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Biosynthèse du cholestérol dans les neurones et cellules gliales  

 

De nombreux travaux ont mis en évidence le rôle des cellules gliales dans la formation et la 

fonction des connections inter-neuronales que sont les synapses. Nous avons précédemment 

montré que le cholestérol est un facteur secrété par les glies qui favorise la formation des 

synapses (Mauch et al., 2001). Le cholestérol est un composant essential de la membrane 

plasmique et la stricte régulation de sa concentration est essentielle au maintien des propriétés 

physiques et des fonctions cellulaires des membranes. Le cholestérol cellulaire provient soit 

d’une synthèse de novo soit de l’apport systémique depuis le foie par les lipoprotéines.  

Cependant, l’imperméabilité de la barrière hémato-encéphalique exclue les cellules du 

système nerveux central (SNC) de l’apport en cholestérol hépatique. Ainsi la totalité du 

cholestérol cérébral provient d’une synthèse in situ. Jusqu’à présent, les mécanismes de 

régulation du cholestérol dans le SNC restaient obscurs. Il a été montré que les neurones 

embryonnaires ont la capacité de synthétiser le cholestérol in vitro, mais des limitations 

techniques empêchaient jusqu’alors d’étudier la situation dans le SNC au stade post-natal. En 

nous basant sur nos observations indiquant qu’à un stade post-natal les cellules ganglionnaires 

de la rétine (RGC) en culture requièrent un apport de cholestérol et des travaux montrant que 

les astrocytes in vitro sécrétaient des lipoprotéines, nous avons émis l’hypothèse que les 

neurones au stade post-natal abandonnaient la synthèse de cholestérol pour importer ce 

dernier des cellules gliales environnantes. Au cours de ma thèse, j’ai cherché à établir si les 

neurones post-natals gardaient la possibilité de synthétiser leur cholestérol et si c’était le cas, 

quelles étaient les différences par rapport à la synthèse gliale.  

La stratégie expérimentale a consisté à étudier la synthèse de cholestérol dans des cultures de 

neurones purifiées et cultivés en absence de glies. L’immuno-isolation de neurones à partir de 

rétines de rat d’une semaine nous a permis d’obtenir une préparation de cellules 

ganglionnaires vierge de toute glie et cultivées en un milieu chimiquement défini sans sérum. 

Les différents types de cellules gliales du SNC (oligodendrocytes, astrocytes et microglie) ont 

été enrichis à partir de culture de cellules dissociées du nerf optique, ou après traitement au 

sérum de cultures de cellules corticales. Afin d’analyser la néosynthèse de lipides j’ai utilisé 

des marquages métaboliques en combinaison avec des extractions lipidiques et la technique 

de chromatographie en couche mince (thin-layer chromatography, TLC). 

En utilisant comme précurseur l’acetate-[C14] qui va s’incorporer aux stérols et acides gras, 

j’ai pu observer qu’en absence de glie les neurones post-natals étaient capables de synthétiser 

du cholestérol et d’autres lipides membranaires tels que les  phospholipides et la 
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sphingomyéline. En normalisant le taux de synthèse de cholestérol en fonction du nombre de 

cellules, défini par la quantité du protéin, nous avons établi que celui-ci était similaire entre 

neurones et astrocytes. Les oligodendrocytes présentaient une synthèse de cholestérol accrue 

d’un facteur quatre alors que la microglie possédait un taux de synthèse de l’ordre de la moitié 

de celui des RGC. En normalisant le taux par rapport à la quantité de protéines, ce qui reflète 

plus justement la taille de la cellule, nous avons pu montrer que les astrocytes sécrétaient alors 

trois fois plus de cholestérol que les neurones. Seules les cellules gliales contenaient des esters 

de cholestérol qui est la forme de stockage de ce stérol. Enfin la composition de la membrane 

indiquée par le ratio de phospholipides ou de sphingomyéline par rapport au cholestérol était 

similaire entre neurones et cellules gliales. 

Dans le but de mieux identifier le mécanisme de biosynthèse du cholestérol et ses régulations, 

j’ai analysé les stérols intermédiaires en utilisant le [C14]-mevalonate qui s’incorpore dans les 

isoprénoïdes. Les différents stérols pouvant être différenciés par leur migration en TLC qui 

est fonction du nombre et de la position des doubles liaisons dans ces molécules.  

Ces expériences ont révélé que les neurones accumulaient le lanostérol, un des premiers 

stérols de la voie de synthèse du cholestérol ; alors que dans les cellules gliales, ce stérol 

intermédiaire ne s’accumulait pas. Nous avons identifié le cholestérol comme étant le stérol 

majeur synthétisé par ces cellules gliales. En plus du cholestérol, les cellules gliales 

synthétisaient également du desmostérol et du lathostérol. Des expériences en «pulse-chase » 

ont permis de montrer que le lanostérol des neurones était converti en précurseurs successifs 

et finalement en cholestérol. Ceci suggère que la conversion du lanostérol est une étape 

limitante dans les neurones. A partir du lanostérol la biosynthèse du cholestérol peut 

emprunter deux voies alternatives qui diffèrent dans la séquence des enzymes impliquées. 

Cyp51 (lanostérol démethylase) et DHCR24 (24-déhydrocholestérol réductase) sont les 

enzymes initiales qui convertissent le lanostérol. Nous avons comparé par Western blot leur 

taux d’expression entre neurones et astrocytes. Dans un premier temps, nous avons observé 

que la squalène synthase, première enzyme spécifique de la voie de biosynthèse du 

cholestérol, était fortement exprimée dans les deux types cellulaires. Nous avons établi que la 

Cyp51 était faiblement exprimées au niveau des astrocytes et était indétectable au niveau des 

neurones. L’expression de DHCR24 n’était observable dans les astrocytes qu’après inhibition 

de la biosynthèse du cholestérol par l’acide zaragozique et restait indétectable dans les 

neurones. Les profils des précurseurs métaboliques et des enzymes de synthèse de stérols 

suggèrent que le lanostérol s’accumule dans les neurones. En effet, ses enzymes de 

conversion ne sont exprimées qu’à un taux très faible et les neurones, contrairement aux 
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astrocytes, ne peuvent emprunter qu’une seule des deux voies de biosynthèse. J’ai pu 

également observer qu’à l’inverse de la situation dans les astrocytes, l’inhibition de la 

biosynthèse du cholestérol dans les neurones n’avait pas d’effet sur le niveau d’expression des 

enzymes, suggérant ainsi qu’en absence de glies les neurones utilisent leur capacité maximale 

de synthèse de cholestérol.  

La sécrétion de cholestérol n’a pu être observe que dans les astrocytes et pas dans les 

neurones ni aucun autre type de cellules gliales. Le re-largage de cholestérol par le cerveau est 

supposé se faire uniquement via le 24-hydroxycholestérol. La synthèse de ce métabolite est 

attribuée aux neurones qui expriment l’enzyme responsable de cette conversion, la  Cyp46 

(24S-cholestérol hydroxylase). Des immunoblots ont révélé que les RGC exprimaient  cette 

enzyme en absence de glie mais le 24-hydroxycholesterol synthétisé par ces neurones n’a été 

retrouvé que sous forme de trace après marquage avec le [C14]-cholestérol, suggérant ainsi 

que ce stérol hydrosoluble n’était pas dérivé du cholestérol néo-synthétisé. 

 

En résumé, mes travaux ont permis d’établir que les neurones sont capables de synthétiser du 

cholestérol en absence de cellules gliales mais que leur machinerie enzymatique ne fonctionne 

pas efficacement. A l’inverse, les astrocytes ont la capacité de produire du cholestérol à un 

taux élevé et en excès. Il apparaît donc que les neurones ont besoin d’un apport exogène 

supplémentaire en cholestérol, probablement d’origine astrocytaire, afin de combler leur 

besoin énorme de ce composant membranaire essentiel. 
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The metabolism of cholesterol has been extensively studied in different cell types of the body, 

but surprisingly little is known about how neurons, which are highly specialized cells, 

regulate their cholesterol content. Our finding that the ability of cultured neurons to form and 

maintain synapses depends on glia-derived cholesterol raised the question how neurons 

achieve cholesterol homeostasis, and, as a basis, whether they are able to synthesize 

cholesterol. It has been proposed that neurons reduce their cholesterol synthesis at postnatal 

stages, after astrocytes are differentiated, and rely on cholesterol delivery by astrocyte-derived 

lipoproteins (Pfrieger 2003). In this project, I addressed the question, which cell types in the 

postnatal CNS are responsible for de novo cholesterol synthesis. As a first step, I took 

advantage of glia-free primary culture of immunopurified retinal ganglion cells (RGCs) and 

culture models of the different glial cell types from postnatal rats. Importantly, these culture 

preparations can be maintained in the absence of serum, which is a prerequisite to study 

cholesterol metabolism.  

Metabolic labeling revealed major differences in the lipid synthesis rates between neurons and 

glial cells, but similar ratios of the synthesized lipid classes. Importantly, neurons derived 

from postnatal CNS tissue synthesized cholesterol less efficiently than glial cells and almost 

completely downregulated de novo synthesis of lipids in the presence of glial lipoproteins. In 

the absence of glia, neuronal cholesterol synthesis operated at a maximum and the expression 

of cholesterol biosynthetic enzymes could not be increased by an inhibitor of cholesterol 

synthesis. Astrocytes, on the other hand, appeared to have a considerable capacity to increase 

cholesterol production. Moreover, physiological cholesterol release and its metabolism to 

cholesterol esters, two mechanisms that are employed by cells to prevent cholesterol overload, 

were mainly observed in astrocytes. The study of cholesterol precursors revealed an inefficacy 

in the formation of cholesterol in neurons compared to glial cells, which manifested itself in 

the accumulation of lanosterol and in a slow conversion of post-lanosterol precursors. Low 

levels of lanosterol-converting enzymes or their distribution within neuronal compartments 

may be responsible for the inefficient sterol processing and cause the low rate of cholesterol 

synthesis observed in neurons. Therefore, conversion of lanosterol appeared as critical step in 

neuronal cholesterol synthesis. Moreover neurons and astrocytes appeared to employ different 

pathways of cholesterol synthesis, which give rise to distinct cellular sterol composition. 

These precursor patterns may have implications for cellular functions. Taken together, the low 

level of cholesterol synthesis detected in postnatal neurons seems not be sufficient to satisfy 

the cellular demands and reveals their dependency for glia derived cholesterol. Nevertheless, 

the distinct sterol profile found in neurons may not simply reflect the consequence of 
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inefficient precursor processing, leading to a low rate of cholesterol formation, but serve 

specific requirements for membrane composition to support neuron-specific functions. 
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24OC       24S-hydroxycholesterol 

7OC         7� -hydroxycholesterol 

7D          5, 7-cholestadien-3� -ol 

� 8     8(9), (5� )-cholestene-3� -ol 

ABCA1        ATP binding cassette transporter A1 

ABCG1         ATP binding cassette transporter G1 

ABCG5/G8        ATP binding cassette transporter G5/G8 

ACAT       acyl-coenzyme A: cholesterol acyltransferase 

AD        Alzheimer Disease 

ApoA1       apolipoprotein A1 

ApoB100      apolipoprotein B100 

ApoE      apolipoprotein E 

APP        amyloid precursor protein 

ATP         adenosine tri-phosphate 

A�        amyloid beta 

B100          apolipoprotein B100 

BBB        blood brain barrier 

BDNF       brain derived neurotrophic factor 

BSA        bovine serum albumin 

CD68     cell differentiation molecule 68 

CE        cholesteryl ester 

CHILD       congenital hemidysplasia with ichthyosiform nevus and limb defects 

CH     cholesterol 

CHO        Chinese Hamster Ovary cells 

CNPase       cyclic nucleotide phosphodiesterase 

CNS        central nervous system 

CNTF       ciliary neurotrophic factor 

CO     cholesteryl oleate 

CSF        cerebrospinal fluid 

CYP27A1       sterol 27-hydroxylase 

CYP46A1       cholesterol 24-hydroxylase 

CYP51       sterol C14-demethylase 

CYP7A1       cholesterol 7� - hydroxylase 

DAPI       4’,6-diamidino-2-phenylindole, dihydrochloride 
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DE     desmosterol 

DHCR24       sterol � 24-reductase 

DHCR7       sterol � 7-reductase 

div       days in vitro 

DMEM       Dulbecco’s modified Eagle’s medium 

DMPC     dimyristoylphosphatidylcholine 

DNA        desoxyribonucleic acid 

D-PBS       Dulbecco’s phosphate-buffered saline 

EBSS       Earle’s balanced salt solution 

ECL        enhanced chemoluminescene 

ER        endoplasmic reticulum 

FCS        fetal calf serum 

GCM       glia-conditioned medium 

GC-MS       gas chromatography-mass spectrometry 

GFAP       glial fibrillary acid protein 

H3        histone 3 

HD     Huntington’s Disease 

HDL        high density lipoprotein 

HMG-COA       hydroxy-3-methylglutaryl coenzyme A 

HMGCR       HMG-CoA reductase 

HPLC       high pressure liquid chromatography 

IgG        immunoglobulin G 

LA     lanosterol 

LT     lathosterol 

LB        lipid bodies 

LCAT       lecithine: cholesterol acyl transferase 

LD        lipid disordered 

LDL        low density lipoprotein 

LDLR       low density lipoprotein receptor 

LO        lipid ordered 

LXR        liver X receptor 

MAP2      microtubule-associated protein 2 

MCD       methyl-� -cyclodextrin 

MCT        monocarboxylic acid transporters 
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mRNA       messenger ribonucleic acid 

NADPH       nicotinamide adenine dinucleotide phosphate 

NB        neurobasal medium 

NMR       nuclear magnetic resonance 

NPC        Niemann-Pick type C 

NSDHL     NAD(P) dependent steroid dehydrogenase-like 

O4     oligodendocyte marker 

OC     oxycholesterols 

OPC        oligodendrocyte precursor cells 

PC        phosphatidyl choline 

PE     phosphatidyl ethanolamine 

PDL        poly-D-lysine 

PTFE     polytetrafluoroethylene 

RGC        retinal ganglion cells 

RITA       radio isotope thin layer analyzer 

RT        room temperature 

SCAP       SREBP cleavage activating protein 

SDD        sterol sensing domain 

SDS     sodium dodecyl sulfate 

SDS-PAGE       SDS-polyacrylamide-gel electrophoresis 

SLOS      Smith-Lemli-Opitz-Syndrom 

SM     sphingomyelin 

SO        solid 

SQS        squalene synthase 

SRE        sterol regulatory element 

SREBP       sterol regulatory element binding protein 

TG        triglycerides 

TBS-T       tris buffered saline with Tween-20 

TEMED       N, N’, N’-tetra-methylethylenediamine 

TLC        thin layer chromatography 

Tris/HCl       tris (hydroxymethyl) aminomethane / Chlorhydric acid  

VLDL       very low density lipoprotein 

ZA        zaragozic acid 

ZY     zymosterol 
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Studies on the very nature and metabolism of cholesterol were just starting, when it became 

already ill-reputed for its association with atherosclerosis. Windaus reported a high content of 

cholesterol in atherosclerotic plaques (Windaus, 1910) and Anitschkow and Chalatow (1913) 

demonstrated a link between high level of plasma cholesterol and atherosclerosis in rabbits. 

However, the avalanche of research set off by these findings brought along several Nobel 

Prizes (Heinrich Wieland, 1927; Adolf Windaus, 1928; Konrad Bloch, 1964; Michael Brown 

and Joseph Goldstein, 1985) and revealed fascinating details that went far beyond the initial 

bad reputation of this molecule. The history of cholesterol started in France, nearly 200 years 

ago, where Michel E. Chevreul (who died, probably atherosclerosis-free, at the age of 103) 

was the first to isolate a substance from human gallstones, which he named cholésterine 

(Greek: chole- for bile, ster(eós)- for solid) (Chevreul, 1813). More than a hundred years later, 

on the Eastern side of the Rhine, Heinrich Wieland and Adolf Windaus deduced the structure 

of cholesterol. 

 

1. Role of cholesterol in biological membranes 

1.1 Molecular structure and membrane properties of cholesterol 

The cholesterol molecule comprises three functional parts. The steroidal core consists of a 

tetracyclic fused ring system, which makes this part of the molecule planar and rigid. At one 

end, a flexible iso-octyl side chain is fused to carbon 17, and on the other end, a single 

hydroxyl group is attached to carbon 3. Thus, cholesterol, like other membrane lipids, has 

both lipophilic and hydrophilic ends that determine its position within the lipid bilayer. A 

cholesterol molecule spans about half of the bilayer and due to its small polar headgroup it 

can flip freely between the two leaflets of the membrane (Leventis and Silvius, 2001). In 

phospholipid bilayers, the polar hydroxyl group of cholesterol encounters the aqueous phase 

and the rigid body is aligned along the fatty-acid tails of phospholipids (Huang and 

Feigenson, 1999). Based on its structure and position, cholesterol influences profoundly the 

biophysical properties of biological membranes. Pure phospholipid bilayers show a 

temperature-dependent phase transition at the melting temperature. The melting process takes 

the bilayer from a solid-ordered, two-dimensional crystal-like phase (SO), to a liquid-

disordered phase (LD) (Heimburg, 1998), a two-dimensional liquid of lipids with highly 

disordered acyl chains (Mouritsen, 1991). Differential scanning calorimetric measurements on 

lipid-bilayers (McMullen et al., 1993) showed that the insertion of cholesterol uncouples these 

two phases. It breaks the lateral packing order of the SO phase and increases the degree of 

order of the acyl chains in the LD phase. This leads to the emergence of a liquid-ordered (LO) 



INTRODUCTION 

- 14 - 

state in lipid-cholesterol membranes with intermediate characteristics (Ipsen, 1987). These 

characteristics allow biological membranes to function as permeability barriers at 

physiological temperatures, while permitting lateral diffusion of membrane constituents. 

 

1.2 “The evolutionary perfection of a small molecule” 

Konrad Bloch, who worked out the biochemical pathway for the synthesis of cholesterol, 

formulated the hypothesis that cholesterol has been created during evolution to optimize the 

physical properties of cellular membranes with regard to biological functions. He suggested 

that the biosynthesis of cholesterol recapitulates the molecular evolution of cholesterol and 

argued for cholesterol precursors as “living fossils” (Bloch, 1983). To test this hypothesis, the 

group of Berkowitz used computer stimulations (Smondyrev and Berkovitz, 2001) to compare 

the effect of cholesterol and lanosterol, a common precursor in both the vertebrate and fungal 

sterol pathway on membrane order in sterol-phospholipid bilayers. The authors showed that at 

low sterol concentrations (8:1), lanosterol, which contains three additional methyl groups, is 

located closer to the centre of the bilayer and can reorient itself, such as the sterol molecule 

finds itself in a plane, parallel to the membrane surface, thereby reducing its interaction with 

the hydrocarbon tails of phospholipids (Fig.1). At high sterol content (1:1) they observed that 

cholesterol exerted a stronger condensing effect on the membrane compared to lanosterol. 

These findings were confirmed by NMR spectroscopy on multilamellar lipid-sterol systems 

(Miao et al., 2002) and by fluorescence microscopy and correlation spectroscopy on DiI-

labelled giant unilamellar vesicles of different lipid/sterol compositions (Bacia et al., 2005). 

This indicates that the biosynthetic steps from lanosterol to cholesterol can be seen as 

successive streamlining of the hydrophobic surface of the sterol to optimize its physical 

properties in membranes. On the other hand, other cholesterol precursors, from which the 

sterically hindering methyl groups have been removed, showed similar characteristics as 

cholesterol in stabilizing a LO phase in sterol-lipid bilayers (Huster et al., 2005; Bakht et al., 

2006). Moreover, the relatively mild phenotype of three months old Dhcr24 knock-out mice, 

where desmosterol accounted for more than 90% of the sterols, indicated that desmosterol 

may at least partially substitute for cholesterol (Wechsler et al., 2003). 

 

1.3 Role of cholesterol in the formation of microdomains 

In addition to its ability to increase the order of lipid chains in biological membranes, 

cholesterol is believed to play a crucial role in the lateral organization of lipid membranes, in 

the form of specialized lipid microdomains, the so called rafts (Bergelson et al., 1995; Simons 
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and Ikonen, 1997; Silivius, 2003; Jacobson et al., 2007). Cholesterol has been shown to 

condense the packing of sphingolipids (Slotte, 1999). It is assumed that the long and saturated 

acyl chains in sphingolipids tightly intercalate with cholesterol, resulting in the organization  

A B

 

Fig. 1 Lipid bilayer structure as a function of sterol components 

Snapshot of a lipid bilayer with 11 mol % cholesterol (A) (image gallery, M. Berkowitz group, 

University of North Carolina at Chapel Hill, NC, USA) or 11 mol % lanosterol (B) (Smondyrev and 

Berkowitz, 2001) generated by computer simulation. The average tilt angel in DMPC membranes at 

11 mol % sterol is 22.2° for cholesterol and 30.1° for lanosterol. Lanosterol molecules can adopt a tilt 

angle close to 90°, reorientating the molecule (encirceled) nearly parallel to the bilayer, thereby 

reducing its interaction with phospholipids. Green, carbon atoms of sterol molecules; grey, PC 

hydrocarbon tails; red and blue, phosphorus and nitrogen atoms of the PC headgroup. 

 

of LO phases in the outer leaflet of the membrane. These cholesterol- and sphingolipid-rich 

microdomains are surrounded by a loosely packed LD phase of unsaturated phospholipids. 

