
Sphingolipids in Neurodegeneration

Norman J. Haughey
Department of Neurology, Richard T. Johnson Division of Neuroimmunology and Neurological
Infections, The Johns Hopkins University School of Medicine, Meyer 6-109, 600 North Wolfe
Street, Baltimore, MD 21287, USA

Abstract

Although the brain contains a high content of sphingolipids, we know relatively little about the

roles that sphingolipids play in regulating neural functions. Once regarded only for their structural

roles in maintaining the integrity of cellular and sub-cellular compartments, it is now apparent that

many sphingolipid species are biologically active and play important roles in regulating signaling

events. Recent technological and scientific advances are rapidly increasing our knowledge of the

roles that sphingolipids play in regulating normal neural activity. Likewise, we are beginning to

understand how perturbations in sphingolipid metabolism contribute to the pathogenesis of a

variety of neurodegenerative conditions. In this special issue of NeuroMolecular Medicine, we

present a series of review articles that summarize new and emerging technologies for the analysis

of sphingolipids, sphingolipid metabolic pathways, and how dysfunctions in sphingolipid

metabolism contribute to neurodegeneration in lysosomal storage disorders, Alzheimer’s disease

and Multiple Sclerosis.
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Overview

The last decade has seen rapid advances in our understanding of lipid biology. In particular,

there have been great strides in our knowledge of the mechanisms by which sphingolipids

regulate numerous cellular processes. These discoveries have been possible in part due to

technological advances that allow for the identification and quantitative analysis of

individual sphingolipid species, advances in basic research that continue to map the

metabolic pathways which regulate sphingolipid metabolism and an increased understanding

that dysregulated sphingolipid metabolism plays important roles in the pathogenesis of a

number of different neurodegenerative conditions. The brain is rich in lipids and has a high

content of sphingolipids. It is therefore not surprising that many recent discoveries

pertaining to sphingolipid biology have focused on understanding the involvement of this

class of lipids in basic neuronal and glial processes, and how perturbations in sphingolipid
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metabolism contribute to neurodegenerative disease. In this special issue of NeuroMolecular

Medicine are a series of review articles that summarize our current knowledge of roles for

dysregulated sphingolipid metabolism in neurodegeneration. Chen et al. summarize our

current understanding of modern technologies for the discovery and quantitative analysis of

individual lipid species and sphingolipid metabolic pathways. Wu et al. provide a focused

review of neutral sphingomyelinase signaling with an emphasis on pathways implicated in

neurodegeneration. Eckhardt provides a review of disturbances of sphingolipid metabolism

that occurs in lysosomal storage diseases, including current and developing therapies for this

group of disorders. Jana & Pahan provide a comprehensive review of roles for dysfunctional

sphingolipid metabolism in dysregulating immunological and neural functions in the setting

of Multiple Sclerosis. Mielke & Lyketsos review our current understanding of how

sphingolipid metabolism is dysregulated in brains of patients with Alzheimer’s disease, with

an emphasis on the potential utility of blood sphingolipids as biomarkers for cognitive

status. This preface is intended to provide the reader with a brief introduction to some of the

known roles for sphingolipids in regulating neuronal and glial functions in order to highlight

potential systems that may be perturbed when sphingolipid metabolism is altered in the

setting of a neurodegenerative disease.

Mechanisms for Targeting

Over half of all proteins are located in or near membranes and the lipid environment

surrounding these proteins plays critical roles in regulating the function of these membrane-

associated proteins. It is therefore not surprising that a number of conserved lipid-binding

domains have been identified in eukaryotes. Thus far, at least 11 lipid-binding domains have

been identified that include C1 and C2 (conserved regions among PKC isoforms with

distinct lipid-binding properties), plekstrin homology (PH) domains that bind to

phosphatidylinositols (and to other proteins), zinc finger FVYE domains that bind

phosphatidylinositol 3-phosphate, Phox homology (PX) domains that bind

phosphatidylinositol(4,5)P2 and phosphatidylinositol(1,4,5)P3, Epsin N-terminal homology

(ENTH) and AP180 N-terminal homology (ANTH) domains that bind

phosphatidylinositol(4,5)P2, Bin-Amphiphysin-Rvs (BAR) domains that bind to concave

shapes in membranes, 4.1 protein ezrin/radixin/moesin (FERM) domains that bind

inositol(1,4,5)P3 and phosphatidylinositol 4,5-bisphosphate, PDZ (named after the first

proteins discovered to share the domain—postsynaptic density protein, Drosophila disk

large tumor suppressor and zonula occludens-1 protein) and TUBBY domains that bind

phosphatidylinositols (Medkova and Cho 1999; Harlan et al. 1994; Kutateladze et al. 1999;

Stahelin et al. 2003; Blood and Voth 2006; Hirao et al. 1996; Santagata et al. 2001).

