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Abstract

Cholesterol is a multifaceted molecule, which serves as essential membrane component, as cofactor for signaling molecules and as

precursor for steroid hormones. Consequently, defects in cholesterol metabolism cause devastating diseases. So far, the role of cholesterol in

the nervous system is less well understood. Recent studies showed that cultured neurons from the mammalian central nervous system (CNS)

require glia-derived cholesterol to form numerous and efficient synapses. This suggests that the availability of cholesterol in neurons limits

the extent of synaptogenesis. Here, I will summarize the experimental evidence for this hypothesis, describe what is known about the

structural and functional role of cholesterol at synapses, and discuss how cholesterol may influence synapse development and stability.

D 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction

Cholesterol is a remarkably versatile molecule [1]. It

determines the biophysical properties of cellular membranes

[2], serves as precursor for steroid hormones and regulates the

function of signaling molecules like hedgehog [3]. Given this

multitude of functions, it is not surprising that acquired or

genetic defects in cholesterol metabolism cause severe dis-

eases [4–8] including arteriosclerosis [9,10], Smith–Lemli–

Opitz syndrome [11] and Niemann–Pick type C disease [12].

Despite the intense research on cholesterol, surprisingly little

is known about its role in nervous systems (for reviews on

brain cholesterol, see Refs. [13–19]). A recent study raises

the possibility that cholesterol may be a limiting factor for

synaptogenesis in the CNS [20] (for reviews, see Refs. [21–

24]). Here, I will present experimental evidence for this

hypothesis, summarize current notions about the structural

and functional role of cholesterol at synapses, and discuss

how this molecule may influence their development.

2. Experimental evidence for a link between cholesterol

and synapse development

The idea of a connection between synaptogenesis and

cholesterol has been provoked by a series of studies that

aimed to test whether glial cells play a role in synapse

formation [20,25–27]. This question was prompted by the

fact that during brain development most synapses are

formed after the differentiation of astrocytes [28,29].

2.1. First evidence for a glial role in synapse development

Pfrieger and Barres [25] investigated whether neurons

form synapses in the absence of glial cells in cultures of

highly purified retinal ganglion cells (RGCs) [30] growing

under defined conditions [31]. They found that glial cells

drastically enhanced the level of spontaneous excitatory

synaptic activity and the efficacy of evoked synaptic trans-

mission. Notably, these effects were mediated by one or more

soluble factors released by astrocytes and oligodendrocytes.

A series of experiments showed that the changes were not

caused indirectly by an increase in neuronal survival or

excitability. Furthermore, RGCs formed ultrastructurally

defined synaptic connections even in the absence of glial
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cells. This observation proved that neurons have an innate

ability to form synapses and do not require external signals

from glial cells or from postsynaptic partners. However, the

study of Pfrieger and Barres raised several important ques-

tions: Do glial cells promote the formation of synapses? Do

they enhance the efficacy of existing connections? And,

probably most importantly, what is the glia-derived factor?

2.2. Glial factors enhance synapse formation

The question whether glial cells enhance the formation of

synapses was addressed in microcultures of RGCs [26,27].

Microcultures allow for a quantitative approach to synapto-

genesis, as the number and functional properties of synapses

can be defined per single neuron. Immunocytochemical

staining showed that treatment with glia-conditionedmedium

(GCM) increased the number of synapses formed by RGCs

by about seven-fold [26]. This finding was corroborated by

immunocytochemical and electron microscopic data of

Ullian et al. [27]. The observed increase in synapse number

exceeded the value determined by the previous ultrastructural

analysis of Pfrieger and Barres [25]. Notably, the changes

were not due to a general increase in the expression of

synaptic proteins [27] (Mauch, D.H. and Pfrieger, F.W.,

unpublished data) or an increase in neurite outgrowth [20],

indicating that glia indeed promote synapse formation.

2.3. Glial factors enhance synaptic efficacy pre- and

postsynaptically

Using FM1–43 labeling of active terminals and electro-

physiological recordings of autaptic currents, Nägler et al.