Rafts, whose estimated size ranges in the nanometer- scale, are thought to serve as specific 

protein sorting sites, since distinct proteins can selectively partition into lipid rafts (Simons 

and Ikonen, 1997). Functionally they are thought to be involved in intracellular trafficking of 

lipids and proteins, secretory and endocytotic pathways, as well as signal transduction 

pathways (Brown and London, 1998; Simons and Toomre, 2000). So far, rafts have been 

operationally defined as detergent-resistant membranes, obtained by the treatment of 
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membranes with mild detergents (Schuck et al., 2003). Evidence for their existence in model 

bilayer membranes comes from studies that observed the separation of LD, and LO, 

sphingomyelin-enriched phases in giant unilamellar vesicles prepared from 

phosphatidylcholine, cholesterol and sphingomyelin by confocal fluorescence microscopy and 

fluorescence correlation spectroscopy using lipophilic dyes (Korlach et al., 1999; Kahya et al., 

2003). The two-photon probe Laurdan turned out to be a valuable tool for the visualization of 

lipid rafts, as it exhibits a blue shift in emission with increasing membrane condensation. 

Gaus et al (2003) used this dye on living cells and detected a cholesterol-dependent increase 

in the appearance of raft-like domains, thereby providing support for the lipid raft hypothesis. 

 

2. Cholesterol homeostasis 

As outlined before, cholesterol is one of the most important regulators of lipid organization 

and eukaryotic cells have developed sophisticated and complex mechanisms to accurately 

maintain cellular cholesterol levels (Goldstein and Brown, 2001). 

 

2.1 Cholesterol Synthesis 

Humans synthesize approximately 700-900 mg of cholesterol per day, while 300-500 mg are 

derived from dietary uptake (Dietschy, 1984). Almost all cells of the body perform de novo 

synthesis of cholesterol. Collectively, extrahepatic tissues synthesize as much cholesterol as 

the liver does and in most cells, endogenous synthesis is the major source of cholesterol 

(Spady and Dietschy, 1983).  

 

2.1.1. The biochemical pathway of cholesterol synthesis 

Isotopic tracing allowed to unravel the complex architecture of cholesterol and its assembly 

from small molecules available in the cell (Fig. 2). Konrad Bloch used this powerful tool that 

had just been invented to establish the origin of all carbon atoms in the cholesterol skeleton. 

Feeding a pyruvate metabolism-deficient mutant of Neurospora crassa with radiolabelled 

acetate revealed that no other carbon source contributed to the synthesis of the sterol and 

identified acetate as the sole building block of cholesterol (Ottke et al., 1951). Three 

molecules of acetyl-CoA, the activated form of acetate, are successively condensed to 3-

hydroxy-3-methylglutaryl coenzyme A (HMG-CoA) and reduced to mevalonate by the HMG-

CoA reductase. A series of phosphorylation and decarboxylation steps leads to formation of 

isopentenyl pyrophosphate, the branched 5 carbon isoprene unit. Since this molecule is the 

precursor of isoprenoids that are vital for diverse cellular functions (Goldstein and Brown, 
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1990), the initial steps in cholesterol biosynthesis are termed the isoprenoid or mevalonate 

pathway. Bloch also proposed how mevalonate is converted to squalene, the first committed 

intermediate in the formation of sterol isoprenoids (Rilling and Bloch, 1958). This involves 

the condensation of three C5 units to C15 farnesyl-pyrophosphate and reductive coupling of 

two C15 units to C30 squalene. The linear squalene molecule undergoes a complex cyclization 

reaction and several intramolecular rearrangements to form the tetracyclic ring system of the 

steroid nucleus in lanosterol, the first "true" sterol of the biosynthetic pathway (Schroepfer, 

1982). For the generation of C27 cholesterol from C30 lanosterol, a series of NADPH- and 

oxygen-dependent enzyme reactions is required (Gaylor, 2002) including oxidative 

elimination of the three methyl groups at C-14 and C4, isomerization of the � 8(9) double 

bond to � 7, reductions of the � 24, � 14, � 7 double bonds and desaturation of the C5-C6 bond. 

The conversion of lanosterol to cholesterol can be accomplished by two pathways that differ 

by the sequence at which the DHCR24 catalyzed reduction of the � 24 double bond takes 

place. If the double bond is retained until the last reaction, cholesterol synthesis proceeds via 

desmosterol (Bloch pathway). An early reduction leads to the formation of lathosterol and 7-

dehydrocholesterol (Kandutsch-Russell pathway; Kandutsch and Russell, 1960). The 

preferential use of either pathway seems to be dependent on tissue and developmental stage 

(Waterham and Wanders 2000). 

 

2.1.2. Characterization of the cholesterol biosynthetic enzymes 

The multiple biosynthetic reactions reside in cytosolic and membrane compartments of the 

cell. Water-soluble precursors are thought to diffuse freely in the cytoplasm, whereas 

squalene and downstream precursors are membrane-bound. By 1980, all of the biosynthetic 

enzymes catalyzing these reactions could be solubilized. HMG-CoA reduction, squalene 

synthesis and the conversion of squalene to cholesterol were catalyzed by enzymes in cell-free 

preparations of liver microsomes. They were therefore attributed to endoplasmic reticulum 

(ER)-resident enzymes (Gaylor, 1981). Since 1985, a series of reports claimed the localization 

of many of these enzymes on peroxisomes (Kovacs et al., 2002), but this finding has been 

disputed. More recent studies questioned the experimental approaches for the determination 

of the cellular compartment mediating cholesterol synthesis, involving subcellular 

fractionation, immunocytochemical staining and overexpression, and concluded that there is 

no evidence for peroxisomal involvement in cholesterol biosynthesis (Wanders and 

Waterham, 2006). 

 



INTRODUCTION 

- 18 - 

 



INTRODUCTION 

- 19 - 

Fig. 2 Biosynthesis of cholesterol 

Diagram illustrating the enzymes and intermediate products of cholesterol synthesis in eukaryotes. 

Enzymes, whose deficiencies cause human inherited disorders, are encircled. Acetyl-CoA 

acetyltransferase (1), HMG-CoA synthase (2), HMG-CoA reductase (3), mevalonate kinase (4), 

mevalonate-P kinase (5), mevalonate-PP decarboxylase (6), isopentenyl-PP isomerase (7), geranyl-PP 

synthase (8), farnesyl-PP synthase (9), squalene synthase (10), squalene epoxidase (11), 2. 3-

oxidosqualene sterol cyclase (12), sterol � 24-reductase (DHCR24) (13), sterol C-14 demethylase 

(Cyp51) (14), sterol � 14-reductase (15), sterol C-4 demethylase (16), sterol � 8-� 7-isomerase (17), 

sterol � 5-desaturase (18), sterol � 7-reductase (7DHCR) (19). (Waterham and Wander 2000). 

 

In the 1990s, most of the human genes encoding the enzymes of the pre-squalene pathway 

were identified. However, the molecular characterization of the post-squalene pathway relied 

mainly on the identification of yeast mutants defective in ergosterol biosynthesis (Lees et al., 

1995; Bach and Benveniste 1997) and little was known about these enzymes in mammals. 

The majority of the human genes encoding the enzymes involved in the post-squalene 

pathway were cloned and characterized only recently. Their discovery was aided by the fact 

that most of the encoding genes share high sequence similarity with their orthologs in yeast, 

plants and mice. CYP51 sterol demethylases are among the most highly conserved enzymes 

and are regarded as the most ancient member of the cytochrome P450 family (Qi et al., 2006). 

Interest in the biosynthetic enzymes was strongly increased by the identification of several 

inherited disorders of cholesterol biosynthesis (Fig. 2) namely, mevalonic aciduria, Smith-

Lemli-Opitz syndrome, X-linked chondrodysplasia punctata, CHILD syndrome, 

lathosterolosis and desmosterolosis (Clayton 1998; Waterham 2006) (see below). All of these 

disorders are associated with developmental malformations, emphasizing the crucial role of 

cholesterol in human embryogenesis.  

 

2.1.3. Regulation of cholesterol biosynthetic enzymes 

In the 1960s several groups, including those of Gould, Popjak, and Lynen, found that 

regulation of cholesterol biosynthesis in the liver by dietary cholesterol occurred primarily by 

inhibition of the rate-limiting step in the pathway, which is catalyzed by the HMG-CoA 

reductase. The central role of HMG-CoA reductase in the control of cholesterol synthesis is 

indicated by the multiple levels, at which the enzyme is regulated, namely mRNA 

transcription (Osborne et al., 1985), translation (Panini et al., 1989), enzyme degradation (Gil 

et al., 1985) and reversible regulation of the catalytic activity by phosphorylation (Beg et al., 
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1978; Arebalo et al., 1980). Extensive work by Brown and Goldstein has unravelled the 

exquisite regulatory circuits. 

The ER is thought to be crucial for the regulation of cholesterol homeostasis. By using an 

indirect, ACAT activity-dependent assay, Lange and co-workers (1999) measured how the 

ER pool of cholesterol responds to cholesterol loading in human fibroblasts. They could show 

that due to the very low ER cholesterol level (0.1-2% of free cellular cholesterol), its 

cholesterol concentration fluctuates much more than that of the plasma membrane [~90% of 

free cellular cholesterol in human fibroblasts (Lange and Ramos, 1983)]. The ER sterol levels 

are sensed by a machinery, which consists of several membrane-spanning proteins (Horton, 

2002). When cholesterol is abundant, SCAP (SREBP cleavage activating protein), that 

contains a sterol sensing domain (SDD) is retained in the ER, by binding to the ER-resident 

protein Insig-1 (Yang et al., 2002). On the other hand, SCAP is binding to SREBP2, one of 

three SREBP proteins, which are large membrane spanning precursor proteins. Low 

cholesterol causes a conformational change in the SSD of SCAP (Brown et al., 2002), which 

leads to the dissociation of Insig and the escorting of SREBP2 from the ER to the Golgi, 

where SREBP2 is cleaved by site 1 and site 2 proteases (Russell et al., 2005). Thereby, the 

mature transcriptional activator is released and binds to the sterol response element (SRE) in 

the regulatory region of genes encoding cholesterol biosynthetic enzymes and other 

components involved in cholesterol homeostasis (Brown and Goldstein, 1997). By 

overexpression of nuclear SREBP2, Sakakura et al. (2001) showed an increase in mRNA 

levels of the whole battery of cholesterogenic genes indicating that all enzymes of cholesterol 

biosynthesis are regulated by this mechanism.  

 

2.2 Cholesterol uptake 

Vertebrate cells can also obtain cholesterol by uptake of low density lipoproteins (LDL) from 

blood, which contain liver-synthesized and diet-derived cholesterol. The core of LDL 

particles is composed of triglycerides and cholesteryl esters, while the particle surface is 

covered by phospholipids, free cholesterol and apolipoproteins. The liver releases 

apolipoprotein E, C, B100-containing very low density lipoprotein particles (VLDL) that are 

converted to cholesterol-enriched ApoB100-containing LDL particles. Brown and Goldstein 

discovered the cellular receptor responsible for the uptake of LDL and VLDL (Brown and 

Goldstein, 1976). Function-impairing mutations in the gene encoding the LDL receptor 

(LDLR) cause familial hypercholesterolemia, with catastrophic consequences leading to 

premature atherosclerosis and early death. After binding of apolipoproteins to the receptor 
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(Fig. 3), LDLs are internalized via clathrin-coated-pits and enter the endocytotic pathway by 

fusing with early endosomes, from where the receptor is recycled to the cell surface (Matter at 

al., 1993). Lipid and protein content of LDL particles are hydrolysed. Radiolabelled LDL-

derived cholesterol has been found in the plasma membrane (Sugii et al., 2003) and the ER 

(Cadigan et al., 1990) of CHO cells. Two proteins, NPC1 and 2, seem to be involved in the 

delivery of LDL-derived cholesterol to either plasma membranes or the ER. NPC1 is mutated 

in 95% of the patients affected by Nieman-Pick type C (NPC), a rare lysosomal storage 

disorder with severe neurological symptoms. In the remaining 5% the disease locus maps to 

NPC2 (Millat et al., 1999). Although their precise function is still elusive, Reid et al. (2003) 

reported that in fibroblasts of NPC patients, LDL uptake and hydrolysis are normal, but 

cholesterol accumulates in late endosomes and lysosomes indicating that the NPC proteins 

function in the export of lipids from these compartments.  

Importantly, the LDLR, which mediates the uptake of extracellular cholesterol, is regulated 

by the same mechanism that controls cholesterol biosynthesis. In 1993 the group of Brown 

and Goldstein showed that SREBP2 binds to SREs in the promoter region of the LDLR gene 

(Hua et al., 1993) and thus firstly described how cells manage balancing of external and 

internal cholesterol. 

 

 
 

Fig. 3 Cellular uptake of cholesterol via LDL. 

Diagram illustrating the uptake and processing of LDL particles in a typical cell (Brown and 

Goldstein, 1976).  
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2.3 Elimination of excess cholesterol 

Mammalian cells cannot open the steroid ring and degrade the sterol molecule to noncyclic 

hydrocarbon products. However, a number of mechanisms prevent accumulation of excess 

cholesterol, which is toxic for cells. The most significant mechanism for the removal of 

cholesterol from extrahepatic cells is by transfer to circulating lipoproteins, which are 

transported to the liver. There, cholesterol is reutilized or converted to bile acids by 

cholesterol 7� - hydroxylase (CYP7A1) (Jelinek et al., 1990, Li et al., 1990) and then secreted 

via the intestine (Fig. 4). Removal of cholesterol from the plasma membrane occurs by 

passive and active mechanisms. Chemical gradients between the outer leaflet of the plasma 

membrane and lipoprotein acceptors interacting with the membrane lead to a passive efflux of 

cholesterol from the cell (Fielding and Fielding 2001). By an active mechanism, cholesterol is 

transferred to ApoA1-containing high-density lipoproteins (HDL) that serve as major 

acceptors for cellular cholesterol. The ATP-binding cassette transporter A1 (ABCA1), located 

at the plasma membrane of multiple cell types (Oram, 2001), is involved in the transfer of 

cholesterol and phospholipids to ApoA1 or ApoE-containing HDL particles (Yokoyama., 

2006). The concentration of free cholesterol in HDL particles is maintained at low levels that 

allow for gradient-directed uptake (Gordon et al., 1989). This is accomplished by conversion 

to cholesterol esters by the lipoprotein-resident LCAT (Fielding and Fielding., 1981). 

Another mechanism to remove excess cholesterol from the cell is the irreversible 

hydroxylation at several carbon atoms (27, 24, 25) of the side chain by CYP27A1, CYP46A1 

and cholesterol 25-hydroxylase. Side-chain oxidation changes the amphiphilic character of 

the molecule and facilitates its diffusion across the plasma membrane (Meaney et al., 2002). 

As for the passive efflux of cholesterol to lipoproteins, a concentration gradient is responsible 

for the net flux of oxidized cholesterol to plasma lipoproteins (Björkhem et al., 1994; 

Lütjohann et al., 1996; Babiker et al., 1997). After uptake by the liver, side chain-oxidized 

cholesterol is eliminated from the body after further hydroxylation by the hepatic oxysterol 

7� -hydroxylase (CYP7B1) and subsequent conversion to bile acids (Schwarz et al., 1997). 

In addition to their direct role in cholesterol elimination from the cell, 24-, 25- and 27-

hydroxycholesterol may serve as signalling molecules, influencing cholesterol synthesis and 

release. Like cholesterol, they inhibit synthesis of cholesterol biosynthetic enzymes in a 

SREBP-dependent manner (Adams et al, 2004). Moreover, they are ligands of a specific 

nuclear hormone receptor, the liver X receptor (LXR), which acts as transcription factor and 

controls expression of ApoE, ApoA1, ABCA1 and other members of the ABC family and 

thus stimulates cholesterol release (Schoonjans et al., 2000; Repa et al., 2002).  
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A third way to prevent overaccumulation of free cholesterol is by the reversible conversion to 

cholesterol esters (CE) by the ER-resident acyl-coenzyme A:cholesterol acyltransferase 

(ACAT) (Chang et al., 1997). CEs are stored along with triglycerides in the cores of cytosolic 

lipid droplets, also termed lipid bodies, which most likely form as extensions from the ER 

(Van Meer, 2001). CEs can be hydrolyzed when the cellular cholesterol concentration is 

decreased (Klansek et al., 1996). CE does not integrate into membranes and can only be 

secreted from cells after the esters hydrolysis to free cholesterol. 

 

3. Cholesterol metabolism in the brain 

3.1 Diseases and defects in cholesterol homeostasis 

Given the enormous knowledge that has been gathered on cholesterol homeostasis in the body 

it is surprising to find limited information on the situation in the brain. Whether the 

homeostatic mechanisms that have been extensively studied in the body do also apply for the 

brain is unknown. Driven by recent observations that link dysfunction of cholesterol 

homeostasis to severe human mental diseases, research on this field is however increasing. 

Mental retardation is a key feature in human genetic disorders affecting post-squalene 

cholesterol biosynthesis. (Clayton 1998; Waterham 2006). SLOS, for example, the prototype 

of such disorders, in which DHCR7 is mutated, occurs with an estimated disease frequency of 

1 in 1600 to 1 in 14000 (Battaile et al., 2001). The SLOS phenotype displays a spectrum of 

clinical manifestations, such as moderate to severe mental retardation and autism (Herman et 

al., 2003). Why homozygous DHCR7 null mice, a mouse model of SLOS, die within hours 

after birth (Fitzky et al., 2001) has not fully been established. A minimal level of expression 

of the nestin promotor driven human DHCR7 transgene in the neural tissue of these mice was 

sufficient to prolong survival of the pups until postnatal day 17, indicating that altered sterol 

metabolism in the developing mouse brain contributed to the early lethality (Yu et al., 2005). 

Notably, in contrast to other organs, the fetal rodent brain depends entirely on in situ 

cholesterol synthesis, as shown by the absence of radiolabelled cholesterol in the fetal brain 

after venous injection into pregnant mice (Yoshida and Wada, 2005) and by comparing 

cholesterol synthesis and accretion in the fetal rat brain (Haave and Innis, 2001), indicating 

that maternal cholesterol may not rescue cholesterol biosynthetic defects in the developing 

rodent brain.  

Huntington’s disease (HD) is a progressive neurodegenerative disorder. Valenza et al. (2005) 

reported that the total cholesterol mass is significantly decreased in the CNS of human HD 

patients and of a mouse model of HD and that this was probably due to a decrease of 
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cholesterol synthesis in the brain, since the active nuclear form of SREBP was reduced by 

~50%. Addition of exogenous cholesterol to cultured mouse embryonic striatal neurons 

expressing mutant huntingtin prevented their death, indicating that functional cholesterol 

biosynthesis is crucial for the survival of embryonic neurons. 

The hallmark of Niemann Pick disease Type C is progressive neurodegeneration (Pentchev et 

al., 1995) during which almost all cerebellar Purkinje cells are lost (Harzer at al., 1978). In a 

murine model of NPC disease, the BALB/cNctrnpcN mouse, mice homozygous for NPC1 are 

asymptomatic at birth but develop neurological symptoms at 5 weeks of age (Loftus et al., 

1997). The involvement in intracellular cholesterol transport that had been postulated for NPC 

proteins in fibroblasts (Reid et al., 2003) could also be shown in neurons. Karten et al. (2003) 

detected NPC1 and 2 protein in the cell body, proximal and distal axon of sympathetic 

neurons. They reported that in NPC1-deficient postnatal sympathetic neurons, endogenously 

synthesized cholesterol cannot be delivered efficiently from the cell body to the distal axon. 

Whether and how the perturbation of intracellular cholesterol shuttle in postnatal neurons 

contributes to the progressive neurodegeneration in NPC disease remains to be shown. 

Emerging evidence suggests that several aspects of cholesterol metabolism play a role in the 

pathogenesis of Alzheimer`s disease (AD), although the mechanisms are not clear. This 

neurodegenerative disorder is characterized by progressive and irreversible loss of short-term 

memory and cognition. The pathological hallmarks of AD are extracellular amyloid plaques 

of A�  peptide and intracellular neurofibrillary tangles composed primarily of 

hyperphosphorylated tau, a microtubule-binding protein. AD brains show a loss of neurons 

and synapses in the neocortex, hippocampus and sub-cortical regions. The strongest known 

risk factor for the development of sporadic late-onset AD is a specific isoform of 

apolipoprotein E, the major carrier of cholesterol in the CNS (see below). In individuals 

carrying the � 4 allele, the incidence of AD is strongly increased (Corder at al., 1993). Rapp et 

al. (2006) studied the implication of different apoE isoforms in intercellular cholesterol 

shuttle and found that labelled cholesterol bound to apoE4 is less efficiently taken up by 

cultured embryonic hippocampal neurons than cholesterol bound to apoE3 indicating that 

neuronal cholesterol supply is perturbed in carriers of the apoE 4 isoform.  