Although motifs that specifically target proteins to ceramides or other sphingolipids have

not yet been identified, a recent study identified the C3 domain of Kinase Suppressor of Ras

1 as a lipid-binding moiety that effectively binds ceramide but not other lipids including 1,2-

diacylglycerol, dihydroceramide, ganglioside GM1, sphingomyelin and phosphatidylcholine

(Yin et al. 2009). In addition to these known protein motifs, (GPI) anchors are known to

facilitate the targeting of proteins to membranes by increasing hydrophobicity and thereby

promoting membrane targeting, and there are a number of protein modifications including

acylation, myristoylation, prenylation, palmitoylation that promote membrane localization
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and are involved in protein–protein interactions (Low 1989; Levental et al. (2010); Magee et

al. 1989; Thelen et al. 1991; Stokoe et al. 1994; Liu et al. 1993). Thus, one mechanism by

which perturbations in sphingolipid metabolism may contribute to dysfunctional signaling in

neurodegenerative conditions is by contributing to the mislocalization of proteins.

Membrane Microdomains

Perturbations in cellular signaling have been reported in virtually every neurodegenerative

disease. Spatial and temporal features of cellular signaling are in part controlled by lipid

components that can regulate protein location and scaffolding events through a dynamic

modulation of membrane microdomains. The lipid-raft-enriched sphingolipids ceramide and

sphingosine are regarded as important regulators of synaptic functions and have been shown

to play important roles in synapse formation, neurotransmitter release and synaptic plasticity

(Wheeler et al. 2009; Yang 2000; Brann et al. 1999; Ping and Barrett 1998; Inokuchi et al.

1998; Furuya et al. 1998; Furukawa and Mattson 1998; Ito and Horigome 1995). For

example, the application of synthetic cell-permeable analogs of ceramide to hippocampal

slice cultures increased excitatory postsynaptic currents, but did not modify paired-pulse

facilitation (Furukawa and Mattson 1998; Coogan et al. 1999; Fasano et al. 2003),

suggesting that ceramides can exert biological effects at postsynaptic sites. These ceramide-

induced enhancements of excitatory currents were typically transient and followed by a

sustained depression of excitatory postsynaptic currents (Coogan et al. 1999; Yang 2000;

Furukawa and Mattson 1998; Tabarean et al. 2006; Davis et al. 2006), perhaps due to

endogenous regulatory mechanisms that limit the biological effects of ceramide in

postsynaptic terminals. One mechanism by which sphingolipids regulate activity at

postsynaptic sites involves the formation of specialized membrane microdomains. These

lipid microdomains (often referred to as lipid rafts) play important roles in regulating

cellular signaling through protein–lipid interactions and by influencing the physical

properties of the membrane. Lipids rafts are highly ordered membrane domains enriched in

sphingomyelin, ceramide, gangliosides and cholesterol. The high degree of saturated bonds

in raft-associated lipids increases packing density and reduces lateral mobility, when

compared with regions of the bilayer containing more unsaturated lipids. The

conformational shape of the amide and hydroxyl groups in C3 region of ceramides further

stabilizes these microdomains by allowing for the establishment of a series of hydrogen

bonds that further stabilize these microdomains. However, it should be noted that not all

components of lipid rafts interact equally well, suggesting that there may be a lateral

organization of components within lipid rafts and/or sub-types of membrane microdomains

that differ in their primary lipid components. Nevertheless, these microdomains appear to

selectively recruit and/or sequester signaling molecules to organize signaling units that

regulate the coupling of extracellular signals to intracellular signal transduction machinery.

Thus, a disturbance in sphingolipid composition could contribute to neuronal dysfunction

and neurodegeneration by disrupting spatial and temporal controls for cellular signaling.
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Regulation of Synaptic Activity by Sphingolipids

Dysfunctions in synaptic activity and the loss of synaptic connections play pivotal roles in

neurodegeneration. Accumulating evidence suggests that sphingolipids are involved in the

regulation of synaptic strength at both presynaptic and postsynaptic sites.

