change in

SL composition was also reflected in a reduction in cholera toxin B immuno-

fluorescence, indicating that membrane composition and function are altered.

Interpretation: We propose that reduced levels of CERS2, and consequently

diminished levels of ceramides and SLs containing very long-chain fatty acids,

lead to development of PME.

Introduction

Progressive myoclonic epilepsy (PME) is a heterogeneous

group of disorders characterized by myoclonus, tonic-clo-

nic seizures, and progressive neurological dysfunction,

including cognitive impairment and ataxia. Disease onset

and symptoms vary greatly among these disorders. A

greater understanding of the underlying pathophysiologi-

cal processes would help both diagnosis and treatment.1–3

Sphingolipids (SLs) are abundant in nervous tissue and

are especially enriched in myelin. Most typical myelin lip-

ids are cerebrosides (glucosylceramide [GlcCer] and galac-

tosylceramide [GalCer]), which are approximately 10-fold

more abundant in white compared to gray matter.4
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GalCer is the most abundant cerebroside in the brain, and

is especially enriched in C22-24-fatty acids (FAs).4,5 Sphin-

gomyelin (SM) is another major myelin lipid and is highly

enriched in C18- and C24-SLs. During development, C18-

SM decreases from 80% to 30% of the total SM content

in myelin, while C24-SM increases from 4% to 33%. Oli-

godendrocytes show a SL composition similar to myelin

and are also enriched in C24-SLs.4,5 Gangliosides, acidic

glycosphingolipids, are predominantly comprised of C18-

SLs, and are especially enriched in gray matter.6

Ceramides are the building blocks of all complex SLs

(Fig. 1). In mammals, Ceramides are synthesized by a

family of six enzymes (CERS1-6), which all display dis-

tinct tissue expression levels and utilize acyl-CoAs of

defined chain length (reviewed in7,8). Ceramide synthase

2 (CERS2) is the most widely expressed and is especially

abundant in liver and kidney, and primarily uses C22-

C24-acyl-CoAs for ceramide synthesis.9 CERS1 predomi-

nantly uses C18:0- and C18:1-acyl-CoAs is the most

abundant ceramide synthase in the central nervous sys-

tem, and more abundant in gray matter than in white

matter; however, CERS2 is also highly expressed in white

matter.10 Knockout of CerS2 in mice results in decreased

levels of C22-24-ceramides and -SLs in the brain, whereas

long-chain ceramides, for example, C18-ceramide and

sphinganine, increase. In addition to impaired liver func-

tion,11 CerS2 null mice exhibit a number of nervous sys-

tem dysfunctions, including myelin sheath defects and

cerebellar degeneration, which consequently results in

abnormal motor function, including generalized and sym-

metrical myoclonic jerks and sensitivity to auditory stim-

uli.9,12,13 CerS2 null mice also have altered biophysical

membrane properties and show elevated levels of reactive

oxygen species in the liver due to impaired activity of

mitochondrial complex IV.14–16

Previously, homozygous loss of GM3 synthase (also

known as lactosylceramide a-2,3 sialyltransferase) has

been linked to infantile-onset, symptomatic epilepsy syn-

drome,17 and more recently two CerS1 knockout mice

strains have been shown to display degeneration of cere-

bellar Purkinje neurons and accumulation of lipofuscin.18

As altered SL levels are found in many neurodegenerative

disorders and in a variety of other diseases,19 understand-

ing the consequences of these alterations and deciphering

SL regulation, as well as its impact on cellular properties,

may provide novel therapeutic targets.

Case Report

The proband is a 30-year-old man born to unrelated

Caucasian parents with no family history of known

chromosomal abnormalities, epilepsy, or developmental
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delay. Pregnancy and delivery were normal. He had no

neonatal problems, weighed 2.9 kg, and had a length of

50 cm at birth. Before the age of 2 years, he had three

febrile seizures (FS) and two afebrile seizures, presumably

generalized tonic-clonic seizures (GTCS). Initial electroen-

cephalography (EEG) recordings and computerized

tomography (CT) scans were normal. To prevent seizures,

he was treated with valproic acid (VPA), which rendered

him seizure-free. When he was 6 years old, VPA was

withdrawn and he remained seizure-free without antiepi-

leptic treatment until the age of 10 years, when VPA was

reintroduced due to recurrence of GTCS. He attended a

regular school until he was 12 years old, at which time he

was diagnosed with learning disabilities and therefore

moved to a special class. At the age of 13 years, develop-

mental delay was noticed along with tremor of the hands,

and gait disturbances were observed but regarded as side

effects of VPA. At the age of 14, he was diagnosed with

severe myoclonus. When VPA was substituted by Lamotri-

gine, cognitive function appeared to improve, but due to

unacceptable myoclonia, VPA was reintroduced at the

proband’s demand. A combination of high dose VPA and

oxcarbazepine kept him seizure-free with almost no myo-

clonia for nearly 2 years. At the age of 20, the frequency

of GTCS (predominantly during sleep) and myoclonia

increased, and despite administration of several antiepilep-

tic drugs, such as clonazepam, clobazam, levetiracetam,

piracetam, and zonisamide, his seizures could not be con-

trolled. Furthermore, withdrawal of oxcarbazepine severely

increased the frequency of tonic-clonic seizures. For a per-

iod of time, he was is reluctant to go outside due to

extreme photosensitivity, which caused frequent falls.

Laboratory investigations revealed normal hematologi-

cal indices as well as normal liver and kidney function.

Prior to Simvastatin treatment, the plasma level of choles-

terol was >10 mmol/L (normal level <5.2 mmol/L) and

after treatment, high-density lipoprotein, low-density

lipoprotein, and triglyceride levels were 6.6, 1.4, and

1.5 mmol/L, respectively. Hematoxylin and eosin staining

of a muscle biopsy demonstrated discrete myopathic

abnormalities with increased fiber variability and an

increased number of central nuclei. The inherited mito-

chondrial disorders, Mitochondrial encephalomyopathy,

lactic acidosis, and stroke-like episodes (MELAS), Myo-

clonic Epilepsy with Ragged Red Fibers (MERRF), and

Neuropathy, ataxia, and retinitis pigmentosa (NARP)

were excluded, and genetic tests for the lipid storage dis-

ease, Niemann Pick Type C (sequencing of NPC1 and

NPC2), were normal. In addition, whole exome sequenc-

ing was performed without detecting any disease-causing

mutations. A variety of other tests were performed, and

the only abnormality detected was a small reduction in

the respiratory chain complex I/citrate synthase ratio

(0.18 compared to the normal range of 0.19–0.54)
(Table 1).