Moreover, retrospective studies (Wolozin et al., 2000; Jick et al., 2000) on 

hypercholesterolemic patients treated with statins showed a reduction of about 70% in the 

incidence of AD. This led to establish a correlation of high plasma cholesterol to the 

predisposition to AD and the consideration of statins as drugs to treat AD. This was supported 

by animal studies in which mice and rabbits that were fed a high cholesterol diet showed an 
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increase in A�  levels (Sparks et al., 1994; Refolo et al., 2000), whereas in simvastatin treated 

guinea pigs A�  levels were reduced (Fassbender et al., 2001). However, the mechanisms by 

which statins exert their beneficial effect on AD are unclear. As statins affected AD 

irrespectively to their hydrophobicity and ability to penetrate the CNS (Wolozin et al., 2000; 

Jick et al., 2000), lowering of the brain cholesterol content could be excluded. Most probably 

statins improve the overall circulation, thereby improving oxygenation of the brain and inhibit 

inflammatory events contributing to the pathogenesis of AD (Akiyama et al., 2000). Further 

studies are required to develop a statin therapy for the treatment of AD, considering the 

pleiotrophic effects of statins such as the blocking of isoprenylation of proteins involved in 

regulating cell proliferation and survival, which have shown to induce apoptosis in cerebellar 

neurons and astrocytes (März et al., 2007).  

Although data are controversial, the neuronal cholesterol content seems to influence the 

generation of pathogenic A� 40- and A� 42-peptide in a raft-dependent manner. Simons et al. 

(1998) and Ehehalt et al. (2003) showed that cultured rat hippocampal neurons 

overexpressing the human version of amyloid precursor protein (APP) reduced amyloid 

production when treated with statins or methylcyclodextrin to lower cellular cholesterol. This 

indicated a link between high levels of cholesterol and amyloid production. An approach 

closer to physiological conditions was chosen by Abad-Rodriguez et al. (2004). They found, 

by contrast, that moderate reduction of cellular cholesterol in hippocampal neurons from 

transgenic mice expressing low levels of human wild type APP elevated production of 

amyloid peptide. The latter scenario is in line with data obtained from a study on mice lacking 

one allele of DHCR24 (= seladin-1; selective AD indicator-1). This enzyme converts 

desmosterol to cholesterol. These mice showed a reduction of brain membrane cholesterol, 

raft disorganization and increased A�  levels (Crameri et al., 2006). Taken together, these 

studies indicate that defects in cholesterol homeostasis affect the individual at different stages 

of development. The developing brain appears very vulnerable to disruption of cholesterol 

synthesis, whereas defects in intra- and intercellular cholesterol transport seem to profoundly 

affect the postnatal or aging brain. 
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Fig. 4 Cholesterol homeostasis in the brain and in the rest of the body 

Note that the blood brain barrier (BBB) prevents transfer of plasma lipoproteins to the CNS.  

Blue, sources of cholesterol; red, pathways for elimination of excess cholesterol; black, pathway of 

intercellular lipoprotein travel. 

 

3.2 CNS cholesterol content 

In all species studied from mouse to primate the average concentration of total cholesterol is 

~2.2 mg/g in fresh tissue (Dietschy and Wilson., 1968). However, this concentration varies 

considerably among different organs. The brain is the cholesterol richest organ with a 

cholesterol concentration of 15-20 mg/g tissue and it holds 25% of total body cholesterol. 

Several lines of evidence show that virtually all cholesterol present in the brain is derived 

from de novo synthesis. The blood brain barrier, which is formed by tight junctions between 

adjacent endothelial cells, prevents diffusion of large molecules or molecular complexes like 

lipoproteins (Reese and Karnovsky, 1967) (Fig. 4). When rat pups were fed high-fat milk 

containing deuterated cholesterol, labeled cholesterol could not be recovered from the brain 

(Edmond et al., 1991). Along this line, Quan et al. (2003) reported that an enormous increase 

in dietary cholesterol did not change the cholesterol concentration or synthesis rate in the 

mouse brain. Moreover, LDLR mRNA was not decreased by feedback regulation in the brain 

of newborn mouse or rabbit after feeding a high cholesterol diet, although mRNA levels in the 
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liver were strongly downregulated (Hofman et al., 1987; Hanaka et al., 2000). In another 

attempt, cholesterol synthesis was studied in LDLR knock-out animals. It was shown that 

cholesterol synthesis was not increased in the brain of LDLR deficient mice or rabbits 

(Dietschy et al., 1983; Spady et al., 1987). Loss of function of the intestinal sterol transporters 

ABCG5/G8, lead to an accumulation of plant sterols in the plasma of mice and human, 

whereas only trace amounts of these sterols were found in the CNS (Salen et al., 1985; Yu et 

al., 2004). All these studies demonstrate that the cholesterol content of the brain is 

independently regulated from the rest of the body and that even major changes in plasma 

cholesterol do not influence the cholesterol concentration in the CNS. 

 

3.3 Brain development and cholesterol synthesis 

The development of a functional central nervous system requires the correct specification of a 

large number of cells. These cells are divided into two major categories, neurons and glial 

cells, the latter of which outnumber neurons in the vertebrate brain. Glial cells are further 

divided into 3 different classes, namely astrocytes, oligodendrocytes and microglia. Neurons 

are highly polarized cells that evolved to collect incoming electrical activity on the branched 

dendrites and to convey this activity through the axon to the effector sites. Oligodendrocytes 

enwrap axons in discontinuous sheets of myelin. The myelin membrane has a high lipid 

content and is especially rich in cholesterol, which ensures reduced permeability to ions 

(Snipes and Suter 1997). Thus, myelin allows for fast and energy saving impulse conduction. 

The morphology of astrocytes varies widely ranging from highly ramified cells to cells with a 

radial appearance, like Bergmann glia or Müller cells (Bringmann and Reichenbach, 2001; 

Wolff and Chao, 2004). They are closely associated with neurons and their end-feet contact 

both synapses and blood vessels. Astrocytes are best known for their general role in providing 

structural support and in regulating extracellular concentrations of ions, metabolites and 

neurotransmitters (Parpura et al., 1994; Haydon, 2001; Magistretti, 2006). Microglial cells in 

the mature brain are ramified. Upon injury they acquire amoeboid morphology, engulf 

cellular debris and trigger inflammatory responses. 

Throughout the brain, neurons, astrocytes and oligodendrocytes arise sequentially from 

common neuroepithelial progenitor cells (Temple et al., 1989; Reynolds and Weiss, 1996) 

(Fig. 5), whereas microglial cells are of peripheral mesodermal origin (Cuadros and 

Navascues 1998). In rodents, microglial cells start invading the CNS between E10 and E12 

(Chan et al., 2007). Neurogenesis in the rat takes place prenatally between E15 and E21 

(Sauvageot and Stiles 2002). Astrocytes and oligodendrocytes are differentiated from their 
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lineage-restricted progenitor cells, after completion of neurogenesis (Bayer et al., 1991; 

Rowitch, 2004). In rats, the main phase of astrocyte generation occurs around birth between 

P1 and P2, whereas oligodendrocytes are generated later, during the second and third 

postnatal week (Parnavelas, 1999) 

 

In vivo 
development

E8 E10 E12 E14 E16 E18 E20 P1 P3 P5 P7 P9 P11 P13 P15 P17

Neurons Astrocytes Oligodendrocytes

 
Fig. 5 Generation of neurons and macroglial cells during development in rodents. 

Neurons are generated first, with a peak at E14, followed by astrocytes and oligodendrocytogenesis 

(Sauvageot and Stiles, 2002). E, embryonic day, P, postnatal day. 

 

The rates of cholesterol synthesis and deposition in the brain change drastically during 

development. Jurevics et al. (1997) and Haave and Innis (2001) studied cholesterol accretion 

during embryonic development of the rat brain by labeling with tritiated water and found that 

the fetal, like the adult brain, does not acquire plasma-derived cholesterol. They observed an 

increase in cholesterol synthesis at late gestation, which peaks around birth and correlates 

with the main phase of astrocyte proliferation. Using the same methodological approach, 

Quan et al. (2003) showed that cholesterol synthesis further increases during the first 3 

postnatal weeks, the period of myelination in rats (Muse et al., 2001), and declines thereafter, 

reaching a low, but steady level in the mature brain (Spady and Dietschy, 1983; Dietschy and 

Turley, 2004; Thelen et al., 2006). The phase of highest cholesterol synthesis represents 

proliferation of oligodendrocytes and the deposition of cholesterol in myelin. 

It has been estimated that 70-80% of the cholesterol in the brain of adult animals is contained 

in myelin (Davison 1965; Snipes and Suter, 1997; Morell and Jurevics, 1996). The remaining 

pool mainly comprises membranes of neurons and astrocytes, but so far, it is unclear which 

cells synthesize cholesterol in the brain in vivo. Astrocytes have been shown to synthesize 

and secrete cholesterol in vitro (Saito et al., 1987; Pitas et al., 1987; Shanmugaratnam et al., 

1997; LaDu et al., 1998). Cholesterol synthesis has also been detected in cultured neurons 

derived from embryonic or newborn mice (Lopes-Cardozo et al., 1986), chicken (Saito et al., 

1987) and rats (Tabernero et al., 1993; Vance et al., 1994; de Chaves et al., 1997). An analysis 

in older neurons has not been possible since primary cultures from postnatal brains contain 

glial cells, whose cholesterol synthesis confounds the results. A culture model of pure 
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postnatal neurons has been established for a specific type of CNS neurons, the rat retinal 

ganglion cells (RGC) and a study on this model revealed that neurons require glia-derived 

cholesterol to form numerous and efficient synapses (Mauch et al., 2001) indicating that these 

neurons contain insufficient amounts of cholesterol. 

 

3.4 Cholesterol shuttle within the brain 

Lipoproteins are not only found in the plasma, they are also present in the cerebrospinal fluid 

(CSF) (Ladu et al., 200, Koch et al., 2001). Although they have a similar size and density of 

plasma HDLs and contain ApoE, A1, D, and J (LaDu et al., 1998), their function is distinct 

from plasma HDL. ApoA1 was shown to be synthesized from endothelial cells of the BBB 

but not from neurons or glial cells (Mockel et al., 1994; Panzenboeck et al., 2002). ApoE is 

the major apolipoprotein of the brain, which lacks Apo B (Fig. 4). ApoE is primarily 

expressed by astrocytes but also by microglial cells (Danik et al., 1999; Boyles et al., 1985) 

and a low level of ApoE synthesis was detected in neurons (Brecht et al., 2004, Xu et al., 

2006). Two mechanisms have been described by which astrocytes release cholesterol: 

Cholesterol-containing ApoE lipoproteins are either secreted directly (Naidu et al., 2002) or 

cholesterol is transferred from the membrane to extracellular apolipoproteins via ABC 

transporters. Karten et al. (2006) showed that in cultured cerebellar astrocytes the latter 

process is mediated by the ABCA1 and ABCG1 transporters. ApoE-containing lipoproteins 

are thought to bind to neuronal surface receptors of the LDLR family (Herz and Bock 2002; 

Beffert et al., 1998). The presence of these receptors on neurons is indicated by studies that 

reported uptake of human LDL and HDL from distal axons of cultured rat sympathetic 

neurons and transport into the cell bodies (de Chaves et al., 2000). 

Apart from the study of Mauch et al. (2001), which demonstrated that glia-derived 

lipoproteins stimulated synaptogenesis, evidence is increasing that lipoprotein uptake is 

physiologically relevant for neurons. Cholesterol present in VLDL promotes neurite 

outgrowth in rabbit root ganglion neurons (Handelmann et al., 1992). Goritz et al. (2005) 

showed that the uptake of glia-derived lipoproteins increased cellular cholesterol in rat RGCs 

and promoted dendrite differentiation. Using the same culture model Hayashi et al. (2004) 

showed that glia-derived lipoproteins provided to the distal axon compartment increased the 

rate of axon extension by 50%. These data suggest that an active, lipoprotein-dependent 

shuttle of cholesterol takes place between the different cell types of the CNS. 
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3.5 Cholesterol efflux from the brain 

Although at low level, cholesterol synthesis occurs in the mature brain, (Spady and Dietschy., 

1983; Dietschy and Turley, 2004; Thelen et al., 2006) and therefore, there is a need for its 

excretion across the BBB to prevent overload. One way to eliminate excess cholesterol from 

the brain was proposed by the group of Björkhem. They measured a continuous, age-

dependent flux of 24S-hydroxycholesterol (24OC), which was also named cerebrosterol due 

to its prevalent occurrence in the CNS, from the human brain into the circulation (Lütjohann 

et al., 1996) (Fig. 4). In the plasma 24OC binds to lipoproteins and is transferred to the liver, 

where it is further converted to bile acids. Deletion of cholesterol 24-hydroxylase (CYP46A1) 

in mice reduced sterol excretion by 64% (Xie et al., 2003). Björkhem et al. (1997) also 

showed that the rate of 24OC production is of the same magnitude as cholesterol synthesis in 

the rat brain in vivo. A close relationship between synthesis and metabolism of cholesterol 

was suggested by the finding that cholesterol synthesis in the brain of Cyp46-KO mice was 

reduced by 40% (Lund et al., 2003). Interestingly, in situ mRNA hybridization and 

immunohistochemistry showed that the expression of CYP46A1 is restricted to specific types 

of neurons such as pyramidal cells of the cortex and Purkinje cells of the cerebellum (Lund et 

al., 1999; Lund et al., 2003). In the brain of AD patients, CPY46 immunreactivity was 

detected in glial cells (Bogdanovic et al., 2001, Brown et al., 2004) Moreover, 24OC is an 

efficient activator of the nuclear receptor LXR (Abildayeva et al., 2006). Recently, it was 

shown that 24OC increased the production and secretion of apo E-containing lipoproteins 

from cultured mouse glial cells by activation of the LXR pathway (Abildayeva et al., 2006). 

Taken together, 24OC may function as an important regulator of cholesterol homeostasis in 

the brain.  
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Aim of the thesis 

 

Although the metabolism of cholesterol has been extensively studied in different cell types of 

the body, surprisingly little is known about how neurons, which are highly specialized cells 

showing a remarkable degree of morphological and functional differentiation, regulate their 

cholesterol content. Previously, our group showed that the ability of cultured neurons to form 

and maintain synapses depends on glia-derived cholesterol (Mauch et al., 2001, Goritz et al., 

2005). This raised the question of how neurons achieve cholesterol homeostasis, and, as a 

basis, whether they are able to synthesize cholesterol. It has been proposed that neurons 

reduce their cholesterol synthesis at postnatal stages, after astrocytes are differentiated, and 

rely on cholesterol delivery by astrocyte-derived lipoproteins (Pfrieger 2003). In this project, I 

addressed the question, which cell types in the postnatal CNS are responsible for de novo 

cholesterol synthesis. As a first step, I took advantage of glia-free primary culture of 

immunopurified postnatal rat retinal ganglion cells (RGCs) and culture models of the different 

glial cell types. This allowed me to study and compare cholesterol synthesis in neurons and 

glial cells of the CNS using a variety of techniques. 
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1. Cell culture 

1.1 Immunoisolation and culture of rat RGCs 

RGCs were isolated by sequential immunopanning, which yields a purity of 99.5% (Barres et 

al. 1988). Postnatal day 7 (P7) Wistar rats (animal facility, Centre de Neurochimie, CNRS, 

Strasbourg, France) were decapitated according to institutional guidelines. Retinae were 

dissected, cleaned and digested for 30 min in D-PBS (Gibco/Invitrogen, Cerg-Pontoise, 

France) with 33 U/ml Papain (Worthington Biochemical Corporation, Lakewood, NJ, USA) 

and 200 U/ml DNAse (D4527; Sigma, St. Quentin Fallavier, France) at 37°C. The tissue was 

then sequentially triturated in trypsin inhibitor [0.15% (w/w), Boehringer-Mannheim/Roche 

Diagnostics, France) in D-PBS with 0.15% (w/w) BSA Sigma (A8806)] with 330 U/ml 

DNAse and 1:75 rabbit-anti rat macrophage serum (Axell, Westbury, NY, USA) using 1 ml 

pipette tips with defined diameters (4, 2, 0.2 mm). Cells were spun down for 13 min at 128g, 

resuspended in 1% trypsin inhibitor, spun down again and finally resuspended in 0.02% BSA 

in D-PBS. The cell suspension was filtered through a nylon mesh (Nitex, 20 � M, Tetko Sefar 

Filtration, Rüschlikon, Switzerland) and transferred to the first panning plate. RGCs were 

purified by sequential immunopanning on three panning plates that were prepared the day 

before. The two subtraction plates [petri dish, 15 cm diameter, Falcon, BD Biosciences, 

France) were incubated with 10 � g/ml goat anti-rabbit IgG (Jackson Immunresearch 

Laboratories/Beckman Coulter, Marseille, France) and the selection plate (petri dish, 10 cm 

diameter, Falcon) with 10 � g/ml goat anti-mouse IgG (Jackson IRL) in Tris/HCl (50 mM, pH 

9.5) for at least 12 hrs at 4°C. Plates were then washed 3 times with PBS and blocked with 

0.2% BSA (fraction V, in D-PBS; Sigma). Additionally, the selection plate was incubated 

with mouse anti-rat Thy-1 (5 ml culture medium of T11D7e hybridoma cells, American Type 

Culture Collection, Manassas, VA, USA) for at least 2 hrs at RT. Cells were incubated at RT 

for 33 and 36 min on the two subtraction plates, respectively to remove microglia and 

endothelial cells. After another filtration step using the nylon mesh, cells were transferred to 

the selection plate and incubated for 45 min at room temperature (RT). Non-adherent cells 

were thoroughly washed off with D-PBS. Bound cells were harvested by trypsination (2.5 

mg/ml; Sigma) in Earle’s balanced salt solution without Ca2+ and Mg2+ (Sigma) for 10 min at 

37°C and 5% CO2 followed by inactivation with fetal calf serum (30% in Earle's; 

Gibco/Invitrogen). Cells still adherent after trypsinisation were mechanically detached. Cells 

were counted using trypan blue (0.4%, Sigma) and a hemocytometer (Assistant, Sondheim) 

and spun down for 13 min at 128 g. For lipid and protein analysis, RGCs were plated at 200-

300 cells/mm2 on poly-D-lysine (PDL; Sigma, ~40 kDa, 10 � g/ml in dd H2O) coated tissue 



MATERIAL AND METHODS 

- 34 - 

culture dishes (35 mm diameter, Falcon). For immunocytochemistry, cells were plated at 80 

cells/mm2 on PDL-coated glass cover slips (12 mm diameter; Hecht-Assistent, Sondheim, 

Germany). RGCs were cultured in chemically defined, serum-free NB+ medium (Meyer-

Franke et al., 1995) (Tab. 1). Half of the medium was replaced by fresh NB+ after 4 days. 

In some experiments, RGCs were treated with GCM (Glia-conditioned medium), cholesterol 

(Sigma, 5 µg/ml; from 5 mg/ml ethanolic stock solution), lanosterol (Sigma, 5 µg/ml; from 5 

mg/ml ethanolic stock) or zaragozic acid (ZA) (Sigma, 3 µM, aqueous solution). 

 

Table 1 Composition of Defined Culture Medium for RGCs and Glial Cells 

NB+ components  concentration 

Neurobasal medium 

B-27 supplement  

sodium pyruvate  

N-acetylcysteine  

insulin 

forskolin 

glutamine  

triiodthyronine putrescine  

sodium selenite  

bovine serum albumine (fraktion V, 

crystalline grade)  

holo-transferrin  

progesterone  

penicillin  

streptomycin  

human BDNF 

rat CNTF 

  

1:50 

1mM 

60 µg/ml  

5 µg/ml 

10 µM 

2 mM 

40 ng /ml 

16 ug/ml 

40 ng/ml 

100 µg/ml 

100 µg/ml 

62 ng /ml 

100 U/ml 

100 µg/ml 

25 ng/ml 

10 ng/ml 

 

 

1.2 Immunoisolation and culture of mouse cerebellar neurons (CN) 

Balb/c mice (7 days old; animal facility, Faculty of Medicine, University Louis Pasteur, 

Strasbourg) were killed by decapitation according to institutional guidelines. Cerebella were 

dissected, cut into small pieces and incubated (5% CO2, 37°C) for 60min in EBSS containing 

200 U/ml papain, 200 U/ml DNAse, 1.5mM CaCL2, 1mM MgSO4, 0.5mM EDTA (Sigma). A 
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single cell suspension was obtained as described for RGCs. For immunopanning, cells were 

incubated for 30 min on the subtraction plate (petri dish, 15 cm diameter, Falcon, coated with 

secondary antibody as described for RGCs). The supernatant was filtered through a nylon 

mesh and incubated for 30 min at 37°C with triiodothyronine (20 ng/ml, Sigma), insulin (2.5 

ug/ml, Sigma), putrescine (8 ug/ml, Sigma), sodium-selerenite (20 ng/ml, Sigma), BSA (50 

ug/ml, fraction V, crystalline grade, Sigma), progesterone (31ng/ml, Sigma) and 

holotransferrin (50 ug/ml, Sigma) and was then added for 45 min to the selection plate [petri 

dish, 10 cm diameter, Falcon, coated as described for RGCs with 10 � g/ml secondary 

antibody goat anti-rat-IgG (Jackson Immunoresearch Laboratories) and 2 � g/ml primary 

antibody rat IgG anti-L1 clone 324 (Chemicon/Euromedex, Mundolsheim, France)]. 

Thereafter, non-adherent cells were thoroughly washed off with D-PBS and bound cells were 

mechanically detached in 0.2% BSA, spun down and resuspended in NB+ culture medium. 

Cells were plated at 200-300 cells/mm2 on poly-D-lysine (PDL; Sigma, ~40 kDa, 10 � g/ml in 

dd H2O) coated tissue culture dishes (35 mm diameter, Falcon). These cultures of cerebellar 

neurons (CN), which were kindly provided by I. Buard, consisted mainly (>90%) of granule 

cells (Steinmetz et al., 2006). 