[26] showed that glial factors also enhance the efficacy of

presynaptic transmitter release: Treatment of microcultures

with GCM accelerated the stimulation-induced loss of FM1–

43 fluorescence from individual presynaptic terminals and

strongly enhanced the frequency of asynchronous autaptic

events. Notably, the GCM-induced effects occurred in differ-

ent time windows. The reliability of evoked transmission and

the frequency of asynchronous transmitter release were en-

hanced within 24 h, whereas the frequency and size of spon-

taneous events were augmented 48 h after GCM application.

Ullian et al. [27] reported that glial cells increased the size

of glutamate-induced membrane currents in RGCs by three-

fold. This result provides direct evidence for a postsynaptic

effect and may explain why glial cells increase the ampli-

tudes of miniature excitatory postsynaptic currents [25–27].

2.4. Identification of the glial factor as cholesterol trans-

ported via lipoproteins

The reports summarized above showed that glia-derived

factors strongly promoted synapse development. Obviously,

the most pressing issue remained the identification of these

factors, as this was the key to determine their role in vivo

and to elucidate the underlying molecular mechanisms. Our

recent study [20] provides strong evidence that most of the

effects described above are mediated by cholesterol. Chro-

matographic fractionation of GCM revealed that the glial

activity migrated with large heparin-binding components

ranging in size from 160 to 670 kDa. This observation

together with the identification of apolipoprotein E (ApoE)

as GCM-derived membrane component of RGCs hinted to

components of lipoproteins as possible candidates for the

synaptogenic factor. Subsequent tests showed that choles-

terol was the active ingredient in GCM: first, the cholesterol

content in active chromatographic column fractions scaled

with their effect on synaptic activity. Second, reduction of

the cholesterol concentration in GCM by a synthesis inhib-

itor strongly reduced its synaptogenic effect. Third, blocking

lipoprotein uptake by a competitive low-density lipoprotein

(LDL)-receptor antagonist reduced the effect of GCM on

synaptic activity. Fourth, cytochemical staining of RGCs

with a cholesterol-binding drug showed that GCM raises

strongly the cholesterol content of RGCs. Finally, choles-

terol alone mimicked most of the GCM-induced effects on

autapse number and efficacy reported by Nägler et al. [26].

Taken together, the results suggest the following scenario

in vivo: neurons appear to produce enough cholesterol to

survive, to differentiate axons and dendrites and to form a few

and inefficient synapses. The massive formation of synapses,

however, may require additional cholesterol that must be

delivered by astrocytes via ApoE-containing lipoproteins

(Fig. 1) [24].

Fig. 1. Diagram illustrating the possible distribution and function of

cholesterol at synapses. Localization of cholesterol-rich domains (red) (1) in

synaptic vesicle membranes to mediate axonal transport via kinesin (light

blue) along microtubuli (orange-yellow rods), (2) in presynaptic active

zones to organize exocytotic complexes (green diamonds), (3) in

postsynaptic membranes to cluster neurotransmitter receptors (dark blue

ovals) or in extrasynaptic pools for activity-dependent recruitment and (4)

at the edge of synapses to promote cell adhesion (yellow rectangles).

Synapses import cholesterol from astrocytes (green membrane) via

lipoproteins (green circles) and lipoprotein receptors (orange hexagons).
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3. Cholesterol and synapses

This scenario raises the question of how cholesterol

influences synapse development. The simplest explanation

would be that cholesterol is an essential component of the

synaptic machinery and that its availability limits the

assembly of synaptic structures. To explore this possibility,

I will review what is known about the cholesterol content in

different synaptic compartments and its influence on pre-

and postsynaptic function (Fig. 1). Cholesterol has profound

effects on the biophysical properties of membranes [2],

thereby affecting the function of membrane-resident signal-

ing components including ion channels, transporters and

receptors. This more general aspect has been summarized in

several reviews [32–36].