EEG recordings at disease onset did not reveal any

abnormalities. When the proband was 19 years of age,

alpha background activity was preserved, with intermit-

tent and irregular beta and theta activity without an

altered pattern during intermittent photic stimulation.

Over the years, the EEG background activity was slightly

reduced to an activity of 7½–8 Hz, with sharp waves fol-

lowed by 2–3 Hz slow waves in the left temporal region.

During photostimulation and during sleep, myoclonic

jerks without EEG correlation were seen, predominantly

in the upper limbs and on the left side of the body.

EEG-EMG polygraphic recordings were not performed.

Sensory evoked potentials (SEP) analysis showed a cor-

tical response with increased amplitude. Moreover, visual

evoked potentials (VEP) showed abnormal cortical poten-

tials and high amplitude spikes in the mid-occipital

region. Magnetic resonance imaging (MRI) of the brain

Table 1. Case report: list of test values

Test Value Normal range

Hemoglobin >10 10–11.1

Lactate 1.2 0.7–2.1

Alkaline phosphatase 117–125 35–105

Glut1 deficiency 4.3 –

b-Galactosidase 201 130–340

Arylsulfatase A 8.0 3.5–15

Hexosaminidase A + B 2225 1200–3500

Hexosaminase A 211 140–410

Galactocerebrosidase 1.01 0.5–3.4

a-Fucosidase 59 20–110

Palmitoyl-protein thioesterase 22 15–90

Hexosaminidase A + B (plasma) 596 400–1800

Chitotriosidase I (plasma) 13 0–115

Cerotic acid 98 40–115

Complex I 63 25–164

Complex II 130 39–171

Complex II + III 134 33–216

Complex III 467 117–794

Complex IV 1225 286–1852

Citrate synthase (CS) 351 127–477

Complex I/CS ratio 0.18 0.19–0.54

Complex II/CS ratio 0.37 0.24–0.50

Complex II + III/CS ratio 0.38 0.19–0.72

Complex III/CS ratio 1.33 0.82–2.14

Complex IV/CS ratio 3.5 2.2–5.0

Complex I/II ratio 0.48 0.45–1.33

Complex II + III/II ratio 1.03 0.48–1.71

Complex III/II ratio 3.6 1.6–5.8

Complex IV/II ratio 9.4 7.3–13.6

PCR analysis of whole mitochondria gene on DNA isolated from

muscle biopsy is normal

MELAS (3243AG) Not detected –

MERRF (8834AG) Not detected –

NARP (993TG) Not detected –
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at the age of 15 years indicated no abnormalities. How-

ever, at 27 years of age, an MRI scan showed a minor

lesion, probably a minimal heterotropia in the left tempo-

ral lobe, and discrete atrophy bilaterally of the frontopari-

etal lobes and cerebellum.

Upon neurological examination at 30 years of age, the

proband appeared moderately intellectually disabled with

dysarthria and ataxia. He was slim (weight 62 kg, height

167 cm), myopic, and had normal hearing. He now lives

in residential care, cohousing with younger mentally dis-

abled persons. Within the last year, his condition has

worsened and he has been compelled to give up his shel-

tered employment at the local supermarket. At present he

is having 4–8 GTCS per month and consistently experi-

ences myoclonus. He is treated with 2300 mg VPA,

900 mg oxcarbazepine, and 4800 mg piracetam per day.

Subjects/Material and Methods

Study oversight

This study was approved by the Ethics Committee at

Western Sealand and written informed consent was

obtained from the patient and his parents.

Genetic studies

DNA samples were typed for 1.8 million probe sets on

the Affymetrix Genome-Wide Human SNP Array 6.0

(Affymetrix, Santa Clara, CA). CNV (copy number

variation) analysis was performed by the algorithm imple-

mented in the Affymetrix Genotyping Console version

4.0. (Affymetrix, Santa Clara, CA). The presumed patho-

genic CNV was verified in the index patient, and also

tested in the parents with TaqMan qPCR (Life Technolo-

gies, Carlsbad, CA) according to manufacturer’s instruc-

tions. Seven specific primer pairs were designed to

amplify the 10 coding exons of CERS2 and the adjacent

intron-exon boundaries. PCR amplicons were sequenced

using Applied BiosystemsTM according to the supplier’s

recommendations. Paternity was confirmed by genotyping

15 short tandem repeat (STR) markers located on 10

different chromosomes.

Control cohort

The control cohort comprised 1075 unselected individuals

provided by the PopGen biobank.

Cell culture

A skin biopsy excised from the upper arm was transferred

to a tissue culture flask. The biopsy was cultured in Ros-

well Park Memorial Institute media-1640, 20% Fetal calf

serum (supplemented with 4 mmol/L L-glutamine,

0.017 mg/mL benzylpenicillin) and grown at 37°C, with
5% CO2. Primary fibroblasts were grown in Dulbecco’s

modified Eagle’s medium supplemented with high glu-

cose, 1 mmol/L sodium pyruvate (Invitrogen, Carlsbad,

CA), 44.04 mmol/L sodium hydrogen carbonate,

33 lmol/L biotin, 34 lmol/L pantothenic acid, 20% fetal

bovine serum (Sigma-Aldrich, St. Louis, MO), 100 units

penicillin/0.1 mg streptomycin per liter (Sigma-Aldrich),

and GlutaMAX supplement (Invitrogen) at 37°C, with

5% CO2.

Quantitative real-time PCR

Total RNA was harvested from muscle biopsies and

human primary fibroblasts using ice-cold Trizol (Invitro-

gen) according to manufacturer’s instructions. cDNA and

quantitative real-time PCR were performed as described.20

Expressions were normalized to TATA-binding protein

(TBP) and/or b-actin. Statistical analyses were performed

in GraphPad Prism version 6 (GraphPad Software, La

Jolla, CA).

Western blotting

Total cell extracts were prepared from cultured fibro-

blasts, and proteins were separated by sodium dodecyl

sulfate (SDS) polyacrylamide gel electrophoresis and sub-

sequently transferred to a Polyvinylidene Difluoride mem-

brane by electroblotting. CERS2 was probed using a

rabbit anti-human CERS2 antibody (Abcam, Cambridge,

England). TBP was probed using a rabbit anti-human

TFIIB antibody (Santa Cruz Biotechnology, Inc., Dallas,

TX), which served as loading control. All immunoprobed

proteins were detected by enhanced chemiluminescence.