 

1.3 Preparation of GCM 

GCM was obtained from primary cultures of cortical glia cells that were prepared as 

described (McCarthy & de Vellis, 1980). P7 rats were killed by decapitation and cortices were 

dissected and freed from meninges. The cell suspension was prepared as described for RGCs 

(1.1). After resuspension in BSA, cells were spun down in DMEM+ culture medium (Tab. 2) 

that does not support survival of neurons. Cells were cultured in PDL-coated (see 1.1) tissue 

culture flasks (25 cm2, TPP, Trasadingen, Switzerland). After one week, cells were vigorously 

washed with D-PBS and cultured in NB+ lacking growth factors, B27 and forskolin (referred 

to as NB). GCM was harvested every third day and replaced by fresh NB. For production of 

low-cholesterol GCM, cells were treated with 10 µM mevastatin (Sigma, 10 mM stock in 

ethanol). Before treatment of RGCs, mevastatin was removed from the medium by 

gelfiltration on Nap-10 columns (Amersham Pharmacia biotech, Freiburg, Germany). GCM 

was added to 4 day old RGCs after centrifugation for 5 min at 3000g to remove cellular debris 

(1.7 ml of GCM to 2 ml of culture medium) and BDNF (Pepro Tech, Rocky Hill; NJ, USA ) 

was added to a final concentration of 25 ng/ml. 
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Table 2 Composition of Medium for Preparation of Glial Cultures 

DMEM+ components  Concentration 

DMEM 

FCS, heat inactivated 

sodium pyruvate  

glutamine  

penicillin  

streptomycin 

  

10% (v/v) 

1mM 

2 mM 

100 U/ml 

100 µg/ml 

 

 

1.4 Preparation of astrocytes, neuron-astrocyte cocultures and microglia 

Astrocytes and microglial cells were obtained from glial cultures used to prepare GCM by 

one-step immunopanning. Glial cells from two culture flasks were released by trypsination 

(12.000 U/ml in EBSS for 5 min at 5% CO2 at 37°C) after 4 days of culture in FCS-free 

DMEM+ medium. Digestion was stopped by 20% FCS and cells were spun down for 13 min 

at 128g. The pellet was resuspended in 0.02% BSA by repeated trituration. Cells were then 

transferred to a panning plate (10 cm diameter), which was coated with 10 � g/ml goat anti-rat 

IgG (Jackson IRL) in Tris/HCl (50 mM, pH 9.5) for 2 hrs at RT, after washing and blocking 

the plate as described for RGCs (1.1). Microglial cells were largely removed from the cell 

suspension by binding to immobilized goat anti-rat IgG antibody through their Fc-receptors. 

After 45 min, non-adhered cells were harvested and counted as described before. Cells were 

spun down and plated on PDL-coated tissue culture dishes (35 mm diameter) at around 300 

cells/mm2 in NB+. For Nile Red and immunocytochemical stainings, cells were plated on 

PDL-coated glass cover slips 80 cells/mm2. Immunocytochemical staining revealed that the 

cultures contained a large fraction of GFAP/100� -positive astrocytes (88 ± 3%; mean ± SD; n 

= 1300) and only few O4/CNPase-positive oligodendrocytes (3 ± 2%, n = 1400 cells; n = 3 

culture preparations) and CD68-positive microglia (0.3 ± 0.5%, n = 2400 cells; n = 3 culture 

preparations) (Fig. 6).  

For neuron-astrocyte coculture experiments, purified RGCs were plated in a ratio of 1 to 6 on 

one day old cultures of astrocytes. Half of the medium was replaced every second day. 

Metabolic labelling and immunocytochemistry were performed 4 and 6 days after plating of 

neurons, respectively.  

To obtain microglial cultures, cells from two culture flasks of cortical glia were prepared as 

described before and transferred to four 35 mm-culture plates instead of one 10 cm-culture 
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plate, coated with 10 � g/ml goat anti-rat IgG. After 45 min of panning, non-adherent cells 

were removed and bound cells were washed several times with PBS. NB+ culture medium 

was directly added to the panning plate. Microglial cultures contained 100% CD68-positive 

cells (n = 1900 cells; n = 3 culture preparations) (Fig. 6). 

 

1.5 Preparation of oligodendrocyte-enriched cultures 

Oligodendrocytes were prepared from rat optic nerves using a modified protocol (Meyer-

Franke et al., 1995). Optic nerves were dissected from P7 rats and cut to 1-2 mm long pieces. 

Preparation of cells was performed as described for RGCs (1.1.) except that due to the solidity 

of the tissue, papain digestion was extended to 45 min and mechanical dissociation was 

sequentially performed using 23, 25, 26, 27 gauge steel needles (Terumo, Neolus). All steps 

were performed at a small scale in 2 ml volumes. Cells were plated on PDL-coated culture 

dishes (35 mm diameter) at 200 cells/mm2. Since dissociated optic nerve cells do not 

comprise neurons, culturing cells in FCS was not necessary. To promote proliferation and to 

inhibit differentiation of oligodendrocyte precursors (Barres et al., 1994) cells were cultured 

first in triiodothyronine- and CNTF-free NB+ supplemented with bFGF (Sigma, 10 ng/ml). 

After five days, the medium was replaced by normal NB+ culture medium. Primary 

oligodendrocyte cultures contained O4/CNPase-positive oligodendrocytes (63 ± 20%, n = 

1400) and only very few GFAP/S100ß-positive astrocytes (3 ± 2%, n = 1300) or CD68-

positive microglial cells (2 ± 1%, n=1200) (Fig. 6).  
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Fig. 6 Primary cultures of different CNS cell types used to study cholesterol synthesis 

Phase-contrast (left column) and fluorescence micrographs (right column) of immunoisolated retinal 

ganglion cells (RGC), GFAP/S100 �  positive astrocytes (AS), O4/CNPase positive oligodendrocytes 

(OL) and CD68 positive microglial cells (MI), which were cultured for 6d in chemically defined, 

serum-free medium. Glial cells were labelled with indicated cell-type specific markers. 

 

2. Lipid Analysis 

All solvents used for lipid analysis were of HPLC grade quality (Sigma-Aldrich or Riedel de 

Haen, Seelze, Germany). 

 

2.1 Radiolabelling of cells 

To assess lipid or sterol synthesis, cells were incubated at 37°C for the indicated times with 

0.4 µCi/ml (7.38 µM) [1-14C]-acetate (Amersham Pharmacia Biotech, Buckinghamshire, UK) 

or 0.4 µCi/ml (8.65 µM) [2-14C]-RS-mevalonolactone (Perkin Elmer Life Sciences, Boston, 

MA, USA), respectively. Thereafter, cells were transferred to 4°C, medium was collected and 

pooled with two subsequent PBS washes. Cells were scraped off in around 150 µl of dd water 

(Milli Q, Millipore, Molsheim, France) with a rubber policeman. Cells and medium were 

stored at -30°C until lipid extraction. For sterol extraction by methyl-� -cyclodextrin (MCD), 

labelling was started after 6 days in vitro. After 48 hrs of incubation with [14C]-

mevalonolactone, label was washed off and 5 µM MCD (Sigma) was added in fresh 

preincubated NB+ for 1 or 5 min at 37°C. The medium was spun down at 3000g and the 

supernatant was transferred to a new glass tube for storage. Cells were scraped off in dd water 

without further washing. 

For pulse-chase experiments, label was replaced after 48 hrs by fresh medium supplemented 

with excess (100-fold concentration; 768 µM) cold mevalonolactone (Sigma) after washing 

twice with culture medium. Cells and medium were collected after 48 hrs of chase as 

described before. To study the formation of cholesterol metabolites, RGCs were incubated 

after 1 day in vitro for 72 hrs with 0.4 µCi/ml (7.6 µM) of [4-14C]-cholesterol (Perkin Elmer) 

at 37°C. Thereafter, label was removed by 3 washings steps, each for 5 min with fresh culture 

medium and a chase of 72 hrs under different conditions was started: NB+, GCM or 

dissociated astrocytes (ratio RGC : astrocyte = 1 : 3) were added to the labelled cells. Cells 

and medium were collected as described before. As a control for cholesterol autoxidation, [4-
14C]-cholesterol was incubated in culture medium in parallel at 37°C at 5% CO2 for the same 

duration as cells. 
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2.2 Determination of protein and DNA concentration 

For sample adjustment and determination of normalized lipid synthesis rates in the different 

cell types, each sample was analyzed for its protein and DNA content. Due to the limited 

amount of cellular material commonly used assays like Lowry or Bradford assays were not 

applicable. Therefore, I chose the highly sensitive fluorescence-based assays NanoOrange and 

PicoGreen (Molecular Probes, Invitrogen) to determine protein and DNA concentrations, 

respectively. Cells were homogenized at 4°C by repeated passaging through a 27 gauge 

needle using a 1 ml syringe (Omnifix, Braun). Triplicate aliquots of 1-2 µl of cell 

homogenates were measured 3 times in each assay. Standard curves for protein (BSA) and 

DNA (� -phage) were generated in parallel with each assay. Fluorescence was measured in a 

Mithras microplate reader (Berthold, Bad Wildbach, Germany) using suitable excitation and 

emission wavelengths (PicoGreen: ex: 480 nm, em: 526 nm; NanoOrange: ex: 470, em: 570 

nm). 

The protein/DNA ratio was similar in astrocytes and oligodendrocytes, but three times higher 

in neurons (Fig. 7). Normalization of lipid synthesis to DNA content refers to the number of 

cells in a given sample rather than to their size and volume of cellular material. Metabolic 

incorporation rates were therefore normalized to the protein content of the sample. 
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Fig. 7 Comparison of protein content of neurons and glial cells. 

Mean ratios of protein to DNA content in indicated cell types. Whiskers indicate standard deviation (n 

= 11 independent preparations). Asterisks indicate statistically significant differences (Kruskal-Wallis 

ANOVA by ranks test followed by post-hoc comparison of mean ranks) between protein/DNA ratios 

in the different cell types. RGC, retinal ganglion cells; AS, astrocytes; OL, oligodendrocytes; MI, 

microglia. 
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2.3 Lipid extraction 

Cell homogenates and culture medium were extracted according to a modified protocol of 

Hara and Radin (1978), where lipids are extracted with hexane/isopropanol (3:2) and an 

additional extraction step with hexane. I verified the extraction efficiency of this protocol by 

comparing it to another commonly used method to extract lipids using high-density cultures 

of astrocytes. The use of chloroform/methanol 2:1 according to a modified version (Oram, 

1986) of the standard protocol (Folch et al., 1957) did not show higher efficiency in lipid 

extraction. Cellular lipids were extracted with a 13-fold volume of hexane/isopropanol (3 : 2) 

by vortexing for 1.5 min. The organic phase was collected and the aqueous phase was 

extracted twice with hexane by vortexing for 45 sec. For the analysis of lipid synthesis at 

different time points, volumes of cell homogenates were adjusted for same amounts of protein 

before lipid extraction. For all other experiments, cell homogenates were transferred in toto to 

the extraction tube by washing the original tube several times with the solvent mixture. For 

extraction from medium, culture medium was spun-down for 5 min at 3000g to remove 

cellular debris, mixed with a 3-fold volume of solvent and extracted as described for cellular 

material. Before application to the TLC plate, solvent was evaporated by a gentle stream of 

N2 and different species of unlabelled authentic standards (around 5 µg each, Tab. 3) were 

added to extracts as internal standards. They served for the identification of newly synthesized 

lipids.  
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Table 3 Lipid Standards 

Standard Cat No. Company 

L-� -phosphatidylcholine P6638 Sigma  

3-sn-
phosphatidylethanolamine 

P9137  Sigma  

Sphingomyelin S7004 Sigma  

glyceryl trioleate T7140  Sigma  

glyceryl tripalmitate T5888  Sigma  

glyceryl 1,3-distearate D8269  Sigma  

lanosterol 97% L5768  Sigma 

lanosterol 65% L1504  Sigma 

lathosterol C3652  Sigma 

zymosterol C3200-000 Sigma 

desmosterol  D6513  Sigma 

7-dehydrocholesterol 30800  Fluka  

cholesterol  C8667  Sigma 

24(S)-hydroxycholesterol C6496-000 Steraloids 

7� -hydroxycholesterol H6891  Sigma 

cholesteryl oleate  C9253  Sigma  

cholesteryl stearate C79409  Aldrich 

cholesteryl palmitate C6072  Sigma 

 

 

2.4 Thin-layer chromatography (TLC) 

Dried lipid extracts were solved in ~50 µl of chloroform and were applied to TLC plates 

(silica gel, 60 F254; 60 Merck) on a 1 cm long line located 2 cm above the bottom edge using 

5 µl glass micropipettes (Hischhorn Laborgeräte). In order to transfer also more polar lipids, 

40 µl of chloroform/methanol (12:1) were added to the empty micropipette and applied to the 

TLC plate. To separate different lipid classes according to their polarity, a two-step TLC 

protocol was established (Fig. 8A). TLC plates were twice developed in 

chloroform/methanol/water (60:30:5) in an air-tight presaturated glass chamber until the 

solvent front reached one third of the plate. Subsequently, the plate was transferred to another 

chamber pre-saturated with hexane/diethylether/acetic acid (80:20:1.5). To separate 

cholesterol metabolites, TLC plates were developed once in ethylacetate/toluene (3:2) (Fig. 

8B). To separate individual sterol species (Fig. 8C), cell and medium extracts were applied to 

TLC plates that were pre-impregnated with 10% (w/v, in 70% ethanol) silver nitrate (Sigma) 
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and activated for 4 hrs at 110°C. These TLC plates were developed in chloroform. This TLC 

system proved highly sensitive to the number and position of double bonds in the sterol 

molecule. 
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Fig. 8 Separation of authentic lipid standards by different TLC protocols 

Photographic images of primuline-stained TLC plates loaded with authentic lipid standards for 

different lipid classes [A, chloroform/methanol/water (60:30:5), hexane/diethylether/acetic acid 

(80:20:1.5)], for cholesterol metabolites [B, ethylacetate/toluene (3:2)]and for various sterols (C, 

chloroform on silver-nitrate TLCs). Each separation in A-C was achieved by a different protocol. 7D, 

7-dehydro-cholesterol; 7OC, 7� -hydroxy-cholesterol; 24OC, 24(S)-hydroxy-cholesterol; CE, 

cholesteryl ester; CH, cholesterol; CO, cholesteryl oleate; DE, desmosterol; LA, lanosterol; LT, 

lathosterol; OC, oxysterol; PE, phosphatidylethanolamine; PC, phosphatidylcholine; SM, 

sphingomyelin. 

 

2.5. Identification and quantification of newly synthesized lipids 

After the developing-solvent had been evaporated, TLC plates were sprayed with primuline 

solution [0.05%; Sigma; 1/100 in acetone/water (8:2) from 50 mg/ml stock in water] to 

visualize applied lipid standards. Photographic images (Fig. 9B) of the TLC plates under 325 

nm UV light (dark chamber; Fisher, Bioblock) were taken with a digital camera (Canon). 

Densitometric evaluation of each TLC lane was performed with a TLC Scanner 2 (Camag, 

Muttenz, Switzerland) at 310 nm. Radiodensitometric analysis of TLC lanes was performed 

using the Radio Isotope Thin Layer Analyzer RITA Star (Raytest, Straubenhardt, Germany) 
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[settings: P10 gas flow: 1 l/min; high resolution; binning 1; counting time: 1-3 hrs]. An 

autoradiogram (Fig. 9C) of each plate was obtained by exposition to a BAS-MP 2040S 

phosphorimager screen and scanning by a BAS-1000 phosphoimager (Raytest). 

Data obtained from the RITA and Camag TLC scanners were analyzed with the provided 

software (RITA-TLC-analysis V. 1.97; Camag Cats). Curves obtained from both scanners 

(RITA: counts per minute [cpm]; Camag: densitometric (light) intensity [mV]) were aligned 

(Fig. 9A) using CorelDraw v. 12, to obtain an exact overlay. This allowed to evaluate the 

identity of [cpm]-peaks using the applied primuline-labelled lipid standards. Amounts of 

newly synthesized lipids were then quantified by integrating the identified peaks using the 

RITA-TLC-analysis software (version 1.97), after determination of background levels (from 

region, 10 mm below loading line). 
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Fig. 9 Identification of newly synthesized lipids 

Line plots of radioactivity (black) and primuline fluorescence (red) (top) (A) across the respective lane 

of the TLC plate [bottom: primuline stain (B), radioactivity (C)]. The lane was loaded with lipids 

extracted from cultured RGCs incubated for 48 hours with [14C]-mevalonolactone and with authentic 

non-radioactive sterol standards. 7D, 7-dehydro-cholesterol; CH, cholesterol; CO, cholesteryl oleate; 

DE, desmosterol; LA, lanosterol; LT, lathosterol. 
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2.6 Gas chromatography and mass spectrometry 

For GC-MS analysis RGCs and astrocytes were extracted as described above (2.3). Before 

application, extracts were filtered through Acrodisc syringe filters with PTFE membrane 

(0.45 � m; PALL Life Sciences, VWR, Fontenay-sous-Bois, France) using a 5 ml all glass 

syringe (luer-fitting; Roth, Karlsruhe, Germany). To optimize separation and identification of 

some sterol species, sterols were acetylated after the first GC-MS analysis. To this end, the 

solvent was evaporated under a gentle stream of N2. Sterols were resolved in 50 � l toluene 

and 50 � l of each acetic anhydride (Sigma) and pyridine (Sigma) was added. After incubation 

over night at RT (25°C), the reagents were dried under a N2 stream. Dried residues were 

dissolved in 50 � l chloroform and applied to a TLC plate, which was developed to three 

quarters of height in chloroform. All steryl-acetates were running in a single band at Rf ~ 0.5 

(identified by comigration of authentic cholesteryl-acetate). The band was scraped off and 

steryl-acetates were eluted in chloroform. The extract was cleared by filtration through PTFE-

Acrodisc syringe filters before GC-MS application. For the quantification of total sterol mass, 

highly concentrated RGC and astrocyte extracts were acetylated without further TLC 

purification to avoid loss of material. As a reference value, 5 � g of nonacetylated cholesterol 

were added before application to GC. The absence of sterols in solvents and culture medium 

was confirmed by GC-MS. 

For GC-MS, an Agilent 6890 GC system coupled with an Agilent 5973 network for mass-

selective detection (Agilent Technologies, Palo Alto, CA) was used. The Agilent 

chromatograph was equipped with a DB5 column (WCOT J & W, 30m long, 0.25 mm 

internal diameter) submitted to a temperature program, which included a steep ramp from 

60°C to 220°C at 30°C per min followed by a 2°C per min ramp from 220°C to 300°C then a 

plateau at 300°C (He as carrier gas, 2 mL per min). 

 

3. Immunocytochemistry 

Immunostaining was carried out using standard procedures (Nagler et al., 2001). Cells 

growing on tissue plates or glass cover slips were washed (PBS), fixed (10 min in 4% 

formaldehyde at RT), blocked and permeabilized [30 min at RT; 50% goat serum, 1% Triton 

X-100 in antibody buffer containing 150 mM NaCl, 50 mM Tris, 1% BSA (Sigma, A3059, 

Cohn fraction V), 100 mM l-lysine, sodium azide, pH 7.40] and incubated overnight with 

primary antibodies (diluted in antibody buffer).  

The composition of glial cultures was determined by immunostaining against cell type-

specific markers. Astrocytes were identified by polyclonal rabbit anti-GFAP (1/8000; Dako 
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Cytomation, Trappes, France) and rabbit anti-S100�  (1/4000; Swant, Bellinzona, 

Switzerland). Oligodendrocytes were identified by monoclonal mouse anit-CNPase (1/800, 

Sigma) and anti-O4 (1/50; Boehringer-Mannheim/Roche Diagnostics, France). Microglial 

cells were identified by monoclonal mouse anti-CD68 (1/100 Serotec, Cergy Saint-

Christophe, France). RGCs were analyzed for the expression of squalene synthase by a 

monoclonal mouse anti-squalene synthase (SQS) antibody (1/200; BD-Biosciences 

Pharmingen, Becton Dickinson France SAS, Le Pont-De-Claix, France). In cocultures, RGCs 

were identified by staining with a polyclonal rabbit anti-neurofilament 200 (1/300; Sigma).  

After repeated washing with PBS, cells were incubated for 50 min at RT with secondary 

highly cross-adsorbed antibodies Alexa Fluor 488-, 555- and 594-conjugated goat anti-mouse 

or goat anti-rabbit IgG antibodies (1/1500; Molecular Probes/Invitrogen) and nuclei were 

counterstained with DAPI for 10 min during the final washing steps (10 � g/ml; Molecular 

Probes/Invitrogen). Glass coverslips were mounted in Mowiol [Calbiochem; 0.25g/ml in PBS, 

33% (v/v) glycerol]. Fluorescence was viewed through an appropriate filter set using a ZEISS 

Axiovert 200 microscope, equipped with epifluorescence illumination, a plan-apochromat oil 

objective (63x; numerical aperture N.A. 1.4) or A-plan objective (10x; N.A. 0.25) and an 

AxioCam MRm camera (Zeiss). Control experiments showed absence of background staining 

by secondary antibodies. 