3.1. Cholesterol in presynaptic terminals

The release of transmitter from presynaptic terminals

requires an elaborate assembly of protein and lipid compo-

nents. Recent reports provide evidence that cholesterol is an

essential element of the exocytosis apparatus and plays a

crucial role in the biogenesis and transport of synaptic

vesicles.

3.1.1. Studies on synaptosomal preparations

The lipid composition of presynaptic terminals has been

estimated using synaptosome preparations. Synaptosomes

represent ripped-off terminals, which are purified by density

gradient centrifugation of homogenized nervous tissue

[37,38]. The cholesterol content of synaptosomes, normal-

ized to the phospholipid concentration (cholesterol to phos-

pholipid or C/P ratio), varies between 0.5 and 1 [39–43],

thus falling in the range of plasma membranes. The C/P

ratio depends on age [44–47], is influenced by disease

[48,49] and varies in different species and strains [50]. Some

of the variability in C/P ratios may be explained by the use

of different isolation methods, which determine the compo-

sition and purity of synaptosomal preparations [37]. Elec-

tron microscopic images revealed that synaptosomes contain

not only presynaptic terminals, but also postsynaptic com-

ponents [37], which contribute to the cholesterol estimate.

Therefore, synaptosomes do not allow for an accurate

determination of the cholesterol content in terminals.

Despite this limitation, synaptosomes have been used to

address other aspects. There are several studies on the

distribution of cholesterol across the phospholipid bilayer.

It has been shown that the inner leaflet of synaptic mem-

branes contains eight-fold more cholesterol than its outer

counterpart and that this distribution is affected by disease

[49] and aging [51] (for review, see Ref. [13]). Moreover,

ApoE and the LDL receptor [52,53] seem to influence the

transbilayer distribution of cholesterol in synaptic mem-

branes thus supporting the idea that lipoprotein-derived

cholesterol affects synapses [20,24]. In general, it is well

established that lipids are asymmetrically distributed across

the two bilayers (for review, see Refs. [54,55]). So far,

however, the relevance of the cholesterol asymmetry in

synaptosomal membranes is unclear. The experimental

approach to measure the transbilayer distribution relies on

the leaflet-selective quenching of fluorescent cholesterol

analoga and further studies are required to test whether

these analoga fully mimic the behavior of cholesterol in

membranes [56].

Synaptosomes have also been extensively used to deter-

mine effects of cholesterol on functional properties of

synaptic components like ion pumps and neurotransmitter

transporters [57–62], but the molecular mechanisms of

these changes remain unclear. Evidently, they may be

caused by cholesterol effects on the biophysical properties

of membranes.

3.1.2. Cholesterol distribution in presynaptic terminals

The aforementioned biochemical studies on synapto-

somes suggest a high cholesterol content in presynaptic

terminals, but they do not reveal its spatial distribution. This

topic has been addressed by freeze–fracture electron micro-

scopy. In this approach, visualization of cholesterol relies on

the fact that the polyene antibiotic filipin forms complexes

with sterols carrying a hydroxy group at the third carbon

atom. These complexes appear as protuberances in freeze–

fractured biological membranes [63]. In frog neuromuscular

junctions (NMJs) [64,65], sterol– filipin complexes are

localized in the transmitter release zone, but absent from

the adjacent area that is flanked by rows of intramembrane

particles (IMPs). A similar distribution was observed at

ribbon-type synapses between photoreceptors and bipolar

neurons of chick retina [66]. In terminals of Torpedo

electrical organ, which lack rows of IMPs, sterol–filipin

complexes are distributed in a patchy fashion [67]. Freeze–

fracture studies on synaptosomes from rat cerebral cortex

confirmed the presence of sterol– filipin complexes in

presynaptic terminals [68,69] and their absence from IMP-

rich zones[69]. Notably, Surchev et al. [69] showed that the

density of sterol complexes in presynaptic membranes

increases during postnatal development. Egea et al. [70]

reported that potassium-induced acetylcholine release

enhances the density of sterol – filipin complexes in

freeze–fracture replicas of synaptosomes from Torpedo

electric organ. This effect was abolished in low calcium

and by botulinus toxin indicating that the rearrangement was

induced by the release process itself rather than by depola-

rization or calcium influx.