Ceramide synthase activity

Ceramide synthase activities were determined in cell

extracts as previously described.21

Lipid analysis by mass spectrometry

Analysis of ceramides and SLs in isolated fibroblasts were

carried out by Avanti Polar Lipids, Inc., Alabama, AL.

Results were normalized to cell number.

GM1 staining

Fibroblasts were washed three times in M1 medium

(150 mmol/L NaCl, 5 mmol/L KCl, 1 mmol/L CaCl2,

1 mmol/L MgCl2, 5 mmol/L glucose, 20 mmol/L Hepes,
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pH 7.3) and stained with Cholera Toxin B-Alexa488

(10 lg/mL in M1 medium) (Invitrogen) for 20 min at

37°C. Wide-field fluorescence microscopy and digital

image acquisition were performed using a Leica DMIRBE

microscope with a 639, 1.4 NA oil immersion objective

(Leica Lasertechnik GmbH, Wetzlar, Germany). All pic-

tures were taken within 20 min after CTxB staining using

a standard fluorescein filter set (470-nm, [20-nm band-

pass] excitation filter, 510-nm longpass dichromatic filter,

and 537-nm [23-nm] bandpass emission filter). All

images were acquired using identical settings. Images were

analyzed using the freeware ImageJ [National Institute of

Health (NIH), Bethesda, MD].

Light sensitivity of CerS2 null mice

Mice were maintained in a specific pathogen-free and

temperature-controlled (22 � 1°C) mouse facility on a

reverse 12 h light/dark cycle (lights on at 20:00) according

to institutional guidelines. Food and water were given ad

libitum. All experimental protocols were approved by the

Institutional Animal Care and Use Committee of The

Weizmann Institute of Science. Light sensitivity was

assessed by measuring freezing behavior in a circular open

field (Ø = 56.5 cm) under two illumination conditions,

dark (10 lux, 5 min) and light (120 lux, 5 min). An over-

head camera (Sony DCR-SR30E HANDYCAM, Tokyo,

Japan) recorded mouse behavior. Freezing was deter-

mined by off-line analyses of the video tracks using an

automated tracking system (Ethovision, Noldus, Wagen-

ingen, the Netherlands).

Results

Genetic analysis

We performed genome-wide SNP 6.0 array analysis on

DNA isolated from the proband and identified a hetero-

zygous 27 kb de novo deletion on chromosome 1q21

containing the entire CERS2 gene (Fig. 2A). To exclude a

recessive condition, we sequenced the remaining allele of

CERS2, but no further mutations were identified. The
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deletion also included the distal part of SETDB1 (exon

15–22), a histone methyltransferase. To examine the

expression levels of both genes, we performed quantitative

PCR on total RNA isolated from muscle biopsies from

the proband and six unrelated controls. As predicted, the

level of CERS2 mRNA was reduced to ~50% in the

proband (Fig. 2B). Moreover, expression of the longest

predicted transcripts of SETDB1 was reduced, while

expression of shorter transcripts was unaffected (Fig. 2B),

consistent with the identified deletion. To obtain further

genetic evidence for CERS2 pathogenicity, we performed

SNP 6.0 array analysis on 1075 healthy controls, and no

deletions or duplications involving CERS2 were detected.

In addition, we performed a mutation analysis of all 10

coding exons and intron-exon boundaries of CERS2 using

bidirectional sequencing in a cohort of 100 probands with

progressive ataxia and/or epilepsy. No CERS2 mutations

were detected in this cohort.

Biochemical analysis of primary fibroblasts
isolated from proband

In order to characterize the biochemical phenotypes asso-

ciated with the heterozygous deletion of CERS2, we char-

acterized primary fibroblasts generated from skin biopsies

from the proband and the healthy parents. Parental fibro-

blasts were used as controls, and after establishing pater-

nal consanguinity, we confirmed that both parents carry

two functional CERS2 alleles (results not shown). Com-

pared to parental cells, expression levels of CERS2 and

the long SETDB1 transcripts were reduced by more than

50% in proband cells (Fig. 3A; data not shown). We

observed similar decreases in protein levels of CERS2 and

high molecular weight isoforms of SETDB1 (Fig. 3B; data

not shown). The mRNA expression levels of CERS1,

CERS4, and CERS6 varied between proband and parents,

with no obvious tendency to be either increased or

decreased in proband fibroblasts compared to parental

fibroblasts (Fig. 3A). Analysis of CERS2 activity using

C22-CoA as a substrate showed a 50% reduction com-

pared to control fibroblasts (Fig. 3C). However, no

changes in ceramide synthase activity were observed in

proband cells using C24- or C24:1-CoAs as substrate. We

next examined ceramide and SL composition by mass

spectrometry (Figs. 4, 5); ceramides containing very long-

chain FAs (i.e., C24–C26) were significantly reduced in

proband cells compared to controls, while long-chain

ceramides (i.e., C16–C18) increased (Fig. 4A and B).

Additionally, the abundance of SMs containing very long-

chain FAs was significantly reduced in proband fibroblasts

compared to parental control cells, while the abundance

of SMs with long-chain FAs was unchanged (Fig. 4C and

D). Despite these changes in ceramide and SM composi-

tion and levels, levels of the very long-chain glycosylated

ceramides lactosylceramide (LacCer) and GlcCer were not

reduced (Fig. 5).

SLs play important roles in the formation of membrane

microdomains, which are lipid domains enriched in cho-
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Figure 3. Heterozygous deletion of CERS2 reduces CERS2 expression,

CERS2 protein level, and activity in fibroblasts. (A) Total RNA was

isolated from cultured fibroblasts from the proband and controls and

expression levels of CERS1-6 were determined by quantitative real-

time PCR. Mean � SD is shown, N = 3. Statistical analyses were

performed using a multiple t-test with significance levels: *(P < 0.05),

**(P < 0.01), and ***(P < 0.001). (B) Total cell extracts were prepared

from cultured fibroblasts and CERS2 levels were determined by

Western blotting. TFIIB served as loading control. (C) Ceramide
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indicated acyl-CoAs as substrates. Mean � SEM is shown, N = 6–9.