 

4. Lipid body staining 

Lipid bodies were stained according to a modified protocol of Fukumoto and Fujimoto 

(2002). Cells growing on glass cover slips were washed (PBS), fixed (10 min in 4% 

formaldehyde at RT) and stained with 1/300 dilution of a Nile Red stock solution (800 � g/ml 

in acetone; Sigma) in PBS for 10 min at RT. Cover slips were subsequently mounted in 

Mowiol-Nile Red (1/1000). Images of labelled cells were obtained using either a Axiovert 

200 microscope (Carl Zeiss, Jena, Germany), a plan-apochromat oil objective (63x; N.A. 1.4) 

and an Axiocam Mrm camera in the green (fluorescin) channel or a confocal Zeiss LSM 510 

inverted microscope equipped with a plan-apochromat oil-immersion lens (63x; N.A. 1.4), 

using a He/Ne 543 nm lasers and emission filters of 560 nm. 

 

5. Protein analysis 

5.1 SDS-polyacrylamide-gel electrophoresis (SDS-PAGE) 

Proteins were separated by mass through denaturating polyacrylamide gel electrophoresis 

(SDS–PAGE) as described (Laemmli, 1970) in a vertical mini gel system (Mini-PROTEAN 3 
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system, Bio-Rad). Gels were composed of a mixture of acrylamide and bisacrylamide, which 

forms a cross-linked polymer network in the presence of the polymerizing agent ammonium 

persulfate [0.05% (v/v)] and the catalyst TEMED [N,N,N’,N’-tetra-methylethylenediamine, 

0.05% (v/v)] in a Tris buffer containing 0.1% SDS (all Sigma). In the upper stacking gel (4% 

acrylamide, 125 mM Tris, pH 6.8, 10% SDS) proteins were concentrated to a tight band 

before entering the resolving gel (375 mM Tris, pH 8.8, 10% SDS) to optimize separation. 

Resolving gels were prepared with 10 or 12% acrylamide, depending on the size of the 

investigated proteins. Cells were washed with ice-cold PBS and harvested in sample buffer 

[0.125 Tris/HCl pH 6.7, 2.5% SDS, 0.025% bromphenol blue, 10% (v/v) glycerol] on ice 

using a rubber policeman. For reducing conditions, 1% (v/v) � -mercaptoethanol was added 

and samples were denaturated for 5 min at 99°C. Determination of molecular weight was 

performed by comigration of molecular markers (Dual colour Precision Plus Protein Standard, 

Biorad). Electrophoresis was performed in running buffer (25mM Tris, 192 mM glycine and 

0.1% SDS) by applying constant current of 15 mA during the first 15 min followed by 35 mA 

until optimal separation was reached. 

 

5.2 Immunoblotting 

Separated proteins were transferred from SDS-PAGE gels to nitrocellulose ECL membranes 

(Amersham Biosciences) using the Mini Trans-Blot Transfer Cell (Biorad). Transfer was 

performed in transfer buffer (25 mM Tris, 1.92 mM glycine, 20% methanol) at 100 V for 1 

hour. Subsequently, membranes were incubated in blocking buffer [5% low fat milk powder 

or a mix of 5% BSA (A3059, Sigma) and 10% CAS–Block (Zymed/Invitrogen) in TBS-T 

(20mM Tris/HCl pH7.6, 137 mM NaCl, 0.1% Tween 20] for one hour under agitation at RT. 

Membranes were incubated with different primary antibodies diluted in blocking buffer over-

night at 4%. Expression of cholesterol biosynthetic enzymes was elucidated by 

immunoblotting against monoclonal mouse anti-SQS (1/2000; BD-Biosciences Pharmingen), 

polyclonal rabbit anti-DHCR24 (1/500; Protein Tech Group Inc., Chicago, IL, USA), rabbit 

anti-rat Cyp51 (1/2000; kind gift of Alex Tsafriri, Weizmann Institute of Science, Rehovot, 

Israel), rabbit anti-NSDHL (1/2000; kind gift of Masato Ohashi, Okazaki Institute for 

Integrative Bioscience, Okazaki, Japan) antibodies. The presence of Cyp46 was investigated 

with a polyclonal rabbit anti-Cyp46 antibody (1/2000; kind gift of Patrick Benoit, Sanofi-

Aventis). Protein amounts of each sample were normalized against ubiquitously expressed 

proteins like histone H3 (polyclonal rabbit anti-histone H3, 1/8000; Sigma) and actin 

(monoclonal mouse anti-� -actin, 1/8000; Sigma). After primary antibody incubation, 
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membranes were rinsed twice with TBS-T and washed three times for 10 min in TBS-T, 

followed by secondary antibody incubation with horseradish peroxidase-conjugated goat anti-

mouse and goat anti-rabbit antibodies (Jackson ImmunoResearch) for 1 hour at RT. 

Membranes were washed with TBS-T as before and antibody detection was performed by 

using ECL-reagent and exposure to Hyperfilm (Amersham Biosciences). Some blots were 

stripped with 0.5M NaOH for 30 min and subsequently washed for 5 min in dd water to 

remove binding antibodies, reblocked using blocking buffer and reprobed with a new set of 

antibodies. Efficient removal of antibodies was always confirmed by incubation with ECL-

reagents and exposure after stripping. 

 

6. Statistical analysis 

Statistical analysis was performed using STATISTICA 8.0 (StatSoft Inc., Maison-Alfort, 

France) using appropriate tests as indicated. Levels of significance are indicated by asterisks 

(* p < 0.05; ** p < 0.01; *** p < 0.001). 
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1. Lipid homeostasis in neurons and glial cells 

1.1 Lipid synthesis and efflux  

To address, whether postnatal neurons can synthesize cholesterol, I took advantage of a 

primary neuronal culture of RGCs immunoisolated from postnatal rats. Importantly, this 

culture preparation contains <0.5% of non-neuronal cells and can be maintained in the 

absence of serum, which is a prerequisite to study cholesterol metabolism. To study the 

synthesis of cholesterol and of other lipids, RGCs were subjected to metabolic labelling with 

0.4 µCi/ml (7.38 µM) [14C]-acetate as acetate is the elementary building block of cholesterol, 

fatty acids.  

[14C]-acetate was added to 4 day old cultures, when neurons reached stable survival and 

developed a dense network of neurites. Newly synthesized lipids were analysed by TLC at 

different time points of incubation. Within 24 hrs RGCs incorporated [14C]-acetate into 

cholesterol as well as phosphatidylcholine, phosphatidylethanolamine and sphingomyelin 

(Fig. 10A) as indicated by co-migration of respective standards. Another minor biosynthetic 

product migrated at the height of oxycholesterol standards (24- and 7-hydroxycholesterol). 

The amount of radioactive label in the different lipids increased within 48 hrs, but did not 

further augment at 72 hrs. Notably, even after 72 hrs of labelling, no cholesterol ester was 

formed. Next, I analyzed lipid synthesis in different types of glial cells of the CNS. Similar to 

neurons, all glial cells studied also synthesized cholesterol, phospholipids and sphingomyelin 

(Fig. 10A). Main differences to neurons were the synthesis of cholesterol esters and 

triglycerides by oligodendrocytes and by astrocytes. In microglial cells, their synthesis was 

barely detectable. 

To corroborate the identity of the TLC band as cholesterol, I repeated metabolic labelling in 

RGCs with [14C]-mevalonolactone, which is a more specific precursor of cholesterol, using 

the same TLC protocol. I found two biosynthetic products that increased with incubation time 

(Fi. 10 B). One of them migrated at the height of cholesterol, whereas the second, more 

intensely labelled product co-migrated with lanosterol. In astrocytes and oligodendrocytes, the 

identity of newly synthesized cholesterol was also verified by [14C]-mevalonolactone 

labelling for 48 hours (Fig. 10B). In these cells, cholesterol represented the major metabolic 

product. The absence of [14C]-mevalonate-labelled cholesterol ester indicated that glial cells 

do not esterify newly synthesized cholesterol and that the ester detected by [14C]-acetate-

labelling contained newly synthesized fatty acids.  
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Fig. 10 Lipid synthesis by neurons and glial cells 

Autoradiograms of TLC plates loaded with lipid extracts from indicated cell types. Cells were cultured 

for 5d in defined medium and then incubated for indicated durations (in hrs) with the radioactively 

labelled precursor [14C]-acetate (A) or [14C]-mevalonolactone (B). Same amounts of cellular material 

according to the protein content (NanoOrange assay, Molecular Probes), were loaded for 

corresponding lanes of the same cell type. Lipid species were identified by standards. CE, cholesteryl 

ester; CH, cholesterol; LA, lanosterol; OC, oxysterol; PC, phosphatidylcholine; PE, 

phosphatidylethanolamine; SM, sphingomyelin; TG, triglycerides; RGC, retinal ganglion cells; AS, 

astrocytes; OL, oligodendrocytes; MI, microglia.  
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Fig. 11 Quantitative comparison of lipid synthesis and efflux in neurons and glial cells. 

A, Averaged radioactivity (whiskers, standard deviation; MI: n = 4; RGC, AS, OL: n = 5 independent 

preparations) calculated at 48 hrs of incubation and normalized to protein content in cell (white) and 

medium (black) extracts from neuronal and glial cultures. Cells were cultured for five days, incubated 

for 48 hrs with [1-14C]-acetate and then processed for lipid extraction. Asterisks indicate statistically 

significant differences (Kruskal-Wallis ANOVA by ranks test followed by post-hoc comparison of 

mean ranks) between activity in cell and medium extracts (for phospholipids, PC and PE values were 
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pooled). .B, Fraction of activity in newly synthesized lipids that is detected in the medium (whiskers, 

standard deviation; MI: n = 4; RGC, AS, OL: n = 5). CH, cholesterol; PC, phosphatidylcholine; PE, 

phosphatidylethanolamine; PL, phospholipids; SM, sphingomyelin; RGC, retinal ganglion cells; AS, 

astrocytes; OL, oligodendrocytes; MI, microglia. 

 

To compare lipid synthesis in the different cell types, I determined the rate of incorporation of 

[14C]-acetate into lipids by quantifying radioactive lipids in cells and medium after 48 hours 

and normalized them to the cellular protein content. Interestingly, the highest rates of [14C]-

acetate incorporation into all of the different lipid species were reached by oligodendrocytes, 

the cell type, which forms lipid-enriched myelin. These cells synthesized ten times more 

radiolabelled cholesterol than neurons (Fig. 11). Astrocytes incorporated at least twice as 

much [14C]-acetate as neurons into the different lipid species. Microglia showed an 

incorporation rate into cholesterol and phospholipids similar to neurons, but they synthesized 

five times more radiolabelled sphingomyelin..  

The ratios of [14C]-acetate incorporated into newly synthesized cholesterol to phospholipid 

and sphingomyelin to cholesterol were similar between neurons and oligodendrocytes, 

whereas astrocytes formed more phospholipids, and microglial cells formed more 

sphingomyelin (Fig. 12).  
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Fig. 12 Ratios of newly synthesized lipids in neurons and glial cells 

Mean ratios (whiskers, standard deviation; MI: n = 4; RGC, AS, OL = 5) of newly synthesized 

lipids in neurons and glial cells calculated from incorporation rates of [14C]-acetate measured 

after 48 hrs of labelling in cells and medium. Asterisks indicate statistically significant differences 

(Kruskal-Wallis ANOVA by ranks test followed by post-hoc comparison of mean ranks) in lipid ratios 
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between the indicated cell types. CH, cholesterol; PL, phospholipids; SM, sphingomyelin; RGC, 

retinal ganglion cells; AS, astrocytes; OL, oligodendrocytes; MI, microglia. 

 

Medium from neuronal and glial cultures contained between 1 to 8% of newly synthesized 

lipids, depending on the lipid species. Each lipid showed remarkably similar efflux rates 

across the different cell types with cholesterol showing the highest and 

phosphatidylethanolamine the lowest (Fig. 11B). Given that neurons synthesized 

radiolabelled lipids at a lower rate than astrocytes, it was surprising that they appeared to 

secrete these lipids as efficiently as astrocytes. This raised the question, whether the lipids 

were in fact released or whether they were effluxed due to medium components like serum 

albumin, which could act as lipid acceptor. To address this, I compared lipid release from 

neurons in the presence and absence of B27, an albumin-rich medium supplement. 

Interestingly, no lipid release from neurons was detected in B27-free cultures apart from an 

unknown compound (migration characteristics indicate diglycerides or fatty acids) that was 

present at high amounts in the conditioned medium of all cell types, (Fig. 13). This indicated 

that indeed efflux of biosynthetic lipids from neurons was due to extraction by medium 

components. 

These data showed that in the absence of glial cells, immunoisolated neurons synthesized 

cholesterol and other lipids but not cholesterol esters. Rates of [14C]-acetate incorporation into 

lipids were lower for neurons than for astrocytes or oligodendrocytes. Moreover, components 

of the medium promoted extraction of newly synthesized lipids from the neuronal cell 

surface. 
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Fig. 13 Influence of a medium supplement on lipid efflux from neurons 

Autoradiograms of TLC plates loaded with cell (c) and medium (m) extracts of RGCs that were 

cultured for 5d in the absence or presence of the medium supplement B27 and then incubated with 

[14C]-acetate for 48 hrs. Note that in the absence of B27, no newly synthesized lipids were effluxed 

except for an unidentified species migrating just above CH. CH, cholesterol; PC, phosphatidylcholine; 

PE, phosphatidylethanolamine. 

 

1.2 Influence of glia-conditioned medium on neuronal lipid synthesis and release  

So far, I showed that RGCs synthesize cholesterol and other lipids when cultured in the 

absence of glial cells. To study the influence of glial cells, I performed metabolic labelling 

with [14C]-acetate for 48 hours in the presence and absence of GCM, which contains factors 

secreted by glial cells. Treatment of RGCs with GCM lowered the synthesis of cholesterol (by 

83% ± 6%; n = 3) and of phospholipids and sphingomyelin (Fig. 14). As cholesterol is known 

to inhibit its synthesis by feedback-regulation, I tested next, whether cholesterol released by 

glial cells and therefore present in GCM (5 � g/ml, Mauch et al., 2001) was responsible for 

this effect. Indeed, low-cholesterol GCM (LC-GCM) which was obtained from mevastatin-

treated glial cultures and did not contain detectable levels of cholesterol (Mauch et al., 2001), 

did not alter the synthesis of cholesterol or other lipids, whereas cholesterol synthesis was 

almost completely switched off when cholesterol was added to low-cholesterol GCM. 

Interestingly, in the presence of LC-GCM the release of newly synthesized phospholipids 

from neurons was increased, probably due to the presence of lipoproteins, which can act as 

lipid acceptors. 

These data showed that glia-derived cholesterol/lipoproteins strongly reduced de-novo lipid 

synthesis and enhanced lipid release in RGCs. 
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Fig. 14 Downregulation of neuronal cholesterol synthesis by glia-derived cholesterol 

Autoradiograms of TLC plates loaded with cell and medium extracts of RGCs that were cultured for 

4d in defined medium and for additional 3d in the absence (RGC) or presence of GCM, of GCM with 

a low cholesterol content (LC-GCM) or of LC-GCM that was resupplemented with cholesterol (LC-

GCM+, 5 � g/ml ethanolic solution) after cell treatment. Prior to lipid extraction, for the last 48 hrs, 

cells were incubated with [14C]-acetate. Note that in the presence of LC-GCM, phospholipids were 

strongly released probably due to the presence of glia-derived lipoproteins acting as acceptors. CH, 

cholesterol; PC, phosphatidylcholine; PE, phosphatidylethanolamine; SM, sphingomyelin; RGC, 

retinal ganglion cells; GCM, glia-conditioned medium. 

 

2. Metabolism of cholesterol by RGCs  

Cells metabolise cholesterol to different components for storage and secretion. A CNS-

specific metabolic product of cholesterol is 24S-hydroxycholesterol (24OC), which is thought 

to have an important function in the cholesterol homeostasis of the brain. To address whether 

immunoisolated neurons also metabolize cholesterol to 24OC, I studied first, whether RGCs 

express CYP46A1, the enzyme that catalyzes cholesterol 24-hydroxylation and that is 

expressed by subsets of neurons in different brain regions (Lund et al., 2003). Immunoblotting 
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with a polyclonal anti-CYP46A1 antibody that recognizes the enzyme reliably (kind gift of 

Patrick Benoit, Sanofi Aventis) revealed the presence of a 56 kDa band in RGCs indicating 

that the hydroxylase was expressed (Fig. 15). Neuronal enzyme expression was not changed 

by treatment with GCM and the enzyme was absent from astrocyte cultures (Fig. 15C). To 

study whether RGCs synthesize 24OC and whether the synthesis is influenced by glia-derived 

cholesterol, I examined the fate of [14C]-cholesterol in RGCs under glia-free conditions and in 

the presence of glia or GCM. RGCs were allowed to incorporate [14C]-cholesterol for 72 hrs. 

Thereafter extracellular [14C]-cholesterol was washed off and cells were cultured for 48 hrs 

in the presence or absence of astrocytes and of GCM. In parallel, I incubated [14C]-cholesterol 

under cell-free conditions in culture medium to detect autoxidation. Cell and medium extracts 

were subjected to a TLC separation protocol that allows for detection of hydroxylated 

cholesterol (Lund et al., 1999). [14C]-cholesterol and a variety of oxidized forms that were not 

present in the cell-free autoxidation control could be detected in cells and medium indicating 

that neurons produce oxysterols (Fig. 15A). Overlay of lane scans for radioactivity and 

primuline fluorescence of lipid standards revealed the identity of a minor peak as 24OC in the 

conditioned medium of RGCs (Fig. 15B). This indicated that RGCs convert cholesterol to 

24OC albeit at a low rate, which is then released in the culture medium. However, since the 

component was present only in trace amounts, a detailed quantification and further studies on 

the influence of glial cells were not possible. Neuron-glia cocultures and their medium 

contained several hydroxylated products that were not found in control or GCM-treated RGC 

cultures (Fig. 15A). These components were probably formed and secreted by astrocytes. 

Interestingly, 7OC, the major product of autoxidation, was largely absent from cells and 

conditioned medium indicating that in the presence of cells cholesterol is protected from 

autoxidation. Finally, these experiments revealed formation of CEs by neurons and glial cells, 

albeit at different levels. RGCs growing in the absence of GCM formed CEs in minor 

amounts, which were not present in the medium. On the other hand, medium of GCM-treated 

cultures contained larger amounts of CEs, probably due to esterase activity in glia-derived 

lipoproteins. The largest amounts of CEs were present in medium and cell extract of RGC-

astrocyte cocultures. This confirmed the results from [14C]-acetate labelling (Fig. 10A) and 

indicated that astrocytes themselves formed substantial amounts of CEs or that they induce 

CE formation by neurons. Taken together, these results showed that RGCs express Cyp46 and 

synthesize small amounts of 24OC, which is readily effluxed to the culture medium. 

Moreover, RGCs and astrocytes form cholesterol esters from externally supplied cholesterol. 
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Fig. 15 Metabolisation of cholesterol by neurons 

A, Autoradiograms of TLC plates loaded with cell and medium extracts of RGCs that were first 

cultured in defined medium for 1d and then for 3d with [14C]-cholesterol. Subsequently the medium 

was replaced and cells were chased for 3d in the absence or presence of GCM or with glial cells (Coc). 

As control (Con), [14C]-cholesterol was incubated for 6d in culture medium in the absence of RGCs. 

Note that very low amounts of 24(S)-hydroxycholesterol (24OC) (red arrowheads) were produced by 

RGCs and secreted in the medium. Formation of 7� -hydroxycholesterol (7OC) was stronger in the 

absence than in the presence of cells. Furthermore, cholesterol was metabolized to cholesteryl ester 

(CE) in neurons cultured with or without GCM, and to a stronger degree in cocultures. B, Profiles of 

radioactivity (left, black) and of primuline fluorescence (right, red) across TLC plates loaded with 

lipid extract from RGCs and with 24OC and cholesterol (CH) as standards. A small activity peak 

occurred at the level of 24OC indicating formation of the component by RGCs, albeit at a very low 

level. C, Immunoblots of lysates from astrocytes and from RGCs cultured for 5 d in the absence or 

presence of glia conditioned medium (GCM) and reacted with an antibody against the 24OC-

synthesizing enzyme Cyp46 and an antibody against histone 3 (H3) as loading control. 
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3. Sterol synthesis and efflux 

Metabolic labelling of newly synthesized lipids indicated that neurons produce cholesterol 

less efficiently than other brain cells. To explore this further, I decided to focus on sterol 

synthesis and to analyse intermediate products of the cholesterol synthesis pathway, which 

could not be separated by the previously used TLC system. To this end, I established a TLC 

protocol based on silver nitrate-coated plates that allowed separating structurally similar 

cholesterol precursors. To avoid labelling of other lipid classes, neurons and glial cells were 

incubated at increasing durations with [14C]-mevalonolactone. 