Caveats concerning the use of filipin as cytochemical

marker for cholesterol need to be mentioned [71]. The

binding efficacy of filipin to cholesterol may depend on

the microenvironment. Thus, the absence of sterol–filipin

complexes from IMP-rich areas may be due to the presence

of specific microdomains, where access of filipin to choles-

terol is diminished, rather than low cholesterol content. In

addition, lateral diffusion of cholesterol in the membrane

may be faster than filipin binding, therefore leading to
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changes in subcellular cholesterol distribution before for-

mation of sterol–filipin complexes. Altogether, however,

the freeze–fracture studies show that cholesterol is present

in presynaptic release zones and that its density increases

after transmitter release.

3.1.3. Cholesterol-dependency of exocytosis

Although the presence of cholesterol in terminals is well

supported, its relevance for transmitter release has remained

elusive. This situation changed recently with two pioneering

studies providing direct evidence for a role of cholesterol in

exocytosis [72,73]. Lang et al. [72] observed in the neuron-

like cell line PC12 that docking and fusion of secretory

granules occur at syntaxin- and synaptosomal-associated

protein of 25 kDa (SNAP25)-positive clusters that are

sprinkled across the plasma membrane. Lowering the plas-

malemmal cholesterol content by methyl-h-cyclodextrin
(MCD) dispersed syntaxin clusters and inhibited KCl-

induced release of dopamine and of green fluorescent

protein-labeled neuropeptide Y, as monitored by amperom-

etry and fluorescence microscopy, respectively. The rele-

vance of cholesterol for exocytosis has been confirmed by

Chamberlain et al. [73], who observed as well that reduction

of the cellular cholesterol level reduces dopamine release

from PC12 cells. Syntaxin and SNAP25, which form the

soluble N-ethylmaleimide-sensitive factor attachment pro-

tein receptor (SNARE) complex with vesicle-associated

membrane protein (VAMP), but none of the other exocy-

tosis-relevant proteins tested partitioned to the detergent-

insoluble cholesterol-rich membrane fraction. At first sight,

this finding appears in contrast to the results of Lang et al.

[72]. However, the detergent insolubility applied only to

25% of the total syntaxin pool [73].

The main message of the two studies is that SNARE-

dependent exocytosis occurs at cholesterol-rich domains in

the plasma membrane (Fig. 1). There is increasing evidence

that such domains, further referred to as rafts, function as

dynamic modules that organize signaling components in the

plasma membrane to promote efficient signal transduction

and selective subcellular sorting [74–78]. The fact that

SNARE complexes also mediate transmitter release in

neurons suggests the presence of rafts in presynaptic termi-

nals. These rafts may give rise to the sterol–filipin bulbs

that were observed in the freeze–fracture studies mentioned

above. Finally, the cholesterol-dependence of exocytosis

may explain, at least in part, why cholesterol strongly

increases the efficacy of transmitter release in cultured

RGCs [20]. Neurons may depend on an external source of

cholesterol to assemble the exocytosis apparatus.

3.1.4. Cholesterol content of synaptic vesicles

Presynaptic transmitter release involves an interplay of

two highly specialized compartments, the membrane at the

docking zone and the membrane of synaptic vesicles. The

molecular composition of synaptic vesicles has been char-

acterized, since these organelles can be purified to a high

degree from synaptosomes due to their abundance and

uniform size [79]. Studies on isolated vesicles from rodent

brain or Torpedo electric organ revealed that their C/P ratios

range from 0.4 to 0.6 [80–84]. Thus, synaptic vesicles

contain more cholesterol than other intracellular organelles

including mitochondria or the endoplasmic reticulum [2,16].