Statistical analyses were performed using multiple t-test with
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lesterol and SLs. These domains orchestrate assembly of

membrane proteins and ensure proper signal transduction

(reviewed in22). Staining cells with cholera toxin B, a

marker of membrane microdomains which binds to

ganglioside GM1, revealed significantly reduced labeling

in fibroblasts derived from the proband compared to both

parental cell lines (Fig. 6), indicating that membrane lipid

composition, and possibly formation of microdomains,

are altered when CERS2 activity is reduced.

Photosensitivity in CerS2 null mice

Finally, as the proband is photosensitive, we examined

whether CerS2 null mice are sensitized to light, using

freezing behavior, a well-known index of fear,23,24 under

dim and bright illumination conditions. Although CerS2

heterozygosity in mice did not sensitize mice to light,

CerS2 null mice were significantly more sensitive to light

than CerS2+/+ mice (Fig. 7).
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Figure 4. Ceramides and sphingomyelin species containing very long-chain fatty acids are reduced in proband fibroblasts. Lipid extracts prepared

from cultured fibroblasts were analyzed using LC-MS. Ceramides containing long-chain fatty acids are shown in (A), while ceramides with very

long-chain fatty acids are shown in (B). (C) Sphingomyelins containing long-chain fatty acids and (D) sphingomyelins containing very long-chain

fatty acids from proband and parental control fibroblasts. Assuming that all ceramide and sphingomyelin species contain a C18-sphingoid base,

sphingolipids were categorized into long-chain or very long-chain species. Levels of lipid species have been normalized to total cell number and
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Statistical analyses were performed using multiple t-test with significance levels: *(P < 0.05), **(P < 0.01), and ***(P < 0.001).
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Discussion

In this study, we identified a de novo 27 kb heterozygous

deletion of 1q21, including CERS2 and the distal part of

SETDB1, in a male proband diagnosed with PME. In the

brain, CERS2 is highly expressed in white matter tracts

including the corpus callosum, striatum, and white matter

of the cerebellum and brainstem, which is consistent with

Figure 5. Lipid profile of glycosylceramide species in proband fibroblasts. Lipid extracts, prepared from cultured fibroblasts were analyzed using

LC-MS. Glycosylceramide species containing long-chain fatty acids are shown in (A), while glycosylceramide species with very long-chain fatty

acids are shown in (B). Lipids levels were normalized to total cell number and internal standards. Three independent cultures of fibroblasts from

the proband and controls were analyzed. Mean � SD is shown, N = 3. Statistical analyses were performed using multiple t-test with significance

levels: *(P < 0.05) and **(P < 0.01).
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Figure 6. Cholera toxin B labeling of fibroblasts from proband and parental controls. (A) Fibroblasts from proband and controls were stained

with Alexa488-labeled cholera toxin B for 20 min., and subsequently examined by fluorescence microscopy. (B) Images and fluorescence

intensities were analyzed using ImageJ. Mean � SEM is shown, N (parent 2) = 38 and N (proband) = 49. Statistical analyses were performed

using unpaired two-tailed t-test with Welch’s correction with significance level: ***(P = 0.0004).
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CERS2 expression in mature myelin-producing oligoden-

drocytes. Schwann cells of the peripheral nervous system

display high CERS2 expression as well.4,10 SETDB1 is also

expressed in the nervous system, and removal of Setdb1

in mice results in peri-implantation lethality.25 Studies of

the forebrain of transgenic Setdb1 mice demonstrated that

it targets ionotropic glutamatergic NMDA receptors.26

Recently, mutations and intragenic deletions of SETDB1

have been associated with Autism Spectrum Disorder

(ASD) although all the detected SETDB1 variants were

inherited from healthy parents.27 As our proband was not

diagnosed with ASD, and heterozygous mutations and

intragenetic deletions of SETDB1 have been identified in

healthy individuals, we do not believe that the partial

SETDB1 deletion causes the currently described

phenotype.

Besides a recent genome-wide association study, which

identified a CERS2 mutation to be associated with

primary rhegmatogenous retinal detachment,28 CERS2

mutations causing human disorders have, until now, not

been reported. This study suggests that CERS2 haploinsuf-

ficiency may cause PME. PMEs are a group of rare and

devastating genetic disorders, which are often refractory

to conventional treatment. Almost all PMEs reported so

far have been associated with recessive inheritance. In the

present report, we have confirmed that both parents have

two functional CERS2 alleles, thus the CERS2 haploinsuf-

ficiency must have arisen due to a spontaneous deletion

of one of the CERS2 alleles. Accordingly, fibroblasts

isolated from the proband display reduced levels of

CERS2 mRNA, protein, and activity, which cause reduced

levels of very long-chain ceramides and SMs.

Little is known about how CERS2 deficiency might

affect cellular functions in humans. In mice, total loss of

CerS2 expression significantly diminishes levels of cera-

mides and more complex SLs such as C22-24 GalCer,

which results in myelin instability and in degeneration of

both white and gray matter in the cerebellum.12,13 This

suggests that CERS2 activity is important in both neurons

and formation of myelin sheath.12,13 CerS2 null mice also

display astrogliosis and microglial activation in both white

and gray matter, which may be related to the motor initi-

ation difficulties and myoclonic jerks observed in these

mice.13,29 EEG revealed abnormal fast rhythmic activity

(>40 Hz) and, similar to that found in the proband, the

null mice display no changes in EEG during myoclonic

events.13 To this end, our present studies suggest that

CerS2 null mice also are significantly more sensitive to

light than wild-type mice (Fig. 6), implying that the light

sensitivity in the proband may be caused by impaired

CERS2 function.

Disruption of CERS2 activity in mice not only causes

neurological phenotypes but also results in impaired

hepatic and lung functions.11,29–31 In the present proband,

CERS2 haploinsufficiency does not appear to impair liver

and kidney function (Table 1). Although CERS2 is ubiq-

uitously expressed, it is abundantly expressed in both liver

and kidney, and found at significantly lower levels in the

brain. We therefore propose that CERS2 haploinsufficien-

cy in humans only has detrimental effects in tissues con-

taining low levels of CERS2, such as the brain, while the

remaining CERS2 activity in the liver and kidney may

synthesize sufficient amounts of very long-chain SLs to

sustain central cellular functions. Alternatively, compensa-

tory mechanisms by other ceramide synthases may exist

in vivo, which are not evident in isolated fibroblasts.