Postsynaptic Mechanisms

Membrane microdomains have been implicated in the regulation of synaptic activity

(Stahelin 2009; Day and Kenworthy 2009; Swartz 2008; Owen et al. 2009). Brief and

controlled modifications in membrane components that alter the biophysical properties of

membranes can regulate the traffic and surface expression of transmembrane receptors

(Stahelin 2009; Day and Kenworthy 2009; Swartz 2008; Owen et al. 2009; Wheeler et al.

2009). For example, NMDA receptors have been shown to traffic to lipid rafts where

transient modifications in diacylglycerol and ceramide alter the physical properties of the

bilayer to promote the fusion of receptor-laden vesicles with the plasma membrane (Wheeler

et al. 2009; Bandaru et al. 2009; Bandaru et al. 2007; Haughey et al. 2004). Approximately

60% of NMDA receptors are located in lipid rafts (Besshoh et al. 2005; Fullekrug and

Simons 2004), and these receptors can be induced to traffic in or out of lipid rafts with

important implications for signal transduction, synaptic plasticity and cell survival (Delint-

Ramirez et al. 2010). For instance, disrupting lipid rafts by removal of cholesterol from

membranes inhibits NMDA receptor currents and calcium flux and increases the basal

internalization rate of AMPA receptors (Hering et al. 2003; Frank et al. 2004; Abulrob et al.

2005). Although the mechanisms that regulate lateral movement of receptors through the

bilayer are largely unknown, they appear to involve physical and electrostatic interactions

between proteins with particular lipids. It is possible that post-translational modifications

such as phosphorylation that alter the conformational shape of proteins could modify the

amino acid residues which line the protein–lipid interface to favor interactions with

particular lipids. However, it has not been clearly shown if protein phosphorylation occurs in

lipid rafts or if proteins associate with lipid rafts after they are phosphorylated (Assaife-

Lopes et al. (2010); Bryant et al. 2009; Wheeler et al. 2009).

Presynaptic Mechanisms

At the presynaptic terminal, the fusion of synaptic vesicles with plasma membrane appears

to require focal changes in lipid content that prepare the vesicle to dock with the membrane.

The docking and fusion of synaptic vesicles with the plasma membrane is regulated via a

conserved family of soluble N-ethylmaleimide-sensitive factor activating protein receptor

(SNARE) proteins including synaptobrevin that is located to synaptic vesicles and syntaxin

and SNAP-25 that are located to the plasma membrane. Normally, synaptobrevin adheres

tightly to synaptic vesicles through electrostatic and hydrophobic interactions. The creation

of sphingosine in synaptic vesicle membranes neutralizes electrostatic interactions of

synaptobrevin with phospholipids, allowing synaptobrevin to interact with syntaxin/

SNAP-25 (Darios et al. 2009). Presynaptic activation of ceramidase (catalyzes the

deacylation of ceramide to produce a free fatty acid and sphingosine) may be the enzyme

responsible for producing sphingosine to prime synaptic vesicles for docking with the

plasma membrane. Indeed, ceramidase has been shown to be an important regulator of
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synaptic vesicle exocytosis (Rohrbough et al. 2004). However, there is also evidence that

sphingosine kinase-1 plays a role in regulating neurotransmitter release by converting

sphingosine to sphingosine 1-phosphate (S1P) presumably through paracrine actions at the

presynaptic terminal dependent on the S1P 1 receptor (Kajimoto et al. 2007; Bajjalieh et al.

1989). The sphingomyelin phosphodiesterase neutral sphingomyelinase 2 has also been

implicated in regulating neurotransmitter release by rapidly creating ceramide to promote

the fusion of vesicles with the plasma membrane (Numakawa et al. 2003; Jeon et al. 2005;

Blochl and Thoenen 1996).

Neurotherapeutics that Target Sphingolipid Metabolism

Our knowledge of the roles that sphingolipids play in regulating neuronal, glial and

immunological functions is increasing at a rapid pace. So too is our understanding of how

perturbations in sphingolipid metabolism contribute to neurodegeneration in a variety of

neurodegenerative conditions. Since enzymes that regulate sphingolipid metabolism are

natural targets for the development of traditional small molecule therapeutics, it is not

surprising that a number of candidate therapeutics have been developed and tested that target

pathways for ceramide production, glycolipid pathways and receptors for sphingosine 1-

phosphate (among others). Based on findings from current and ongoing studies highlighted

in this special issue of NeuroMolecular Medicine, it is seems likely that future therapies for

treating neurodegeneration will include agents that modulate sphingolipid metabolism,

either as primary therapeutics or in combination with other drugs.
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