The experiments revealed that neurons and glial cells formed different sterols and that, as for 

acetate labelling, biosynthetic products increased with culture time (Fig. 16). A comparison of 

the rates of [14C]-mevalonolactone incorporation into sterols in different cell types after 48 hrs 

showed that astrocytes incorporated this precursor two times more effectively into sterols than 

neurons (Fig. 17A). Oligodendrocytes synthesized radiolabelled sterols at a similar rate as 

neurons, whereas microglia showed the lowest synthesis rate. 
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Fig. 16 Sterol synthesis by neurons and glial cells 

Autoradiograms of TLC plates loaded with lipid extracts from indicated cell types. Cells were cultured 

for 5d in defined medium and then incubated for indicated durations (in hrs) with [14C]-

mevalonolactone. Structurally similar sterol species could be separated by a special protocol TLC and 

identified by standards as described under methods. 7D, 7-dehydro-cholesterol; CH, cholesterol; DE, 

desmosterol; LA, lanosterol; LT, lathosterol; CN, immunoisolated cerebellar neurons; RGC, retinal 

ganglion cells; AS, astrocytes; COC, neuronal-astrocyte cocultures (1:6); OL, oligodendrocytes; MI, 

microglia.  
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Fig. 17 Quantitative comparison of sterol synthesis and efflux in neurons, glial cells and neuron-

glia cocultures. 

A, Averaged radioactivity in newly synthesized sterols (whiskers, standard deviation; RGC: n = 5; AS, 

OL, MI: n = 4) normalized to protein content in indicated culture preparations extracted from cells 

(white) and medium (black). Cells were cultured for 5d, incubated for 48 hrs with [14C]-
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mevalonolactone and then processed for sterol extraction. Asterisks indicate statistically 

significant differences (Kruskal-Wallis ANOVA by ranks test followed by post-hoc 

comparison of mean ranks). Tests were performed on combined activity in cell and medium 

extracts. B, Contribution of individual sterols to total activity in indicated culture preparations. C, 

Average fractions of newly synthesized sterols that were detected in medium in indicated culture 

preparations. Tot, fraction of all newly synthesized sterols detected in the medium. ?, unidentified 

sterols; 7D, 7-dehydro-cholesterol; CH, cholesterol; DE, desmosterol; LA, lanosterol; LT, lathosterol; 

RGC, retinal ganglion cells; AS, astrocytes; COC, neuronal-astrocyte cocultures (1:6); OL, 

oligodendrocytes; MI, microglia. 

 

Analysis of cellular extracts revealed that all cells produced cholesterol from mevalonate, as 

expected. However, there were striking differences in the precursor patterns between neurons 

and glial cells (Fig. 16 and 17B). Neurons incorporated more than 40% of the total activity 

into lanosterol. In glial cells, this sterol was only a minor component (<10%). The sterol 

profiles of astrocytes and oligodendrocytes resembled each other. In both types, cholesterol 

was the major biosynthetic product accounting for around 50% of total sterol synthesized. 

Microglial cells contained similar amounts of labelled cholesterol, 7-dehydrocholesterol and 

lathosterol, whereas the latter were only minor components in neurons and macroglial cells.  

I next compared whether and to which degree individual cholesterol precursors were 

subjected to efflux from neurons and glial cells. To this end, I quantified biosynthetic 

products of [14C]-mevalonolactone in the culture medium after 48 hours of labelling (fig). 

[14C]-Mevalonate-labelled sterols effluxed from neurons four times more efficiently than 

from astrocytes (Fig. 16C) and different sterol species were effluxed to a distinct degree, 

although it should be noted that the amounts of newly synthesized sterols in the medium were 

at the detection limit. Almost half of the desmosterol synthesized by RGCs was effluxed to 

the medium. Interestingly, microglia released only cholesterol, but none of the other 

synthesized precursors that accumulated in these cells. Again, I assessed whether albumin 

present in the culture medium was responsible for the efflux of newly synthesized sterols 

from neurons. Fig. 18 shows that this was indeed the case: in low albumin (B27-free) 

medium, efflux was only detected in astrocytes, but not in neurons. Mevalonate-labelling also 

allowed to detect cholesterol metabolites like esters or hydroxylated sterols. However, none of 

them was detected in the cells or conditioned medium.  

Taken together, [14C]-mevalonolactone labelling of neurons and glial cells showed that the 

processing of cholesterol intermediates was differentially regulated between these cell types. 

Neurons accumulated substantial amounts of lanosterol, whereas cholesterol represented the 
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major biosynthetic sterol in glial cells. Astrocytes, but not neurons naturally released newly 

synthesized sterols, probably in the form of lipoproteins.  
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Fig. 18 Influence of a medium supplement on sterol efflux from neurons and astrocytes 

Autoradiograms of TLC plates loaded with medium extracts of RGCs and of astrocytes that were 

cultured for 5d in the absence or presence of the medium supplement B27 and incubated with [14C]-

mevalonolactone for 48 hrs. Note that in the absence of the B27, sterol efflux from neurons is 

abolished, whereas the release persists in astrocytes. CH, cholesterol; DE, desmosterol; LA, lanosterol; 

RGC, retinal ganglion cells; AS, astrocytes. 

 

4. Presence of newly synthesized precursors in the plasma membrane 

The accumulation of newly synthesized lanosterol and other precursors in neurons raised the 

question, where these components were located. The previous experiments showed that newly 

synthesized sterols were accessible to the culture medium. This indicated that they are 

localized in the plasma membrane. To address this further, I treated cells that had been 

labelled for 48 hours with [14C]-mevalonolactone with 5 � M � -methyl-cyclodextrin (MCD) 

for 1 or 5 min, which should allow for extraction of sterols from the plasma membrane, but 

not from intracellular pools. For comparison I also studied the extraction of sterols from the 

plasma membrane of astrocytes, which showed a different precursor pattern. Cyclodextrins 

are doughnut-shaped oligosaccharides that can incorporate hydrophobic molecules including 

sterols into their cavity by the displacement of water. After 1 or 5 min of incubation around  
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Fig. 19 Presence of sterols in the plasma membrane 

A, Autoradiograms of TLC plates loaded with lipid extracts from cells and medium of RGCs (protein 

amount per lane: 0 min: 14.1 � g, 1 min: 19.9 � g, 5 min: 16.6 � g) and astrocytes AS (protein 

amount per lane; 0 min: 30.8 � g, 1 min: 31.2 � g, 5 min: 18.7 � g) that were cultured for 6d in 

defined medium, followed by 2d of incubation with [14C]-mevalonolactone. Before methyl-� -

cyclodextrin (MCD, 5� M) extraction, radioactivity-containing medium was removed and sterols 

were extracted by MCD for the indicated times. B, Fractions of newly synthesized sterols that were 

detected in medium of neurons (black columns) and astrocytes (red columns) by incubation for 1 

(clear, bottom) and 5 min (hatched, top). 7D, 7-dehydro-cholesterol; CH, cholesterol; DE, 

desmosterol; LA, lanosterol; LT, lathosterol; ZY, zymosterol; Tot, total amount of newly synthesized 

sterols detected in the extraction medium; RGC, retinal ganglion cells; AS, astrocytes. 
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40% of newly synthesized sterols were extracted from neurons (Fig. 19B). Notably, the 

percentage of extraction was the same from neurons and astrocytes. No activity was detected 

in medium of untreated cells within this time window. In neurons and astrocytes, desmosterol 

and lanosterol were almost completely extracted after 1 min of treatment, respectively 

probably due to the small amounts at which these sterols were present in each respective cell 

type. In these experiments, some autoradiograms showed a band just below cholesterol, which 

was identified as zymosterol (Fig. 19A). Despite considerable efforts, the TLC protocol could 

not be optimized for stable migration of zymosterol and its complete separation from 

cholesterol. However, autoradiograms and the overlay of standard- and cpm-curve (not 

shown) demonstrated that zymosterol is preferentially extracted by � -methyl-cyclodextrin. 

Together, the results showed that lanosterol along with other biosynthetic sterols that 

accumulate during cholesterol synthesis are accessible to MCD and thus probably located in 

the plasma membrane of neurons and astrocytes.  

 

5. Sterol turnover in neurons 

To test whether and at which rate lanosterol and the other precursors that accumulate during 

biosynthesis and incorporate into the plasma membrane are ultimately converted to 

cholesterol I performed pulse-chase experiments. Fig. 20 shows autoradiograms and sterol 

profiles that are representative of 3 experiments (RGCs), (OL: n = 1). In neurons, lanosterol 

was reduced by 60% ± 2% (n = 3) within 48 hrs of chase, but represented still 18% of total 

synthesized sterols. Concomitantly, the label ended in precursors like lathosterol and 7-

dehydrocholesterol, whose amounts increased, whereas there was no concomitant increase in 

cholesterol (3% ± 1.2%). Compared to neurons, oligodendrocytes showed a faster turnover: in 

these cells, lanosterol was reduced by 80% whereas cholesterol increased by 21% within 48 

hrs of chase. However, a considerable amount of label ended in the immediate precursors of 

cholesterol, namely desmosterol and 7-dehydrocholesterol. These data provided further 

evidence that in neurons the turnover of lanosterol and also of other early precursors is slower 

than in glial cells. 
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Fig. 20 Turnover of cholesterol precursors in neurons and glial cells 

A, Autoradiograms of TLC plates loaded with lipid extracts from RGCs and oligodendrocytes (OL) 

that were cultured for 5d in defined medium, incubated for 48 hrs with [14C]-mevalonolactone (pulse) 

and then incubated for 48 hrs with non-radioactive mevalonolactone (chase). Lipids extracted after the 

pulse (p) and the chase (c) period were analysed. B, Contribution of individual sterols to total activity 

in lipid extracts from RGCs (left) and OL (right) after pulse (p) and chase (c). ?, unidentified sterols; 

7D, 7-dehydro-cholesterol; CH, cholesterol; DE, desmosterol; LA, lanosterol; LT, lathosterol. 
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6. Efficacy of cholesterol synthesis in neurons 

So far, my results showed that cholesterol biosynthesis does not work efficiently in RGCs. In 

the following experiments, I investigated sterol biosynthesis in another neuronal cell type 

derived from another rodent species and tested several possible reasons for the inefficacy of 

cholesterol formation in neurons. 

 

6.1 Sterol synthesis in mouse cerebellar neurons 

First, I tested whether the accumulation of lanosterol is a feature of rat RGCs or whether this 

also occurs in other types of neurons and other rodent species using cultures of 

immunoisolated mouse cerebellar neurons (Steinmetz et al., 2006). These cultures, which 

were kindly provided by I. Buard, consist mainly (>90%) of granule cells. In three 

independent culture preparations tested, cerebellar neurons showed a strong accumulation of 

lanosterol, which accounted for the majority of synthesized sterols (Fig 16). However, the 

synthesis activity of cerebellar neurons was much lower than in RGCs, which precluded 

further analysis. Nevertheless, these data showed that the efficay of cholesterol biosynthesis is 

also impaired and that lanosterol also accumulates in neurons other than RGCs. 

 

6.2 Time-dependent changes in sterol synthesis 

During six days in culture, RGCs grew and formed an extensive network of neurites (Fig. 

21A). The resulting increase in neuronal cell size was indicated by an increasing ratio of 

cellular protein to DNA content (Fig. 21B). I should note that after 3 days, the survival rate of 

RGCs and thus the cellular DNA content remain stable (Meyer-Franke et al., 1995). To 

address whether the accumulation of lanosterol and the inefficacy of cholesterol synthesis 

correlated with neurite outgrowth or whether this changed during the culture period, I set up a 

time course experiment, where I incubated RGCs at five distinct time points for 36 hrs with 

[14C]-mevalonolactone. As shown in Fig. 22, RGCs synthesized cholesterol right after their 

immunoisolation indicating an instant requirement for additional cholesterol in these cells. 

After 3 days, the total sterol synthesis rate was doubled and remained constant until 7.5 days 

of culture (Fig 22C), indicating that cholesterol synthesis increases similarly as the protein 

content of growing RGCs. The efflux of sterols diminished with culture duration and neurite 

growth. A breakdown of individual synthesized sterol species at early and late time points 

revealed other interesting findings (Fig. 22B). A considerable amount of biosynthetic 

lanosterol could be detected in neurons already after 36 hours of culture indicating that the 

inefficacy of its conversion is already present in newly isolated RGCs. On the other hand, the  
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lanosterol/ cholesterol ratio increased with culture duration indicating that the efficacy of 

cholesterol synthesis decreased. This was further supported by the observation that 

zymosterol accumulated time-dependently at the expense of cholesterol. Taken together, 

sterol synthesis started immediately after cell preparation and increased strongly throughout 

the first days of culture, whereas the efficacy of cholesterol formation declined. 
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Fig. 21 Development of neuronal morphology in glia-free cultures 

A, Phase-contrast micrographs of RGCs cultured for indicated durations under defined conditions. B, 

Average ratios of protein to DNA content of RGCs during the indicated culture periods (n = 5 

independent preparations). 
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Fig. 22 Changes of neuronal sterol synthesis during culture 

A, Autoradiograms of TLC plates loaded with lipid extracts (amount of protein: 1.5d: 16.4 � g, 3d: 

14.6 � g, 4.5d: 16.9 � g, 6d: 16.1 � g, 7.5d: 16.9 � g) .from RGCs that were cultured for the indicated 

days in vitro (DIV) and incubated for the last 36 hrs with [14C]-mevalonolactone. Sterols were 

identified by standards. Note increase in LA and shift from CH to ZY during culture. B, Contribution 

of individual newly synthesized sterols to total activity in RGCs cultured for indicated duration. C, 
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Averaged radioactivity of total sterols (whiskers, standard deviation; n = 3 independent preparations) 

normalized to protein content in cell (white) and medium (black) extracts of RGCs . Cells were 

cultured for indicated durations, incubated for the last 36 hrs with [14C]-mevalonolactone and then 

processed for sterol extraction. 7D, 7-dehydro-cholesterol; CH, cholesterol; DE, desmosterol; LA, 

lanosterol; LT, lathosterol; ZY, zymosterol. 

 

6.3 Influence of dendrite differentiation on sterol synthesis 

A previous study revealed that RGCs cultured in the absence of glia grow multiple neurites 

but fail to differentiate MAP2-positive dendrites (Goritz et al., 2005). This raised the question 

whether the inefficiency of cholesterol biosynthesis is due to the somewhat undifferentiated 

state of neurons grown in the absence of glia. To address this question, I treated RGCs after 3 

days in vitro for 4 days with GCM, which promotes dendritogenesis (Goritz et al., 2005). 

Thereafter GCM was removed and neurons were washed twice with NB medium. After one 

day of equilibration to reestablish endogenous synthesis, labelling was performed for 48 hours 

with [14C]-mevalonolactone. As expected from experiments using [14C]-acetate as precursor 

(Fig. 14), sterol synthesis in GCM-treated cells was lower compared to untreated controls 

(Fig. 23), probably due to the increased cellular cholesterol content. Nevertheless, RGCs pre-

treated with GCM showed a similar accumulation of radioactivity in biosynthetic lanosterol as 

untreated controls. Moreover, in line with the results from the time course experiment, in both 

cultures labelling at 9 div, where synthesis efficacy is further decreased, revealed the 

disappearance of newly synthesized cholesterol and the accumulation of zymosterol. 

Together, these results suggested that the low efficacy of cholesterol synthesis was not due to 

impaired neuronal differentiation. 
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Fig. 23 Influence of GCM-induced neuronal differentiation on sterol synthesis 

Contribution of individual sterols to normalized radioactivity in RGCs that were cultured for 4d in 

defined medium followed by 3d of incubation in the absence (Con) or presence of GCM to induce 
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glia-dependent differentiation. After removal of conditioned medium and one day of equilibration in 

defined medium to reestablish endogenous synthesis, metabolic labelling was performed for 48 hours 

with [14C]-mevalonolactone to detect sterols. 

 

6.4 Sterol synthesis in neuron-astrocyte cocultures 

So far, I could show that a hallmark of neuronal sterol biosynthesis is the accumulation of 

lanosterol. This has been observed in the absence of glial cells, immediately after culture 

onset and at later time points in culture and independently from the differentiation state of 

neurons. Next, I tested whether the physical presence of astrocytes affected the pattern of 

sterol synthesis. In cocultures, where RGCs and astrocytes were present at a ratio of around 1 

to 6, the sterol synthesis rate was similar to that observed in astrocytes (fig. 17A). The sterol 

profile showed a slight increase in the proportion of labelled lanosterol compared to 

astrocytes (Fig. 17B). Although this experiment was performed only once, these preliminary 

results indicated that lanosterol accumulation in neurons persists in the presence of glial cells. 

One might argue that lanosterol in these cultures cannot originate from neurons, given that 

cholesterol contained in GCM almost completely downregulated neuronal cholesterol 

synthesis (Fig. 14) and that astrocytes in cocultures should also secrete cholesterol. To assess 

the state of cholesterol biosynthesis in neurons cocultured with astrocytes, I studied the 

presence of squalene synthase (SQS), which catalyses the first cholesterol-specific step in the 

synthesis pathway, in control cells, cocultures and GCM-treated cells by 

immunocytochemistry. In RGCs cultured in the absence of glia, SQS was strongly expressed 

in cell bodies and in neurites (Fig. 24A). In line with the results from [14C]-acetate labelling, 

GCM-treated cells showed a strong downregulation of enzyme expression in all neurons. 

RGCs cocultured with astrocytes and identified by immuocytochemical staining against the 

200 kDa neurofilament showed a different pattern: Overall, SQS expression appeared 

downregulated in soma and neurites, but to a lesser degree than in GCM-treated cultures (Fig. 

24B). Interestingly, only RGCs that were embedded within a cluster of astrocytes were 

completely devoid of SQS, whereas neurons growing in isolation still showed presence of 

SQS (Fig. 24B). Together, these results indicated that only RGCs in close contact with 

astrocytes downregulate their synthesis and that the accumulation of lanosterol persists in 

RGCs with remnant synthesis. 
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Fig. 24 Glia-induced downregulation of squalene synthase in neurons 

A, Fluorescence micrographs of RGCs that were cultured for 4d in defined medium and then for 3d in 

defined medium (Con) or in the presence of glia-conditioned medium (GCM). B, Fluorescence 

micrographs of RGCs that were cultured for 6d in the presence of glial cells (COC). Arrowhead, 

neuronal somata growing without (left) or with (right) contact to glial cells are shown. Cells were 

immunostained with antibodies against squalene synthase (SQS, A and B, top) and neurofilament-200 

(NF; B, middle). Bottom, merged images from top (SQS, red) and middle (NF, green). 

 

6.5 Lipid body formation in neurons and astrocytes 

One reason for the low efficiency of cholesterol biosynthesis in neurons could be an 

increasing separation of biosynthetic enzymes to distant subcellular compartments. Whereas 

the main organelle for cholesterol synthesis is the ER, previous studies indicated that some 

enzymes of the biosynthetic cholesterol pathway are located on lipid bodies, which serve as 

lipid storage organelles (Ohashi et al., 2003; Caldas et al., 2003). To assess this possibility, I 

studied next, whether RGCs form lipid bodies. Staining with Nile Red, a lipophilic 

fluorescent dye that incorporates in these organelles and is commonly used to stain them 

revealed small puncta in somata and neurites of RGCs cultured under control conditions (Fig. 

25A). Next, I provided RGCs with exogenous cholesterol by either adding GCM or 

cholesterol to the culture medium for 3 days. GCM unequivocally led to an increase in the 

size of the Nile Red-positive puncta, whereas cholesterol did not. For comparison I also 

stained astrocytes in the absence and presence of cholesterol (Fig. 25A). First, under control 

conditions, astrocytes appeared to harbour bigger lipid bodies than neurons. In contrast to 

neurons, astrocytes showed a strong increase in the number and size of lipid bodies after 

cholesterol treatment (Fig. 25B) 

In line with the lack of detection of CE and TAG synthesis in RGCs, these results showed that 

neurons form fewer lipid bodies than astrocytes and that their number and size is enhanced by 

glia derived lipoproteins, but not by cholesterol alone. Whether cholesterol biosynthetic 

enzymes are localized to these structures remains unclear. Despite considerable efforts, I 

could not determine the subcellular distribution of the enzymes by immunocytochemistry. 
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Fig. 25 Influence of GCM and CH on the formation of lipid bodies in neurons and astrocytes 

Fluorescence micrographs of RGCs (A, trop) and astrocytes (AS; A, bottom; B) that were cultured for 

4d in defined medium and then for 3d under control condition (Con) or in the presence of glia-

conditioned medium (GCM, RGCs only) or of cholesterol (CH). Lipid bodies were visualized by 

staining of fixed cells with Nile Red. Note that addition of CH increased the size of lipid bodies in 

astrocytes, but not in neurons. A, Epifluorescence microscopy; B, Confocal microscopy. 
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6.6 Expression levels of biosynthetic enzymes 

Another factor that may have caused the strong accumulation of lanosterol and other 

precursors in neurons compared to glial cells are differences in the levels of pre- and post-

lanosterol enzymes. To test this hypothesis, I compared the enzyme levels of SQS, Cyp51, 

DHCR24/seladin-1 and NSDHL in protein extracts of RGCs and astrocytes by 

immunoblotting. Cyp51 or seladin-1 initiates lanosterol conversion, whereas NSDHL acts 

more downstream (Fig. 2). As shown in Fig. 26 B the SQS level normalized to histone 3 was 

higher in RGCs than in astrocytes. This observation was in line with the finding that sterol 

synthesis rates obtained from [14C]-mevalonate labelling were higher in neurons than in 

astrocytes, when normalized to the DNA content (fig. 26C). In contrast to this, lanosterol-

converting enzymes were present in astrocytes, but were not detectable in RGCs, whereas  

NSDHL was similarly expressed by both cell types (Fig. 26A). The low level of lanosterol-

converting enzymes in RGCs could explain the slow conversion of this sterol intermediate. 