Ablation of CerS2 in mice results in a small and incon-

sistent reduction in total GM113 and in altered biophysi-

cal membrane properties.15 Consistent with this notion,

we also found that CERS2 haploinsufficiency reduced

cholera toxin B staining of the plasma membrane, sug-

gesting that the altered SL composition can ultimately

impair membrane microdomain formation and hence

plasma membrane functions. Interestingly, such mem-

brane microdomains have been shown to modulate neu-

ronal excitability by controlling neurotransmitter receptor

sensitivity and functions,32,33 which could contribute to

the phenotypes displayed by the proband.

Collectively, we have identified a proband with PME

coupled to altered synthesis and composition of very

long-chain ceramides and SM. The proband has only one

functional CERS2 allele, reduced CERS2 mRNA, protein,

and activity levels, resulting in impaired synthesis of cera-

Figure 7. CERS2 KO mice exhibit increased sensitivity to light.

Sensitivity to light was assessed by measuring freezing behavior, an

index of fear, in a circular open field under two illumination

conditions, dark (10 lux, 5 min) and light (120 lux, 5 min). ANOVA

for GENE (KO/HT/WT) indicated no difference in freezing duration in

the DARK (F(2,15) = 3.185; n.s.), but a statistically longer duration of

freezing in CerS2 null mice than in both WT and heterozygote mice

under light. N = 6. (ANOVA for GENE: F(2,15) = 4.42; P < 0.05;

Dunnet post-hoc test: KO>het P < 0.05, KO>WT P < 0.05).
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mides and SM containing very long acyl chains, which

consequently can affect the formation of membrane

microdomains. We foresee that this proband will provide

a unique opportunity for addressing the functions of

CERS2 and SLs in the development of PME, and lay the

foundation for further exploration of the role of SL

metabolism in human neurodegenerative disorders.
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Abstract 

Altered lipid metabolism has been associated with many neurological diseases, including epilepsy, 

Alzheimer’s, and Parkinson’s disease. Recently, ceramide synthase 2 (CERS2) was linked to 

progressive myoclonic epilepsy (PME), a group of rare neurological disorders characterized by 

myoclonus, tonic-clonic seizures, and progressive neurological dysfunction.  

Ceramide is a key intermediate in sphingolipid metabolism. In mammals ceramide is synthesized by a 

family of six ceramide synthases (CERS1-6) that differ in tissue distribution and substrate specificity. 

Each CERS catalyzes the synthesis of ceramide species of distinct chain length, accounting for the 

diversity in acyl-chain composition of ceramide species. CERS2, the most ubiquitously expressed 

CERS, is mainly expressed in kidney and liver, but is also found in oligodendrocytes in the brain. It 

primarily uses C22-24 acyl-CoAs for ceramide synthesis.  

In this study have we applied mass spectrometry-based lipidomics to characterize the cellular lipid 

composition of primary skin fibroblasts isolated from the patient carrying a heterozygous deletion of the 

CERS2 gene and diagnosed with PME. Our results show that CERS2 haploinsufficiency alters 

sphingolipid and glycerophospholipid composition, which may affect plasma membrane dynamics and 

organization, leading to compromised oligodendrocyte function, and ultimately contributing to the 

development of PME. 

 

  



 

 

3 

Introduction 

Lipids are abundant in nervous system, where they perform important functions in both maturing and 

adult brain. Dysregulation of lipid metabolism contributes to the pathogenesis of neurological disorders, 

including epilepsy, and in neurodegenerative diseases, such as Alzheimer’s, Parkinson’s, and 

Huntington’s disease [1]. Therefore understanding the consequences of these alterations at the 

molecular level and how they impact cellular functions may provide novel therapeutic targets for the 

treatment of neurological diseases.  

All eukaryotic cells are surrounded by a lipid bilayer consisting of three major lipid classes: 

glycerophospholipids, sphingolipids, and cholesterol [2, 3]. Glycerophospholipids (GPLs) are 

composed of a glycerol-3-phosphate backbone with a polar head group attached to the sn-3 position, 

and two fatty acid (FA) moieties to the sn-1 (via and ester, ether, or vinyl-ether bond) and sn-2 positions 

(via an ester bond). Phosphatidylcholine (PC) and phosphatidylethanolamine (PE) are the most 

abundant GPLs in eukaryotic cell membranes. Other GPLs, such as phosphatidylserine (PS) and 

phosphatidylinositol (PI) are quantitatively minor membrane GPLs accounting for 2-15% of total GPL 

content. Their relative proportion varies depending on the tissue and cell type [4]. Ceramide constitute a 

building block for the synthesis of more complex sphingolipid (i.e., sphingomyelin and 

glycosphingolipids), which are also important components of eukaryotic cell membranes. Ceramide is 

synthesized de novo by acylation of long-chain bases with fatty acyl-CoAs, in a reaction catalyzed by 

ceramide synthases (CERSs). In mammals, a family of six CERSs (CERS1-6) determines the specific 

acyl chain length of sphingolipids [5]. CERS5 and CERS6 use primarily 16:0-CoA, CERS4 uses 18:0- 

and 20:0-CoAs, while CERS3 uses very-long chain acyl-CoAs (≥26:0-CoA). CERS1 predominantly 

uses C18:0- and C18:1-CoA and is the most abundant CERS in the central nervous system. CERS2 can 

utilize a wider range of fatty acyl-CoAs, but uses mainly 22:0- to 24:0-CoAs [5]. CERS2 is the most 

ubiquitously expressed CERS and is especially abundant in liver, kidney, and white matter tracts of the 

brain [6, 7].  

Mosbech, Olsen et al. recently described a 27 kb heterozygous deletion including the CERS2 gene in a 

patient diagnosed with progressive myoclonic epilepsy (PME) [8]. PME comprises several disorders 

characterized by myoclonic/tonic-clonic seizures and progressive neurological dysfunction, including 

cognitive impairment and ataxia [9]. Levels of CERS2 mRNA, protein, and activity were reduced by 

~50% in primary skin fibroblasts isolated from this patient, compared to parental controls, resulting in 

significantly reduced levels of C24:0/C26:0 ceramide and sphingomyelin species [8]. The aim of the 

present study was to further delineate how reduced CERS2 activity affects the global cellular lipid 

composition. We have applied mass spectrometry-based lipidomics for a global and comprehensive 

characterization of skin fibroblasts isolated form the PME patient compared to gender- and age-matched 
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controls, and show that CERS2 haploinsufficiency not only alters the sphingolipid composition, but also 

the GPL composition. 
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Materials and Methods 

Chemicals and lipid standards 

Chloroform, methanol, and 2-propanol were from Rathburn Chemical (Walkerburn, Scotland). 