So far, it is not known whether vesicles carrying specific

neurotransmitters differ in their lipid composition. The

arrival of methods to highly purify specific types of vesicles,

for example by immunoisolation [85], should allow us to

clarify this issue. It appears possible, however, that a high

cholesterol content is required to forge [86] and fuse

vesicles [87] regardless of their transmitter content (Fig. 1).

3.1.5. Cholesterol availability limits vesicle biogenesis and

transport

The high cholesterol content in the vesicle membrane

suggests a link between vesicle biogenesis [88] and the

cellular cholesterol level. This is supported by a study that

aimed to identify cholesterol-binding proteins using a new

photoaffinity-probe [89]. The authors compared patterns of

cholesterol-binding proteins in two PC12 clones that dif-

fered in their neurosecretory competence and identified

synaptophysin as cholesterol-binding component of synap-

tic vesicles. Importantly, they could establish that the

cholesterol level controls the availability of secretory

vesicles in PC12 cells: lowering the cellular cholesterol

content by MCD diminished the steady-state pool of syn-

aptic-like microvesicles and their rate of biogenesis, but did

not affect endocytosis in general. The reason for this

specific role of cholesterol in vesicle formation is not clear.

Cholesterol–protein interactions and cholesterol-rich micro-

domains may be necessary to induce the vesicle curvature

and to assemble vesicle-specific proteins and lipids, respec-

tively [86,90]. There is increasing evidence that lipid rafts

help to sort proteins and lipids to specific subcellular com-

partments [75–77]. Interestingly, a recent study showed that

the kinesin-mediated transport of membranes along micro-

tubuli requires cholesterol and sphingomyelin-rich rafts

[91]. This adds further support to the idea that vesicle

membranes contain cholesterol-rich rafts and suggests a

correlation between the cholesterol content of synaptic

vesicles and the efficacy of their axonal transport (Fig. 1).

The idea that cholesterol is necessary for vesicle for-

mation and transport may explain some observations on

cholesterol-treated RGC cultures [20]. Cholesterol strongly

increased the number of puncta that represented synaptic

vesicles as they were double-labeled by antibodies against

synapsin-I and synaptophysin. A cholesterol-induced

increase in synaptic vesicle production or transport could

cause the sequential enhancement of evoked and sponta-

neous autaptic activity following GCM treatment of RGC

microcultures [26]. Newly minted vesicles would first be

delivered to existing synapses. This would cause the early

drop in failure rates and the increase in asynchronous

release, since the probability of transmitter release grows
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with the number of vesicles in presynaptic terminals. Later

on, the increased vesicle pool would allow for the formation

of new synapses leading to an increase in spontaneous

release. Together, the results provoke an exciting hypoth-

esis: the number of synapses that a neuron can form may be

limited by its capacity to generate synaptic vesicles.

3.2. Cholesterol on the postsynaptic side

Research within the last years has shown that the post-

synaptic membrane (PM) and the attached postsynaptic

density (PSD) contain a vast array of protein components

to enable postsynaptic signal transduction (for reviews, see

Refs. [92–94]). Notwithstanding this progress at the protein

front, the lipid composition of the PM is still poorly under-

stood.

3.2.1. Postsynaptic components in rafts

A series of studies suggests that neurotransmitter recep-

tors and other postsynaptic components are associated with

rafts (Fig. 1). Nicotinic acetylcholine receptors (AChRs)

from cultured chick ciliary ganglion neurons were found in

raft-like microdomains, which are cholera toxin-positive and

detergent-resistant. Moreover, receptor clusters were dis-

persed by MCD-dependent cholesterol depletion, but not

by actin depolymerization [95]. AMPA-type glutamate

receptors were detected in detergent-insoluble rafts from

rat brain synaptosomes, while NMDA receptor subunits,

PSD95, glutamate-receptor interacting protein (GRIP) and

several other postsynaptic components were absent [96].