To test the specificity of the antibodies and to explore, whether the enzyme levels could be 

enhanced, I treated RGCs and astrocytes with zaragozic acid (ZA), an inhibitor of SQS. This 

manipulation reduces the cellular cholesterol content and activates the SREBP-regulated 

pathway. Surprisingly, neurons and astrocytes showed a remarkably different response to 

inhibition of cholesterol synthesis (Fig. 26A): In astrocytes, ZA strongly enhanced the levels 

of biosynthetic enzymes, whereas in RGCs, none of the enzymes was increased. Taken 

together, these experiments indicated that the low expression level of lanosterol-converting 

enzymes in neurons caused the accumulation of lanosterol. Moreover, cholesterol 

biosynthesis in neurons, but not in astrocytes, appeared to operate at a maximal level that 

could not be further enhanced by lowering the cellular cholesterol content. 
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Fig. 26 Levels of selected sterol synthesizing enzymes in neurons and astrocytes 

A, Immunoblots of lysates from RGCs and astrocytes cultured for 4d and for the last 3d in the absence 

or presence of zaragozic acid (ZA), an inhibitor of SQS. Blots were reacted with antibodies against 

selected cholesterol biosynthetic enzymes (squalene synthase (SQS), CYP51, DHCR24) and against 

actin or histone H3 as loading control. Loading of RGC and As protein extracts was adjusted to the 

level of histone or actin. B, Levels of SQS normalized to H3 in RGCs and astrocytes cultured for 4d in 

the absence or absence of ZA. Note drastic difference in levels of SQS between neurons and astrocytes 

in the absence or presence of ZA. C, Averaged radioactivity (whiskers, standard deviation; RGC: n = 

5; AS: n = 4) normalized to DNA content in newly synthesized sterols in extracts of cultured RGCs 

(black) and astrocytes (red). Cells were cultured for 5d followed by 48 hrs of incubation with [14C]-

mevalonolactone. Cells and medium were then processed for lipid extraction.  
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6.7 Impact of lanosterol on cholesterol biosynthesis 

The finding that lanosterol accumulated in neurons raised the question, whether and how this 

precursor affected cholesterol biosynthesis. To address this, I tested how different 

concentrations of lanosterol affected incorporation of [14C]-mevalonolactone into sterols. For 

comparison, I treated RGCs with the same concentrations of cholesterol. Although 

quantification was not possible due to very low amounts, the autoradiogram (Fig. 27) clearly 

showed that the two sterols acted in a different manner. Cholesterol seemed to downregulate 

sterol synthesis globally, whereas lanosterol induced a strong accumulation of radiolabelled 

lanosterol and completely abolished its further processing. This experiment indicated that 

lanosterol acts in a particular way on cholesterol biosynthesis in neurons inasmuch as it 

strongly inhibits its own conversion. Its accumulation may therefore further diminish the 

efficacy of cholesterol formation. 
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Fig. 27 Influence of cholesterol and lanosterol on neuronal sterol synthesis. 

Autoradiograms of TLC plates loaded with equal amounts of lipid extracts from RGCs that were 

cultured for 4d in defined medium and for the last 3d in the presence of cholesterol (CH) or lanosterol 

(LA), both added from ethanolic stock solution at indicated concentrations. Sterols were labeled 

during the last 48 hrs with [14C]-mevalonolactone. Note that LA, but not CH enhanced the level of 

newly synthesized LA compared to other sterols. 
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7. Total sterol mass analysis in neurons and astrocytes 

The results presented so far suggested differences in the efficacy and regulation of cholesterol 

synthesis between neurons and glial cells. We therefore addressed next, whether differential 

accumulation of cholesterol precursors manifested itself in the total sterol pattern of neurons 

and glial cells. To this end, cellular lipid extracts of RGCs and astrocytes were subjected to 

gas chromatography and mass spectrometry. Cellular sterol peaks were identified by parallel 

analysis of authentic sterol standards and by mass spectra of ion fragments. Due to limited 

amounts of cellular material and time constraints, these experiments could be repeated only 

once. First, our analysis revealed that the amount of total sterol in neurons and astrocytes at 8 

div were similar at 30.6 and 32.5 ng per � g protein (n=1), respectively. In both cell types, 

cholesterol precursors represented a considerable portion (>30%) of total sterol content (Fig. 

29). In RGCs, their proportion increased during culture (Fig. 29), which was in line with 

results from radioactive labelling (Fig. 22B), showing an increase in precursor accumulation 

with culture duration. The total sterol pattern confirmed differences in the synthesis pathway 

between neurons and glial cells. First, lanosterol was only found in the total sterol mass of 

neurons, but not in glial cells thus confirming its neuron-specific accumulation. Neurons 

contained mainly 7-dehydrocholesterol, which is converted to cholesterol as last step of the 

Kandutsch-Russell pathway, whereas astrocytes contained mainly desmosterol, the final 

precursor of the Bloch-pathway. Although these sterols show the same retention time in gas 

chromatograms, comparison of their mass spectra with sterol standards revealed their identity 

(Fig. 28B, C). Lathosterol, an intermediate of the Kandutsch-Russell pathway, was only 

detected in neurons. This sterol, which has the same retention time as zymosterol, was only 

detected after acetylation, which allowed for its separation from zymosterol (Fig. 28A.). 

Zymosterol and D8-cholesterol were present in both cell types. Mass spectra of the sterols and 

sterol-acetates correlated with references in the literature (Ramsey et al., 1971; Gerst et al., 

1997). These data showed that neurons contain a broader spectrum of sterols than astrocytes, 

they confirmed the accumulation of lanosterol in these cells and revealed that neurons and 

astrocytes employ different pathways (namely Bloch vs Kandutsch-Russell) to synthesize 

cholesterol. 
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Fig. 28 Sterol content of neurons and astrocytes 

Elution profiles and mass spectra of lipid extracts separated and identified by GC-MS from RGCs 

cultured for 1.5 (A) or 8 d (B) and from astrocytes (C) cultured for 5d under defined medium 

conditions. Inserts in A, elution profile of acetylated sterols separated and identified by GC-MS, 

revealed that neurons contain more ZY than LT (A). Inserts in B and C, mass spectra of indicated 

peaks, revealed that neurons contained 7D, whereas astrocytes contained DE. Authentic sterol 

standards run in parallel confirmed respective retention times and mass spectra. Most abundant ion 

fragment in each mass spectrum at m/z ratios 351: M+-H2O-CH3 (Me); 271: M+-side chain (Sc). Ions 

at m/z 207 and 281 were found in low to moderate abundance and were attributed to bleeding of the 

DB5 column. M+: molecular ion. 7D, 7-dehydro-cholesterol; � 8, � 8-cholestenol; CH, cholesterol; DE, 

desmosterol; LA, lanosterol; LT, lathosterol; ZY, zymosterol. 
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Fig. 29 Quantitative comparison of sterol profiles in neurons and astrocytes 

Mean fractions of individual sterols in neurons cultured for 1.5 and 8d and in astrocytes cultured for 

5d under defined medium conditions as determined by GC-MS, (whiskers, standard deviation; RGC: n 

= 3, AS: n = 2). Authentic sterol standards run in parallel confirmed respective retention times and 

mass spectra. Note different patterns between neurons and astrocytes. 7D, 7-dehydro-cholesterol; � 8, 

� 8-cholestenol; CH, cholesterol; DE, desmosterol; LA, lanosterol; LT, lathosterol; ZY, zymosterol.. 
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I studied which cell types of the CNS synthesize cholesterol using well-established primary 

cultures of immunoisolated CNS neurons, namely RGCs, and of different glial cell types of 

the CNS under serum-free conditions. Metabolic labelling revealed major differences in the 

rate of incorporation of [14C]-acetate into lipids between neurons and glial cells, but similar 

ratios of the synthesized lipid classes. Importantly, postnatal neurons synthesize cholesterol 

less efficiently than glial cells and almost completely downregulated de novo synthesis of 

lipids in the presence of glial lipoproteins. The inefficacy of cholesterol synthesis neurons 

compared to glial cells manifested itself in the accumulation of lanosterol and in a slow 

conversion of post-lanosterol precursors. Therefore, conversion of lanosterol appears as 

critical step in neuronal cholesterol synthesis. Low levels of lanosterol-converting enzymes or 

their distribution within neuronal compartments may be responsible for the inefficient sterol 

processing and cause the low rate of cholesterol synthesis observed in neurons. Neurons and 

astrocytes appeared to employ two distinct pathways of cholesterol synthesis, which give rise 

to a distinct cellular sterol composition. These precursor patterns may have implications for 

cellular functions. The methodological approach and the major findings of this study will be 

discussed in the following chapters.  

 

1. Serum-free primary cultures of purified cells as valid model to compare    

    lipid synthesis in neurons and glial cells 

Currently, it is not possible to study cholesterol synthesis in neurons and different types of 

glial cells in vivo. Therefore, I used serum-free primary cultures of immunoisolated cells to 

address this topic. Rat retinal ganglion cells are one of the few postnatal CNS neurons that 

can be purified from glia and cultured in quantities that allow for biochemical analysis. This 

culture model has been characterized in detail (Barres et al. 1988) and was used by several 

groups to study the influence of glia on neurons (Pfrieger & Barres, 1997; Nagler et al., 2001; 

Hayashi et al. 2004; Christopherson et al. 2005). For astrocytes, I used a modification of a 

well-established culture preparation, where cells are isolated from P1/2 days old rats 

(McCarthy and De Vellis, 1980). As we aimed to isolate all cells at the same age, I prepared 

astrocytes from P6/7 instead of P1/2 cortices. This yielded a lower purity of astrocytes 

compared to the mentioned cultures (88% instead of 98%), due to a decrease of proliferating 

astrocyte precursors between P2 and P7. This preparation requires the presence of serum for 

one week to eliminate neurons. Considering the influence of serum on cholesterol 

metabolism, serum-free conditions were preferable. Therefore, lipid analysis was only begun 

after astrocytes were cultured for 6 days under serum-free conditions, which allowed re-
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establishing endogenous lipid synthesis. So far, a serum-free culture preparation of astrocytes 

has only been demonstrated from younger tissue, namely rat optic nerve at P2 (Mi et al., 

1999). 

Oligodendrocytes were prepared from P7 optic nerve, which is a typical CNS white matter 

tract that contains axons of RGCs and the typical CNS glial cell types (Raff, 2006). As 

neurons are not contained in this tissue, serum treatment was not necessary. At P7, the 

majority of astrocytes is differentiated (Raff et al., 1984; Miller et al., 1985) and the 

population of proliferating cells is entirely made up by oligodendrocyte precursor cells (OPC) 

(Miller et al., 1985; Barres et al., 1992). Proliferation of these OPCs was promoted by an 

established combination of mitogens during the first 5 days of culture (Barres and Raff 1994; 

Mi and Barres 1999). Thereafter, differentiation and survival was promoted by 

triiodothyronine and CNTF (Barres et al., 1994). In oligodendrocyte cultures, the percentage 

of S100b-/Gfap-positive astrocytes was negligible (3 ± 2%, n = 1300). The non-identified 

cells, which represented up to 30% were possibly meningeal cells or fibroblasts. Although 

astrocyte and oligodendrocyte cultures used in this study were not pure, both culture models 

were unequivocal enriched in each respective cell type, as determined by 

immunocytochemistry on cell type specific markers. Generally, in vitro studies on single cell 

types may not cover the total spectrum of physiological mechanisms, but so far, there is no 

other method available to unravel cell type specific functions.  

 

2. Determination of synthesis rates by incorporation of radioactive    

    precursors 

In this study, I have used [14C]-labelled precursors to compare lipid synthesis and precursor 

patterns in neurons and glial cells. This approach has been shown to underestimate synthesis 

rates of different tissues in vivo (Spady and Dietschy, 1983). Difficulties arise from tissue-

specific differences in the rates of uptake, metabolism and dilution of labelled precursors with 

endogenous pools. These problems can be circumvented by the use of [3H]-water, which 

rapidly equilibrates with the whole body water pool, attaining a uniform specific activity. 

Measurement of the specific activity of water in the plasma and knowledge of the 

stoichiometry of the metabolic pathways allows to determined absolute synthesis rates of 

cholesterol (Andersen and Dietschy, 1979; Turley et al., 1981). Despite these advantages, we 

opted for [14C]-labelled precursors, because our goal was to compare cholesterol synthesis in 

different cell types rather than to determine absolute synthesis rates. Nevertheless, cell type-

specific differences in the rates of cholesterol synthesis with acetate as precursor could be 
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caused by different uptake rates or metabolism. Previous studies indicated that fluoroacetate, 

an inhibitor of the TCA-cycle (Hassel et al., 1995), is preferentially taken up by astrocytes 

over neurons (Swanson and Graham, 1994; Zeevalk and Nicklas, 1997). The chemical 

similarity between fluoroacetate and acetate implies that acetate is also more effectively taken 

up by astrocytes. Acetate can enter the cells by two different mechanisms. The undissociated 

lipophilic form can diffuse freely over the membrane (Jackson and Halestrap 1996), whereas 

the anionic form is taken up via monocarboxylic acid transporters (MCT). Expression of 

different MCTs with different transport kinetics in neurons and glial cells might be 

responsible for the preferential uptake of acetate into astrocytes in vivo. However, acetate 

transport by MCT is repressed by glucose and pyruvate (Waniewski and Martin, 1998), which 

is present in the culture medium at inhibitory concentrations. Thus, under the given culture 

conditions acetate might enter the cell by diffusion rather than by MCT-mediated uptake 

indicating that transporters may play a minor role. This assumption is further supported by 

similar differences in the rates of incorporation into sterol between neurons and astrocytes 

obtained by using either [14C]-acetate or -mevalonolactone, which enters the cells 

independently from transporter activitiy (Edwards, 1977). However, in oligodendrocytes 

[14C]-mevalonolactone incorporation into sterols was impaired, which may be due to 

diffusion-restricting membrane properties or an insufficient availability of the lactone 

hydrolase in oligodendrocytes. Nevertheless, its rate of incorporation was high enough to 

allow for the analysis of cholesterol precursor processing. 

Therefore, by using [14C]-labelled precursors we could only compare their rate of 

incorporation into the different lipids or sterol species but not the lipid synthesis rates between 

the different cell types.. 

  

3. Differences in lipid synthesis between neurons and glial cells 

RGCs grown in the absence of glial cells increase in size with culture duration and require 

large amounts of membrane for the generation of numerous and long neurites. In this study, I 

could show that RGCs synthesize major membrane lipids such as phospholipids, cholesterol 

and sphingomyelin from [14C]-acetate. The rate of [14C]-acetate incorporation into lipids was 

lower in neurons than in astrocytes (2-3 times) and oligodendrocytes (10 times). Similar 

differences in the rates of lipid synthesis have been reported previously using different 

neuronal and glial culture preparations and substrates. This includes glia-free cultures of 

neurons derived from embryonic rats, astrocytes and oligodendrocytes from forebrain of 

newborn rats using [14C]-lactate (Tabernero et al., 1993; Sanchez-Abarca et al., 2001) or P7 
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astrocytes and oligodendrocytes from the rat forebrain using [14C]-acetoacetate and [3H]-

water as substrate (Koper et al., 1984). 

The high rates of lipid synthesis in oligodendrocytes could be due to their intrinsic property to 

form myelin, which is rich in cholesterol and other lipids (Fu et al., 1998). Several groups 

(Ramsey et al., 1972; Adamczewska-Goncerzewics and Trzebny, 1981; Muse et al., 2001; 

Quan et al., 2003) have dated the phase of highest CNS cholesterol synthesis to the period of 

oligodendrocyte proliferation (P10-P14) in rat, rabbit and mouse, respectively, prior to the 

main phase of myelination (Jacobson., 1963; Bass et al., 1970), indicating that 

oligodendrocytes produce most cholesterol before they start forming myelin. This may 

explain the properties of the oligodendrocytes analyzed in the present study, which were 

prepared at this very developmental stage. 

My findings concerning the synthesis of phospholipids are supported by previous reports. 

First, as shown by other groups (Roeder et al., 1982; Lopes-Cardozo et al., 1986; Tabernero et 

al., 1993), in both neurons and glial cells [14C]-monocarboxylic precursors label PC more 

strongly than other lipids. Furthermore, a higher phospholipid to sterol ratio has been found in 

astrocytes compared to embryonic neurons (Yim et al., 1986; Tabernero et al., 1986). 

 

4. Postnatal neurons rely on glia-derived cholesterol rather than on de novo     

    synthesis 

In this study, I could show that postnatal neurons derived from postnatal CNS tissue at a 

developmental stage when astrocytes are generated and fully differentiated synthesized 

cholesterol from [14C]-acetate and [14C]-mevalonate at a lower rate than postnatal astrocytes, 

when grown in the absence of glial cells. Our working hypothesis is that postnatal neurons 

reduce their own cholesterol synthesis after the differentiation of glial cells and rely on the 

glial cholesterol synthesis (Pfrieger, 2003). A previous report, in which cholesterol synthesis 

was compared between rat embryonic neurons and postnatal astrocytes (Tabernero et al., 

1993), supports this hypothesis. The authors found that cholesterol synthesis is four times 

higher in embryonic neurons than in postnatal astrocytes. The validity of another study 

(Lopes-Cardozo et al., 1986) showing on the contrary that cholesterol synthesis is two times 

higher in astrocytes than in embryonic neurons is questionable, since both cell types are 

derived from different species and culture medium contained different concentrations of 

serum for each cell type. Further support comes from an in vivo study (Haave and Innis, 

2001), which employed [3H]-water incorporation to study cholesterol synthesis and 

demonstrated a first peak of cholesterol synthesis during the main phase of neurogenesis 
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(E21), which was slightly higher (~85 nmol/h/g) than the second peak at P2 during astrocyte 

proliferation (~70 nmol/h/g). Although it remained unclear which cells contributed to these 

peaks, this showed that cholesterol synthesis in embryonic brain, largely devoid of glial cells, 

is higher than in perinatal brain, enriched in astrocytes. These data suggest that in postnatal 

neurons the ability to synthesize cholesterol is decreased. 

Support for the second part of the hypothesis that neighboring astrocytes are the source of 

cholesterol for neurons, which leads to further downregulation of neuronal cholesterol 

biosynthesis, comes from experiments on RGCs that were treated with GCM or that were 

cultured with astrocytes. Our previous studies showed that GCM enhances the level of 

cholesterol in neurons by 10-fold within 72 hours of treatment (Goritz et al., 2005). I could 

could show, that in GCM-treated RGCs, expression of SQS and de novo synthesis of 

cholesterol and phospholipids from [14C]-acetate was drastically reduced, probably mediated 

by uptake of astrocyte-secreted lipoproteins. It is well established that in mammalian cells 

lipid synthesis is regulated through a feedback mechanism (Brown and Goldstein, 1997), 

which influences gene transcription by the SREBP family of transcription factors (Horton et 

al., 2002). The activity of SREBPs has been detected in cultures of rat cerebral neurons (Gong 

et al., 2002) and in cortical and hippocampal neurons of rodents in vivo (Ong et al., 2000). 

The synthesis of cholesterol and phospholipids indicates that this pathway is active in cultured 

RGCs. The synthesis of cholesterol is regulated by SREBP-2, whereas SREBP-1c regulates 

fatty acid synthesis and SREBP-1a is a potent activator of all SREBP-responsive genes 

(Shimano et al., 1997). Since fatty acids as well as cholesterol are contained in astrocyte-

secreted lipoproteins (Pitas et al., 1987; Shanmugaratnam et al., 1997; LaDu et al., 1998), 

inhibition of the processing of all SREBP members may suppress both phospholipid and 

cholesterol biosynthesis. As a control, I also treated RGCs with low-cholesterol GCM 

obtained from glial cultures treated with mevastatin, an inhibitor of the HMGCR. The fact 

that the reduction of phospholipid synthesis was also abolished by low-cholesterol GCM 

could be explained by an observation made by Naidu et al. (2002). They found, that 

posttranslational prenylation of an unknown protein is essential for the release of ApoE 

lipoproteins from glial cells. This indicates that mevastatin, which also reduces prenylation, 

abolishes lipoprotein release in toto. On the other hand, readdition of cholesterol to 

“mevastatin”-GCM reconstituted the total shut-down of cholesterol and phospholipid 

synthesis. This implies that cholesterol itself influences phospholipid synthesis. Data from 

labeling-experiments were confirmed by a recent study in our group that analyzed GCM- and 

cholesterol-induced transcriptional changes in RGCs by oligonucleotide microarrays (Goritz 
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et al., 2007). This showed that GCM downregulates gene transcription of the entire pathway 

of cholesterol synthesis and many genes mediating fatty acid synthesis, whereas treatment 

with cholesterol alone did not downregulate any genes involved in fatty acid synthesis except 

for steaoryl-CoA desaturase, which converts stearate to oleate. Additional support for the idea 

that neurons rely on external source of cholesterol comes from the recent study of 

Fünfschilling et al. (2007) showing that in mice with a conditional deletion of SQS in 

cerebellar granule cells, survival and function of these neurons does not require cell-

autonomous cholesterol synthesis. 