Ammonium acetate and ammonium formate were from Fluka Analytical (Buchs, Switzerland). All 

solvents and chemicals were HPLC grade. Lipid standards were purchased from Avanti Polar Lipids 

(Alabaster, USA), and Larodan Fine Chemicals (Malmö, Sweden). 

Cell culture 

Primary fibroblasts isolated from skin biopsies from the patient and four healthy gender- and age-

matched controls were kindly provided by collaborators from the Filadelfia Epilepsy Hospital, 

Dianalund, Denmark. Human primary skin fibroblasts were grown in Dulbecco’s Modified Eagles 

Medium (DMEM) supplemented with 44.04 mM NaHCO3, 32.75 µM biotin, 33.58 µM pantothenic 

acid, 20% fetal bovine serum (FBS, Sigma-Aldrich) (vol/vol), 100 units penicillin/0.1 mg streptomycin 

per liter (Sigma-Aldrich), and GlutaMAX supplement (Gibco) at 37°C, 5% CO2. Medium was changed 

every second day, and cells were trypsinized and sub-cultured when being 90-100% confluent in ratios 

1:2 to 1:3. Fibroblasts were harvested by trypsinization and washed with PBS. Cell concentration was 

measured using a Scepter cell counter (Millipore). Fibroblasts were resuspended in 155 mM ammonium 

acetate buffer, transferred to eppendorf tubes, snap frozen in liquid nitrogen, and stored at -80°C until 

further analysis. 

Lipid extraction 

Fibroblast homogenates were analyzed for total protein concentration using Pierce BCA Protein Assay 

kit (Thermo Scientific, Rockford, IL, USA). Aliquots of cell homogenates corresponding to 1.5·105 

cells were subjected to two-step lipid extraction at 4°C as previously described [10, 11]. Briefly, the cell 

homogenates were diluted with 155 mM ammonium acetate to a final volume of 200 µL and spiked 

with an internal lipid standard mixture containing cholesterol ester (CE) 19:0, triacylglycerol (TAG) 

17:0-17:1-17:0-d5, diacylglycerol (DAG) 1,3-17:0-d5, phosphatidic acid (PA) 17:0/20:4, 

phosphatidylserine (PS) 17:0/20:4, phosphatidylinositol (PI) 17:0/14:1, phosphatidylethanolamine (PE) 

O-20:0/O-20:0, phosphatidylcholine (PC) 16:0/16:0-d6, ceramide (Cer) 18:1;2/17:0;0, sphingomyelin 

(SM) 18:1;2/17:0;0, glucosylceramide (HexCer) 18:1;2/12:0;0, and ganglioside GM3 18:1/18:0-d3. 

Samples were subsequently added 990 µL of chloroform/methanol (10:1, v/v) and mixed for 120 min at 

1400 rpm. Samples were centrifuged for 2 min at 1000 g to facilitate phase separation. The lower 

organic phase was collected and vacuum evaporated. The remaining aqueous phase was re-extracted 

with 990 µL of chloroform/methanol (2:1, v/v) and mixed for 90 min at 1400 rpm. Samples were 

centrifuged for 2 min at 1000 g, and the lower organic phase was collected and vacuum evaporated. 
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Mass spectrometric lipid analysis 

Lipid extracts were dissolved in chloroform/methanol (1:2, v/v) and analyzed by MSALL [12] using an 

Orbitrap Fusion Tribrid (Thermo Fisher Scientific, San Jose, CA, USA) equipped with a robotic 

nanoflow ion source TriVersa NanoMate (Advion Biosciences, Ithaca, NY, USA). Two technical 

replicates from each sample were analyzed.  

In positive ion mode, 10 µL aliquots of 10:1 lipid extracts were mixed with 12.9 µL 13.3 mM 

ammonium acetate in 2-propanol, and infused using a back pressure of 1.25 psi and ionization voltage 

of +0.96 kV. In negative ion mode, 10 µL aliquots of 10:1 lipid extracts were mixed with 12.9 µL 1.33 

mM ammonium formate in 2-propanol, and infused using a back pressure of 1.25 psi and ionization 

voltage of -0.96 kV. In an additional negative ion mode, 10 µL aliquots of 2:1 lipid extracts were mixed 

with 10 µL 0.01% w/v methylamine in methanol, and infused using a back pressure of 0.6 psi and 

ionization voltage of -0.96 kV [11]. All FTMS data were recorded using a max injection time of 100 

ms, automated gain control for an ion target of 1·105, three microscans, and a target resolution setting of 

450,000 (FWHM at m/z 200). All FTMS2 data were acquired using max injection time of 100 ms, 

automated gain control for an ion target of 50,000, three microscans, and a target resolution setting of 

30,000 (FWHM at m/z 200). All FTMS data were acquired in profile mode, using an ion transfer tube 

temperature of 275 °C for both positive and negative ion mode.  

Positive ion mode MSALL analysis was performed using (1) high resolution FTMS analysis of the m/z 

range 375–605 (monitoring LPC and LPC O- species), (2) high resolution FTMS analysis of the m/z 

range 470–1030 (monitoring CE, SM, HexCer, PC, PC O-, and TAG species), and (3) sequential 

FTMS2
 analysis in 1.0008 u steps across the m/z range 400.3–1000.8 using a quadrupole ion isolation 

width of 1.0 u and HCD with normalized collision energy optimized for each lipid class. Negative ion 

mode MSALL analysis of 10:1 lipid extracts was performed using (1) high resolution FTMS analysis of 

the m/z range 200-675 (monitoring LPE and LPE O- species), (2) high resolution FTMS analysis of the 

m/z range 500-1080 (monitoring Cer, DAG, PE, and PE O-), (3) sequential FTMS2 analysis in 1.0008 u 

steps across the m/z	  range 400.2–1000.7 using a quadrupole ion isolation width of 1.0 u and HCD with 

collision energy optimized for each lipid class. Negative ion mode MSALL analysis of 2:1 lipid extracts 

was performed using (1) high resolution FTMS analysis of the m/z range 200-675 (monitoring LPA, 

LPI, and LPS), (2) high resolution FTMS analysis of the m/z range 530-1080 (monitoring PA, PI, and 

PS species), (3) high resolution FTMS analysis of the m/z range 1000-1400 (monitoring GM3 species), 

(4) sequential FTMS2 analysis in 1.0008 u steps across the m/z range 400.2–1000.7 using a quadrupole 

ion isolation width of 1.0 u and HCD with collision energy optimized for each lipid class. 