The latter finding contrasts with the detection of PSD95 [97]

and GRIP [98] in detergent-insoluble density gradient

fractions from rat cerebral cortex and from mouse brain,

respectively, but this may be due to methodological differ-

ences. The GABAB-type receptor partitioned to Triton-X

insoluble raft-like fractions from rat cerebellum in a choles-

terol-dependent manner, while the metabotropic glutamate

receptor was completely detergent-soluble [99]. Other post-

synaptic components like CASK/Lin-2 have also been

localized to rafts based on their sedimentation behavior

after density-gradient centrifugation of detergent-treated

material [100]. Together, these data suggest that rafts help

to organize the postsynaptic side thus mirroring their func-

tion at the presynaptic release zone (Fig. 1). Since raft

formation requires cholesterol, this may explain why cho-

lesterol increases the size of glutamate receptor-mediated

postsynaptic currents [20]. The added cholesterol may

facilitate the clustering of postsynaptic receptors via rafts.

I should mention that most studies cited above detect only a

certain fraction of a given receptor protein in rafts suggest-

ing that receptors partition to raft and non-raft pools.

Indirect support for a postsynaptic function of rafts

comes from studies on a special intercellular connection

between non-neuronal cells, the so-called immunological

synapse. This synapse mediates T cell activation by antigen-

presenting cells [101]. Although this process is not yet fully

understood, it is well-established that signal transduction via

the postsynaptic T cell receptor and other signaling compo-

nents requires sequestration into a raft-like domain [76,101].

Interestingly, a recent study shows that the formation of the

immunological synapse is induced by the proteoglycan

agrin [102]. This suggests that the agrin-induced postsynap-

tic aggregation of AChRs in developing NMJs [103]

involves rafts as well.

Notably, raft association of transmitter receptors and

other PM components has only been shown biochemically

and a postsynaptic localization of receptor–raft complexes

has not been rigorously proven. It appears possible that

receptors localized in rafts represent an extrasynaptic

reserve pool, which allows for their recruitment to the PM

(Fig. 1) [96]. Thus, rafts may regulate the lateral mobility of

receptors [104,105] and determine their turnover rate in the

PM.

3.2.2. Cholesterol distribution in PMs

The spatial distribution of cholesterol in PMs has been

analysed in some of the freeze–fracture studies mentioned

above [64,66,67]. They report a low incidence of sterol–

filipin complexes in IMP-rich areas of the PM. This finding

comes as a surprise considering the biochemical evidence

that AChRs need to be embedded in a cholesterol-rich

microenvironment, in order to be functional [106–109]

(for review, see Ref. [34]). The discrepancy between bio-

chemical and cytochemical observations suggests that

sterol–filipin complexes do not fully record the ultrastruc-

tural distribution of cholesterol. To test for the presence of

rafts at synapses and to determine their relevance for

synapse function, new tools are needed to visualize lipid

microdomains and to monitor their dynamics [110].

3.3. Cholesterol and synaptic stability

The proposed link between cholesterol and synapse

development provokes thoughts about cholesterol and syn-

apse maintenance. Like other cellular structures, synapses

are dynamic assemblies of multiple elements, each of which

has a limited lifetime. The selective stabilization of synaptic

connections may underlie certain forms of structural plasti-

city [111], whereas failure to maintain them may lead to

neurodegeneration. Does cholesterol play a role in synapse

stabilization? In principle, the cholesterol-induced increase

in synapse number in cultured RGCs [20] could have been

caused by an increase in synapse stability: Cultured RGCs

may have continuously formed synapses, which perished

instantly due to a cholesterol deficit. Ullian et al. [27]

showed that removal of astrocytic feeding layers from

cultured RGCs reduces evoked autaptic transmission sug-

gesting that glia-derived factors regulate synapse stability.

So far, it is not clear, however, whether this factor is

cholesterol.

The structural stability of synapses depends on adhesion

molecules that tie the pre- and postsynaptic elements
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together. The intercellular adhesion may depend on choles-

terol considering evidence that different types of cell adhe-

sion molecules are localized in rafts (Fig. 1) including gly-

cophosphatidylinositol-linked proteins [112,113], NCAM

[114,115], integrins [116] and cadherins (for reviews, see

Refs. [75,76,117–119]). The recently discovered adhesion

molecule SynCAM, which appears involved in synapse

assembly [120], may localize to rafts as well. Future studies

need to address whether a cholesterol deficit impairs the

assembly of synaptic adhesion complexes and renders

synapses less stable.