 

5. Differences in cholesterol esterification between neurons and glial cells 

When the cellular content of cholesterol and fatty acids exceeds certain limits, these lipids are 

converted to physiologically inactive forms, CE and TAG, and deposited in cellular lipid 

bodies (LBs). In this study, both lipids were produced by oligodendrocytes and astrocytes, as 

shown by the incorporation of [14C]-acetate. In microglial cells, formation of these lipids 

ranged at the detection limit and in neurons none of them could be detected, when studied 

with [14C]-acetate. The high rate of CE synthesis in oligodendrocytes is in accordance with 

previous studies. The CE content is highest in the fetal and postnatal rat brain and declines 

with age (Sastry et al., 1985). As the decline of CE concentration coincides with the onset of 

myelination (Adams and Davison 1959; Alling and Svennerholm 1969), it has been suggested 

that CE is synthesized in oligodendrocytes in advance to provide the large amounts of 

cholesterol needed for the generation of myelin. In the present study, oligodendrocytes were 

prepared at the onset of myelination, which may explain their high rate of esterification. 

In RGCs, I detected traces of CE only when they were labelled with [14C]-cholesterol 

indicating that these neurons esterify cholesterol. Treatment with GCM, which increases the 

cholesterol content of RGCs (Goritz et al., 2005), did not enhance the production of CE, 

indicating that neurons only form negligible amounts of CE, independent of the cellular 

cholesterol content. Similarly, a neuroblastoma cell line has been shown to lack esterification, 

even when treated with LDL (Volpe et al., 1978). Several explanations are possible. Either 

neurons express ACAT, the cellular acyl-coenzyme A:cholesterol acyltransferase, at very low 

levels or the neuronal enzyme is not up-regulated by an increase in cholesterol. Alternatively, 

GCM may not enrich the neuronal cholesterol content above critical concentrations. Further 

observations underline the low esterification activity in neurons: Cholesterol treatment 

enhanced the size of LBs in astrocytes but not in neurons indicating, that in neurons 

exogenous cholesterol was not converted to CE and deposited into LBs but rather 
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incorporated into membranes. In any case, the low incidence of CE formation in neurons 

compared to glial cells provides further evidence for the cholesterol-deprived state of cultured 

RGCs. 

 

6. Low level of cholesterol hydroxylation in neurons 

In the brain, some types of neurons are thought to oxidize cholesterol to the CNS-specific 

metabolite 24OC (Lund et al., 2003) and this oxysterol is thought to eliminate excess 

cholesterol from the brain. Here I addressed the question, whether neurons that were grown 

under cholesterol-poor conditions in the absence of glia express the responsible hydroxylase 

and form 24OC. Indeed, enzyme expression was detected in RGCs but not in astrocytes in 

accordance with in vivo investigations showing absence of Cyp46 from glial cells (Lund et 

al., 2003). In RGCs treated with GCM, expression remained unchanged, indicating that 

Cyp46 transcription and translation were not influenced by increased substrate availability or 

soluble glia-derived signals. These results are in line with a first study on the transcriptional 

regulation of Cyp46 by the group of Björkhem (Ohyama et al., 2006). They did not detect 

changes in the transcriptional activity of the human CYP46A1 promoter after exposure to 

factors known to modulate cholesterol homeostasis including statins, cholesterol and 

oxysterols. Regarding the low, but stable level of cholesterol synthesis in the mature brain 

(Dietschy and Turley, 2004), there may be no need for a substrate dependent regulation of the 

hydroxylase. 

Despite the low level of protein expression, I found evidence that the hydroxylase is 

functional, as RGCs synthesized traces of 24OC. Low levels of 24OC formation, 

corresponding to the conversion of ~0.03% of the substrate per hour, have already been 

demonstrated in vitro and in vivo (Björkhem et al., 1997), indicating that the low yield in the 

present study is not RGC specific or caused by the experimental design. Generally, the small 

rate of 24OC synthesis may reflect the low need for secretion of excess cholesterol from the 

brain or indicate an alternative function of 24OC that may be related to signalling. 24OC is an 

efficient activator of the nuclear receptor LXR (Abildayeva et al., 2006). Furthermore, 24OC 

increases the production and secretion of ApoE-containing lipoproteins from cultured mouse 

astrocytes in an LXR-dependent manner (Abildayeva et al., 2006). 

Interestingly, in neuron-astrocyte cocultures, additional oxygenated cholesterol metabolites 

appeared in the medium. The migration characteristics of these products indicated a higher 

polarity and therefore multi-oxygenated sterols. Whether these sterols originated from 

astrocytes or neurons, could not be determined. However, astrocytes in culture were shown to 
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synthesize 25OC and they held a higher activity of hydroxycholesterol 7� -hydroxylase than 

glia-free rat embryonic neurons (Zhang et al., 1997). 

 

7. Cholesterol formation progresses less efficiently in neurons than in glial 

cells 

During the formation of cholesterol from [14C]-mevalonate, biosynthetic sterol precursors 

accumulated in neurons and glial cells to different extents. In glial cells the cholesterol 

biosynthetic pathway progressed more efficiently, as indicated by the significantly higher 

proportion of the end product. Both neuronal cell types that were investigated, namely rat 

RGCs and mouse cerebellar granule cells, but not glial cells, accumulated large amounts of 

lanosterol, indicating that this may be a general phenomenon that applies to all neurons. This 

is further supported by previous studies on embryonic neurons of the rat cultured in serum-

containing medium (Tabernero et al., 1993; Suzuki et al., 2007) that also observed the 

synthesis of considerable amounts of labelled lanosterol. Notably, neurons accumulated 

lanosterol even in the presence of glial cells, which underlines that lanosterol accumulation is 

a neuron-intrinsic phenomenon. Lanosterol was also contained in the total sterol mass of 

RGCs, albeit at a small proportion, whereas the total sterol content of astrocytes did not 

comprise lanosterol. This indicated that the accumulation of newly synthesized lanosterol 

manifests itself in the neuronal sterol content. 

Astrocytes, like other glial cell types, did not accumulate a specific sterol species. Lathosterol, 

7-dehydrocholesterol and desmosterol were labelled at similar degrees. On the other hand, in 

the total sterol profile of astrocytes, desmosterol was the only precursor present in 

considerable amounts and accounted for around 20% of the total sterol mass. Previous reports 

showed a preferential labelling of desmosterol in primary cultures of rodent astrocytes 

(Tabernero et al., 1993; Mutka et al., 2004) and showed that in cultured astrocytes from E16.5 

mice 50% of the total sterol mass consisted of desmosterol (Mutka et al., 2004). The lower 

percentage of total desmosterol observed in my study may be related to the different 

developmental stages of the investigated cells. Several studies reported a decrease of the 

desmosterol content in the rodent (Kritchevsky et al., 1965; Paoletti et al., 1965; Hinse and 

Shah, 1971; Lutjohann et al., 2002) and human (Fumagalli and Paoletti, 1963) brain with 

aging. Concomitantly, total levels of lathosterol and 7-dehydrosterol increase in the brain 

(Bourre et al., 1990; Lutjohann et al., 2002) suggesting that the aged brain utilizes the 

Kandutsch-Russell - rather than the Bloch- pathway, however it is unknown, which cell types 

contributed to the sterol synthesis. So far, it remains unclear, whether the lanosterol content 
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changes during development, since corresponding reports are contradictory (Adamczewska-

Goncerzewics and Trzebny, 1981; Lutjohann et al., 2002). 

  

8. Possible reasons for the inefficient cholesterol formation in neurons  

Several results of this study imply that sterol precursors are not efficiently processed during 

cholesterol formation in neurons. Firstly, after 48 hours of labelling, only a small amount of 

cholesterol was formed by neurons, whereas it represented the major sterol in macroglial 

cells. Secondly, lanosterol accumulated in neurons but not in glial cells. Finally, the turnover 

of lanosterol and other early intermediates, observed in pulse-chase experiments was slower 

in neurons than in glial cells. This inefficacy could be caused by a spatial segregation of 

cholesterol biosynthetic enzymes due to neuronal morphology. This is indicated by the fact 

that accumulation of sterol intermediates increased during the culture period, when neurons 

formed numerous long neurites. During cholesterol synthesis, sterol intermediates have to 

travel between the different enzymes, which are localized in the ER (Gaylor, 1981), but 

gathered in distinct complexes (Lange and Muraski, 1988). Thus, trafficking of sterol 

intermediates between different compartments of the ER membrane may cause a delay in the 

synthesis of cholesterol. The localisation of cholesterol biosynthetic enzymes has not been 

studied in neurons yet. By immunocytochemical staining, I showed that SQS is expressed in 

the soma and neurites of RGCs. Immunocytochemical detection of enzymes catalyzing the 

post-squalene segment of the pathway was not feasible due to the lack of specific antibodies. I 

should mention that ER has been detected in dendrites (Horton and Ehlers, 1997; Aridor et al., 

2004; Abi Farah et al., 2005) and axons (Bartlett and Banker 1984; Ye et al., 2007) indicating 

that principally both compartments could be capable of sterol synthesis. Vance et al. (1994) 

used a special compartmented culture model, in which cell bodies and distal axons can be 

studied separately, and showed that cholesterol is only synthesized in cell bodies, but not in 

axons of sympathetic neurons. It remained unclear, however, which enzymes were absent 

from axons.  

Alternatively, the inefficiency of precursor processing may be caused by low expression of 

the respective biosynthetic enzymes. I showed that neurons express SQS at higher levels than 

astrocytes, but that lanosterol-converting enzymes DHCR24 and Cyp51 were only detectable 

in astrocytes, although at low levels. On the other hand, NSDHL, another enzyme acting 

downstream in the pathway was equally expressed by both cell types. This indicates that the 

lanosterol-converting enzymes may be limiting factors during cholesterol biosynthesis and 

thus cause an accumulation of lanosterol in neurons. In line with this, Crameri et al. al (2006) 



DISCUSSION 

- 90 - 

showed that overexpression of DHCR24 in a neuroblastoma SH-SY5Y cell line leads to a 

significant increase of total cellular cholesterol, indicating that enhanced expression of 

DHCR24 is sufficient to increase neuronal cholesterol biosynthesis. Interestingly, lowering 

the cellular cholesterol content by ZA, an inhibitor of the SQS, did not increase the expression 

of the biosynthetic enzymes in neurons, whereas astrocytes increased their expression to 

compensate for the decrease of cellular cholesterol. This implies that neurons under control 

conditions express cholesterol biosynthetic enzymes at their maximal capacity and cannot 

further increase their expression, even when cholesterol content drops. The possibility that 

neuronal enzymes are insensitive to cellular cholesterol levels can be excluded, as GCM 

treatment leads to strong downregulation of SQS immunostaining and cholesterol 

biosynthesis. 

My observation that treatment of RGCs with lanosterol blocked its own conversion and raised 

the levels of newly synthesized lanosterol indicates that the accumulation of this sterol may 

slow down late steps of cholesterol synthesis. Gibbons et al. (1980) and Frye et al. (1994) 

showed that oxygenated metabolites of lanosterol increase radiolabelled C30 sterols in lung 

and CHO cells probably due to an inhibition of Cyp51. Whether lanosterol or its metabolites 

inhibit Cyp51 or DHCR24 in RGCs is not clear. Alternatively, an excess of unlabelled 

lanosterol may saturate the low levels of lanosterol-converting enzymes, which then causes 

accumulation of newly synthesized lanosterol. An inhibitory function of lanosterol upstream 

in the cholesterol biosynthesis pathway was described by Song and colleagues (2005). They 

showed that lanosterol at a concentration of 2.5-7.5 � M stimulated degradation of HMGR in 

an Insig-mediated mechanism in a human fibroblast cell line. Whether lanosterol may also 

affect levels of enzymes of the post-lanosterol pathway remains unclear. Therefore, lanosterol 

may inhibit cholesterol synthesis in neurons. 

Interestingly, the accumulation of lanosterol was insensitive to cholesterol: Addition of 

cholesterol to RGC cultures reduced the total rate of sterol synthesis but did not change the 

typical sterol pattern. This is further supported by previous studies showing lanosterol 

accumulation in embryonic neurons cultured in the presence of serum (Tabernero et al., 1993; 

Suzuki et al., 2007).  

Taken together, my data indicate that neurons cannot produce cholesterol efficiently. 

Interestingly, an important step in cholesterol biosynthesis occurs at the conversion of the first 

sterol formed in cholesterogenesis. It is possible that this is due to energy constraints, as the 

following 19 enzymatic reactions consume 15 molecules of the energy equivalent NADPH. In 

line with this, Lopes-Cardozo et al. (1986) reported that in neurons - in contrast to astrocytes - 
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ketone bodies are preferentially used for the generation of ATP over their incorporation into 

lipids. 

 

9. Possible consequences of the neuronal sterol composition 

Cholesterol precursors in neurons and astrocytes accounted for almost one third of the total 

sterol mass. However, their identity differed in both cell types. In neurons mainly 

intermediates of the Kandutsch-Russell pathway were found, namely � 8-cholestene, 

lathosterol and 7-dehydrocholesterol, whereas astrocytes almost exclusively contained sterols 

of the Bloch pathway, namely zymosterol and desmosterol. Despite the accumulation of 

newly synthesized lanosterol, this precursor accounted only for a small proportion (2%) of the 

total mass of cholesterol precursors in neurons. This discrepancy may be due to an 

overestimation of the amount of synthesized lanosterol. The use of [2-14C]-RS-

mevalonolactone may lead to a higher specific activity of lanosterol compared to C27 sterols 

due to the incorporation of an additional 14C-atom in one of the methyl groups at C4, which is 

eliminated by decarboxylation during the synthesis of C27 sterols. However, the presence of 

lanosterol in the total sterol mass was unique to neurons, presumably as a consequence of the 

inefficient synthesis. 

So far, the relevance of the precursor accumulation is not clear. However, it appears possible 

that similar to the differences observed in the phospholipid/sterol ratios, the composition of 

sterol species may affect the biophysical properties of the membrane. It has to be noted 

however, that the low levels of total lanosterol found in neurons may indicate that this sterol 

does not influence membrane properties but rather regulate cholesterol biosynthesis as 

described above. 

It has been shown that all sterols promote the lateral heterogeneity of biological membranes 

(Barenholz, 2004; Simons and Vaz, 2004). A much discussed feature of biological 

membranes, namely the LO microdomains or so-called lipid microdomains or rafts, are 

strongly influenced by sterol structure. Using techniques such as NMR and fluorescent assays 

to assess raft formation and stability in model membranes several groups found that lanosterol 

(Miao et al., 2002, Scheidt et al., 2005, Bakht et al., 2006) and desmosterol (Vaino et al., 

2006; Bakht et al., 2006) do not stabilize rafts, whereas lathosterol (Xu et al., 2001; Wang et. 

Al., 2004) and 7-dehydrocholesterol (Nyholm et al., 2003) stabilize these domains even more 

efficiently than cholesterol. Moreover, a high appearance of lathosterol and 7-

dehydrocholesterol in rafts has been shown in cellular membranes (Lusa et al., 2003; Keller et 

al., 2004). These data indicate that the sterol composition of neurons may promote the 
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formation or stabilisation of rafts. Rafts have been implicated in several neuron-specific 

functions, such as establishment of polarity (Ledesma et al., 1999), SNARE-dependent 

neurotransmitter release (Lang et al., 2001; Chamberlain et al., 2001), clustering of 

neurotransmitter receptors and other postsynaptic components (Bruses et al., 2001; Suzuki et 

al., 2001) and of adhesion molecules, which are necessary for the stability of synapses 

(Niethammer et al., 2002; Leitinger and Hogg, 2002; Tsui-Pierchala et al., 2002). 

Taken together, the distinct sterol profile found in neurons may not simply reflect the 

consequence of inefficient precursor processing, when compared to astrocytes, but serve 

specific requirements for membrane composition to support neuron-specific functions. 

 

10.  Differences in lipid and sterol release from neurons and glial cells 

The culture medium of RGCs and glial cells contained newly synthesized cholesterol and 

phospholipids at similar fractions. I found, however, that the release from neurons was 

somewhat artificial due to the presence of high concentrations of albumin: no newly 

synthesized lipids were detected in neuronal medium with a lowered albumin content. It 

cannot be excluded that the same mechanisms also remove lipids from glial cells, but several 

observations imply that glial cells actively release lipids, instead. First, PE exclusively 

appeared in glial medium. PE resides predominantly in the cytoplasmic leaflet of the plasma 

membrane of eukaryotes, whereas the majority of PC and SM are exposed to the exoplasmic 

surface (Raggers et al., 2000, Daleke et al., 2000). The exclusive appearance of PE in glial 

medium therefore indicates an active transport. Second, lowering the albumin concentration 

in culture medium did not inhibit the release of sterols from these cells. Finally, GCM and 

medium from neuronal-astrocytic cocultures, but not neuron-conditioned medium were able 

to convert [14C]-cholesterol to [14C]-CE. This reaction is catalyzed by the HDL-resident 

enzyme LCAT, which drives net release of cholesterol by extracellular esterification (Fielding 

and Fielding, 1981). Therefore, astrocytes probably release LCAT-containing lipoproteins. 

LCAT has already been found in CSF lipoproteins (Albers et al., 1992; Demeester et al., 

2000) and was shown to be released from glial cell lines (Collet et al., 1999).  

In the presence of glial lipoproteins, the release of phospholipids from neurons was drastically 

enhanced. Notably, phospholipids were efficiently transferred to cholesterol-poor lipoproteins 

derived from mevastatin treated glial cultures. It has been shown that in the contrast to 

cholesterol, which is strongly released to extracellular acceptors by non-specific lipid 

exchange reactions, phospholipids are primarily recruited by apoliporoteins or lipid-poor 

HDL for initial lipidation of pre-HDL (Li et al., 1993). This transfer requires the activity of 
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the plasma membrane resident ABCA1 transporter (Oram and Lawn, 2001; Yokoyama, 

2006), which has been found to be expressed in rodent CNS neurons (Wellingon et al., 2002; 

Fukumoto et al., 2002, Kim et al, 2007), indicating that this mechanism is active in RGCs. 

I should mention that cultured RGCs express and upregulate mRNA encoding ApoE upon 

GCM treatment (Goritz et al., 2007) possibly due to oxysterol-induced activation of LXRs 

(Kalaany and Mangelsdorf, 2006). Whether RGCs in the presence of GCM secreted lipidated 

ApoE, a mechanism that has been reported for astrocytes (Ito et al., 1999, Hirsch-Reinshagen 

et al., 2004), could not be analysed in this study. 

Neuron-conditioned medium with an elevated BSA concentration contained biosynthetic 

sterols at three times higher concentrations than glial cells. This may be explained by the 

larger surface to volume ratio of neurons compared to glial cells, mainly due to the presence 

of numerous and long neurites. Alternatively, the sterol composition of the neuronal plasma 

membrane may differ from those of glial cells and may facilitate sterol desorption by 

albumin. In any case, the efflux of newly synthesized sterols implicated that the material was 

delivered to the plasma membrane. This was confirmed by experiments with � -methyl-

cyclodextrin, which extracted sterol precursors at similar rates from neurons and astrocytes. 

The high amount (40%) of newly synthesized lipids that were extracted from both cell types 

within 5 min of � -methyl-cyclodextrin treatment, indicates that most, if not all, of the 

cholesterol precursors travel to the plasma membrane. Transport of biosynthetic sterols to the 

plasma membrane has been observed in astrocytes (Mutka et al., 2004), fibroblasts (Lange 

and Muraski, 1987, Echevarria et al., 1990) CHO cells (Johnson et al., 1995) and hamster 

kidney cells (Lusa et al, 2003) and some of these studies also reported the efflux of sterols to 

various acceptors (Johnson et al., 1995; Lusa et al., 2003).For their further conversion to 

cholesterol, precursors need to move back to the ER, but little is known about the mechanisms 

of this transport process. A very recent study (Yamauchi et al., 2007) indicates the 

participation of rafts in this mechanism of ER directed sterol transport. They showed that the 

disruption of lipid rafts by � -methyl-cyclodextrin treatment significantly retards the 

conversion of methylated C28, C29, C30 sterols and induces their accumulation at the plasma 

membrane in CHO cells. Whether the slow conversion of lanosterol and its accumulation in 

cultured RGCs is caused by a similar breakdown of raft integrity, which may result from the 

high abundance of neuron-specific cholesterol precursors at the plasma membrane remains to 

be investigated. 
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Conclusions 

 

This study further supports the hypothesis that postnatal neurons depend on the delivery of 

cholesterol from astrocytes. Although the content of free sterols was similar in neurons and 

astrocytes, several lines of evidence suggest that neurons are barely able to meet their need for 

cholesterol. Firstly, accumulation of lanosterol, an early cholesterol precursor and the slow 

conversion of sterol intermediates in neurons indicated that neurons form cholesterol less 

efficiently than macroglial cells. Secondly, the capacity of cholesterol synthesis was lower in 

neurons compared to astrocytes, as the expression of biosynthetic enzymes could not be 

increased by lowering the neuronal cholesterol content. Finally, the lack of cholesteryl ester 

synthesis and cholesterol storage organelles further emphasized the low cholesterol status of 

neurons. If provided by glial lipoproteins, neurons switched off cholesterol synthesis. 

This study also showed that neurons and astrocytes employ distinct pathways of cholesterol 

biosynthesis which manifest themselves in the cellular sterol composition. The distinct sterol 

profiles in neurons and glial cells may have implications for cell type-specific functions as 

well as neurodegenerative processes. Whether the marked accumulation of lanosterol in 

neurons, which may be caused by low levels of lanosterol converting enzymes, has an effect 

on the biophysical properties of neuronal membranes has to be elucidated. Due to its very low 

abundance lanosterol may exert other functions such as inhibiting cholesterol biosynthesis. 

Why neurons slow down cholesterol synthesis at the step of lanosterol conversion remains 

unclear.  
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