 

 

7 

Annotation of lipid species 

Lipid species were annotated as previously described [11]. Glycerolipids and GPLs annotated by sum 

composition are reported as [lipid class] [total number of carbon atoms in FA moieties]:[total number of 

double bonds in FA moieties] (e.g., TAG 52:3 or PC 36:4). Sphingolipid species annotated by sum 

composition are reported as [lipid class][total number of carbon atoms in the long-chain base and FA 

moiety]:[total number of double bonds in the long-chain base and FA moiety];[total number of OH 

groups in the long-chain base and FA moiety] (e.g. SM 42:1;2). GPLs annotated by molecular species 

composition are reported as [lipid class][number of carbon atoms in the first FA moiety]:[number of 

double bonds in the first FA moiety]-[number of carbon atoms in the second FA moiety]:[number of 

double bonds in the second FA moiety] (e.g., PC 16:0-18:1). Sphingolipid species annotated by 

molecular species composition are reported as [lipid class][number of carbon atoms in the long-chain 

base]:[number of double bonds in the long-chain base];[number of OH groups in the long-chain 

base]/[number of carbon atoms in the FA moiety]:[number of double bonds in the FA moiety] (e.g., Cer 

18:1;2/16:0). 

Data processing and lipid identification 

Lipid species detected by MSALL using high resolution FTMS analysis were identified using ALEX 

software and SAS 9.3 [12, 13]. Lipid species detected by FTMS and annotated by sum composition 

were quantified by normalizing their intensity to the intensity of an internal lipid standard of identical 

lipid class and multiplying by the spike amount of the internal lipid standard. Background abundances 

estimated from blank samples were subtracted. The two technical replicates of each sample were 

averaged and lipid species not detected in the three biological replicates were discarded. Data are 

presented as means of n=3 biological replicates ± standard deviation (SD) and displayed as mol%, 

which was calculated by normalizing individual values to the summed abundance of all lipid species. 
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Results 

Lipid class composition of CERS2-deficient fibroblasts 

We determined the effects of reduced CERS2 activity on cellular lipid composition by performing an 

in-depth quantitative lipidomics analysis of CERS2+/- primary skin fibroblasts from the PME patient and 

gender- and age-matched controls. As differences in cell size or protein amount between control and 

patient samples could affect the total lipid content, the abundance of individual lipids was normalized to 

the summed abundance of the total lipid species (mol% per all lipid species). We observed no 

pronounced differences in the lipid class composition when comparing PME patient cells with control 

samples. PC was the most abundant lipid class found in both control and patient fibroblasts, making up 

to 50% of all quantified lipid species (Figure 1). The less abundant GPL classes (PE, ether-linked PE, 

PI, PS, and ether-linked PC) constituted on average 27% and 31% of all quantified lipid species in 

control and patient samples, respectively (Figure 1). In the control samples PS represented on average 

7.3% of total lipid classes, while in the PME patient cells PS was increased to 9.5%. Sphingolipid 

constituted 7.8% of all quantified lipid species in both control and PME cells (Figure 1). 

Changes in sphingolipid molecular species in CERS2-deficient fibroblasts 

Our data show that ceramide species are reduced in skin fibroblasts from the PME patient compared to 

controls. Ceramide accounted for only 0.25% of all lipid molecular species quantified in PME patient 

fibroblasts and 0.40% in control samples (Figure 1). We combined high resolution Fourier Transform 

mass spectrometry (FTMS) analysis and high resolution FTMS2 for a more detailed structural 

characterization of molecular lipid species, which allowed the assignment of fatty acyl chains of the 

detected lipid species. Ceramide species consisted almost exclusively of species containing 16:0, 24:0, 

and 24:1 FA moieties (Figure 2A).  

Ceramide serves as precursor for sphingomyelin (SM) and ganglioside synthesis; however in contrast to 

previous observations (Mosbech, Olsen et al. 2014) the differences detected in ceramide molecular 

species were not mirrored in SM species. Analysis of the SM species composition showed that SM 

34:1;2 (18:1;2/16:0) was the most abundant SM species in both control and PME patient fibroblasts, 

accounting for on average 2.9% in control cells and 3.9% in patient cells of all quantified lipid species 

(Figure 2B). SM species containing very long-chain fatty acyl moieties (i.e., C24:0 and C24:1) showed 

no difference compared to control samples (Figure 2B). However, analysis of GM3 molecular species 

showed that GM3 containing very long-chain fatty acyl moieties (i.e., 22:0, 24:0, 24:1) were reduced in 

PME patient cells compared with control cells (Figure 2C), correlating with the observations on 

ceramide species. 
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Changes in glycerophospholipid molecular species in CERS2-deficient fibroblasts 

The quantitative analysis of GPLs showed major differences in PS molecular species and to a lesser 

extent PE (Figure 3) and ether-linked PE (PE O-) species (Figure S1). PS 36:1 (18:0-18:1) was the most 

abundant PS species found in both control and PME patient samples (Figure 3A). Interestingly, when 

inspecting differences in the molecular composition of PS species, we observed a 2.5-fold increase in 

PS 40:4 (18:0-22:4), PS 40:5 (18:0-22:5), and PS 40:6 (18:0-22:6 and 18:1-22:5) molecular species in 

PME patient cells compared with control samples (Figure 3A). Similarly, levels of PE 40:4 (18:0-22:4), 

PE 40:5 (18:0-22:5 and 18:1-22:4), PE 40:6 (18:0-22:6 and 18:1-22:5), and PE 40:7 (18:1-22:6) were 

also increased in PME patient cells compared with control samples (Figure 3B), resembling those 

changes detected in PS. We did not observe any major differences in the PC species profile (Figure 3C). 