4. Cholesterol and neurodegeneration

Cholesterol depletion has catastrophic consequences in

neuronal culture preparations: it leads to loss of vesicles and

exocytotic activity [72,73,89], inhibits neurite growth and

impairs neuronal survival [121–123]. These deleterious

effects may be caused by changes in membrane properties

including permeability and rigidity. However, there is also

evidence that the transduction of extracellular signals, which

are essential for neuronal growth and survival, breaks down

if cholesterol levels are insufficient. Recent studies have

shown that receptors for different growth factors like eph-

rins [98], glial cell line-derived neurotrophic factor [124],

neurotrophins [125] and neuregulins [126] (for reviews, see

Refs. [119,127]) are localized in cholesterol-rich rafts.

The observations in culture preparations predict that a

collapse of cholesterol homeostasis in vivo causes cell death.

Indeed, the massive neurodegeneration that occurs in Nie-

mann–Pick type C disease has been traced to a defect in

intracellular cholesterol transport [128,129]. The irreversible

loss of synapses and neurons that leads to the devastating

symptoms in Alzheimer’s disease (AD) [130] may also be

due to disturbance in the cholesterol homeostasis. The key

molecules that have been implied in AD [131–134] may

directly or indirectly perturb the synaptic cholesterol content.

The q4 allele of the ApoE gene, which raises the risk for late-

onset AD [132], may render lipoproteins less effective in

cholesterol transport from glia to neurons or modify choles-

terol release from astrocytes [135,136]. The peptide h-
amyloid (Ah), which is a proteolytic fragment of amyloid

precursor protein (APP) and a principal component of

extracellular plaques [133], has been shown to interfere with

cholesterol [13,16,127,137,138]. It induces loss of choles-

terol from cultured neurons [139,140] and changes the

fluidity of synaptosomal membranes [141]. Finally, its pro-

duction is influenced by cholesterol in vitro [142–147] and

in vivo [148], probably because the secretases, which cleave

APP, are localized in cholesterol-rich rafts [149–151].

Notably, a breakdown of cholesterol homeostasis may

also play a role in neurodegenerative processes that have not

been associated with this lipid so far. A recent study

suggests a link between cholesterol synthesis and Hunting-

ton disease (HD) [152]. HD is an autosomal recessive

disorder that leads to neurodegeneration in the striatum

and other brain regions. It is caused by expansions of

CAG repeats in the gene encoding for huntingtin, a ubiq-

uitously expressed protein of unknown function. HD

belongs to a large family of disorders that are due to

trinucleotide expansions in different genes [153,154]. Si-

pione et al. [152] used DNA microarrays to study how

mutant forms of huntingtin containing polyglutamine

stretches of different length affect gene expression in a

striatal cell line. Surprisingly, they found that induction of

huntingtin lowered the mRNA levels of several enzymes

involved in cholesterol synthesis. Although it is unclear how

huntingtin expression causes these changes, this observation

points to a role of deranged cholesterol homeostasis in HD

and other diseases involving trinucleotide expansions.

5. Conclusions and perspectives

The present synopsis shows that cholesterol is an essen-

tial component of synapses and predicts that their formation,

function and stability are sensitive to disturbances in cho-

lesterol metabolism. Evidently, numerous questions need to

be addressed: Do cholesterol levels limit synaptogenesis?

Do neurons depend on glia-derived cholesterol? Are cho-

lesterol-rich rafts essential for synapse formation, function

and stabilization? Do neurodegenerative diseases involve

defects in cholesterol homeostasis? Future studies on these

topics will require new experimental approaches to visualize

and manipulate cholesterol in a localized, cell-specific

manner. In any case, it appears timely to boost our efforts

to understand the neglected relation between cholesterol and

synapses.
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