Discussion 

Here we applied mass spectrometry-based lipidomics to determine the effects of reduced CERS2 

activity on the global cellular lipid composition. Our results show that CERS2 haploinsufficiency alters 

sphingolipid and GPL composition. Ceramide species containing long and very long-chain fatty acyl 

moieties (i.e., 16:1, 22:0, 24:0, and 24:1) were reduced in PME patient cells, while the SM34:1;2 

species, corresponding to a fatty acyl moiety of C16 when assuming a long chain base of 18 carbons, 

was increased. Moreover, ganglioside GM3 species containing very long-chain fatty acyl moieties (i.e., 

22:0, 24:0, 24:1) were also reduced in PME patient cells compared with control samples. Our results 

also showed changes in GPL species. We observed a 2.5-fold increase in PS species as well as a slight 

increase in PE species containing polyunsaturated (PUFA) fatty acyl moieties (i.e., 22:4, 22:5, 22:6) in 

PME patient cells compared with control samples.  

The decrease in C16-ceramide in patient fibroblasts does not correspond to the acyl-CoA specificity of 

CERS2. However, it correlates with an increase in the level of SM34:1;2, indicating a change in flux of 

sphingolipids in patient fibroblasts. The change in lipid flux is also evident on the level of GPLs, as 

several GPL species, particular PS, containing very long-chain fatty acyl moieties are increased in 

patient cells.  

Within the nervous system, CERS2 is particularly expressed the myelinating cells; oligodendrocytes in 

the central nervous system and Schwann cells in the peripheral nervous system [6]. As CERS2 is not 

expressed in neurons, the development of PME in the presented patient is likely caused by 

malfunctioning oligodendrocytes. Ablation of CERS2 in mice leads to the development of several brain 

phenotypes, including myelin degeneration and detachment, cerebellar degeneration, as well as 

abnormal motor behavior with generalized and symmetrical myoclonic jerks [14, 15]. 

Galactosylceramide (GalCer) and its derivative sulfatide are major sphingolipids in myelin. Both lipids 
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are significantly reduced in the brain of mice lacking CERS2 [15]. Skin fibroblasts do not synthesis 

GalCer, and hence it has not been possible to evaluate if having reduced CERS2 activity affects the 

synthesis of GalCer and sulfatide. Yet as being heterozygous for CERS2 appears to affect the synthesis 

of GM3, a major sphingolipid of skin fibroblasts (Figure 1, Figure 2C), it is possible that the level of 

GalCer, and hence sulfatide, is compromised in the oligodendrocytes of the PME patient. GalCer 

contributes to myelin stability by strengthening the myelin interactions in between myelin sheaths as 

well as by mediating the myelin-axon interaction [16]. Neurons require correct myelination in order to 

maintain axonal organization of proteins, including ion channels, and disturbances hereof impair 

neuronal signal transduction [17]. Moreover, compromised myelin stability can lead to degeneration of 

axon, which has been observed in mice lacking key myelin proteins [18].  

PS is considered to be the major acidic phospholipid in cellular membranes, and is particularly enriched 

in myelin in human brain [19]. The increase of PS in patient fibroblasts does probably not add to the 

pathological phenotypes observed in the patient as supplementation of PS has shown positive effects on 

multiple cognitive functions, including memory, ability to learn, concentration, and ability to 

communicate, and also leads to beneficial support of locomotor functions [19].  

The global lipidomics analysis also revealed a marked decrease in cholesteryl esters (CE) (Figure 1). 

Blood work performed on the PME patient has shown an increased level of cholesterol in the plasma, 

which is also seen for heterozygous CerS2 mice when kept on a high-fat diet and for mice lacking 

CERS2 [8, 20, 21]. CERS2-derived SLs are emerging players in the regulation of protein trafficking, 

including endocytosis [22, 23]. In a recent study the rate of LDL internalization was found to be 

reduced in astrocytes isolated from the brain of mice lacking CERS2 [23]. Thus, the elevated level of 

plasma cholesterol in the proband might be explained by impaired cellular cholesterol uptake, elevated 

cholesterol efflux, or a combination of both. More work is necessary in order to understand how CERS2 

is involved in regulation cholesterol metabolism. 

Collectively, we show that CERS2 haploinsufficiency alters sphingolipid and GPL composition, which 

possibly affect plasma membrane dynamics and membrane organization in oligodendrocytes and 

secondary in neurons, thereby contributing to the development of PME.  
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Figures 

 

Figure 1. Lipid class composition of controls and PME patient skin fibroblasts. Lipid extracts prepared from three 
independent skin fibroblast cultures from the PME patient and controls were analyzed as described under “Material and 
Methods”. Mean ± SD of n=3 fibroblast cultures per group is shown. CE, cholesteryl esters; Cer, ceramide; DAG, 
diacylglycerol; GM3, ganglioside GM3; HexCer, hexosylceramide; LPC O-, ether lysophosphatidylcholine; LPC, 
lysophosphatidylcholine; LPE O-, ether lysophosphatidylethanolamine; LPE, lysophosphatidylethanolamine; LPI, 
lysophosphatidylinositol; LPS, lysophosphatidylserine; PA, phosphatidic acid; PC O-, ether phosphatidylcholine; PC, 
phosphatidylcholine; PE O-, ether phosphatidylethanolamine; PE, phosphatidylethanolamine; PI, phosphatidylinositol; PS, 
phosphatidylserine; SM, sphingomyelin; TAG, triacylglycerol. 
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Figure 2. Distribution of (A) ceramide, (B) sphingomyelin, and (C) ganglioside GM3 species in control and PME patient 
skin fibroblasts. Lipid extracts prepared from three independent skin fibroblast cultures from the PME patient and controls 
were analyzed as described under “Material and Methods”. Only lipid species detected in the three fibroblasts cultures are 
reported in this graph. Mean ± SD of n=3 fibroblast cultures per group is shown. 
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Figure 3. Distribution of (A) phosphatidylserine (PS), (B) phosphatidylethanolamine (PE), and (C) phosphatidylcholine 
(PC) species in control and PME patient skin fibroblasts. Lipid extracts prepared from three independent skin fibroblast 
cultures from the PME patient and controls were analyzed as described under “Material and Methods”. Only lipid species 
detected in the three fibroblasts cultures are reported in this graph. Mean ± SD of n=3 fibroblast cultures per group is shown. 
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Supplementary figures 

 

Figure S1. Distribution of ether-linked phosphatidylethanolamine (PE O-) in control and PME patient skin fibroblasts. 
Lipid extracts prepared from three independent fibroblast cultures from the PME patient and controls were analyzed as 
described under “Material and Methods”. Only lipid species detected in the three fibroblasts cultures are reported in this graph. 
Mean ± SD of n=3 fibroblast cultures per group is shown.  
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