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                        Abstract     Certain level of membrane cholesterol, which is an abundant constituent of 
eukaryotic membranes, is very important for normal functioning of a number of 
membrane proteins involved in synaptic transmission, such as ion channels, pumps, 
receptors, and transporters, while the alterations in cholesterol content change the prop-
erty of membranes and the activity of these proteins. Moreover, cholesterol defi ciency 
has been implicated in the pathogenesis of several neurodegenerative disorders.  

           Cholesterol is required to establish proper membrane permeability, fl uidity, phase 
behavior, and thickness. Cholesterol stabilizes membranes and provides order to 
membranes, which are in the fl uid phase, vice versa to membranes in the gel phase. 
Cholesterol regulates lipid chain order underlying many of the properties and func-
tions of membrane including permeability to water and other molecules. Since cho-
lesterol creates tighter packing of the membrane, it reduces movement of permeants 
(Kroes and Ostwald  1971 ; Crockett  1998 ). Many properties of biological membranes 
are particularly infl uenced by temperature. It is membrane order (increasing tem-
peratures fl uidize membranes, however decreasing temperatures order membranes) 
and also membrane phase transition, permeability, and thickness. Since cholesterol 
has pronounced effects on the physical properties of membranes, it may be used to 
minimize effects of temperature on membrane structure and function. Modulation 
of the cholesterol level could reverse, or at least ameliorate, temperature- induced 
perturbations in the properties of membranes (Crockett  1998 ). 

 In recent years, much attention has been focused on the role of membrane cho-
lesterol in the regulation of the cellular functions (Subtil et al.  1999 ; Launikonis and 
Stephenson  2001 ; Mauch et al.  2001 ; Hill et al.  2002 ; Hering et al.  2003 ; Pfrieger 
 2003 ; Churchward et al.  2005 ; Lange et al.  2005 ; Rohrbough and Broadie  2005 ; 
Allen et al.  2007 ; Cho et al.  2007 ; Wasser et al.  2007 ). Membrane microdomains 
enriched with cholesterol are considered to serve as scaffolding regions, where 
the interface of different signal transduction pathways occurs (Martens et al.  2004 ). 
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The CNS, which is equal to 2 % of body mass, keeps a special place among other 
systems of the organism, because it contains approximately a quarter of total 
unesterifi ed cholesterol (Dietschy and Turley  2001 ; Chattopadhyay and Paila  2007 ). 
It is necessary to underline that cholesterol is a prominent component of both part-
ners of exocytotic process, i.e., the presynaptic plasma membrane and synaptic 
vesicles (Deutsch and Kelly  1981 ). The level of cholesterol determines the fl uidity 
and curvature of the vesicle membranes (Cevc and Richardsen  1999 ; Zamir and 
Charlton  2006 ) and is important for the formation of the complex between synapto-
physin, a major cholesterol-binding protein in brain synaptic vesicles, and synapto-
brevin (Thiele et al.  2000 ), thereby affecting synaptic effi ciency (Mitter et al.  2003 ). 

 Exocytosis, release mediated by transporter reversal, and unstimulated release 
and uptake of glutamate, which are tightly associated with membrane components 
of the cells, are not constant and subjected to regulation at multiple levels including 
modulation of lipid composition of the plasma membrane. Certain level of membrane 
cholesterol is very important for normal functioning of a number of membrane pro-
teins involved in synaptic transmission, such as ion channels, pumps, receptors, and 
transporters, while the alterations in cholesterol content change the fusibility of 
membranes and the activity of these proteins (Fong and McNamee  1986 ; Jennings 
et al.  1999 ; Burger et al.  2000 ; Lang et al.  2001 ; Sooksawate and Simmonds  2001 ; 
Romanenko et al.  2002 ; Chou et al.  2003 ; Eroglu et al.  2003 ; Kato et al.  2003 ; 
Taverna et al.  2004 ; Butchbach et al.  2004 ; Xia et al.  2004 ,  2007 ; Dalskov et al. 
 2005 ; González et al.  2007 ; Zidovetzki and Levitan  2007 ). Localization and traf-
fi cking/internalization of neurotransmitter receptors (Fong and McNamee  1986 ; 
Burger et al.  2000 ; Sooksawate and Simmonds  2001 ; Eroglu et al.  2003 ) and activity 
of specifi c plasma membrane transporters (Butchbach et al.  2004 ; González et al. 
 2007 ) are greatly infl uenced by cholesterol depletion. Cholesterol is also important 
for the maintenance of synapse organization, processes of synaptogenesis, and syn-
aptic vesicles recycling (Mauch et al.  2001 ; Hering et al.  2003 ; Pfrieger  2003 ; 
Salaun et al.  2004 ; Rohrbough and Broadie  2005 ; Wasser et al.  2007 ). 

 It was shown recently that cholesterol depletion differently infl uenced transporter- 
mediated glutamate uptake in mouse brain plasma membrane vesicles, primary cor-
tical cultures, and in hippocampal astrocytes. The latter was analyzed by Tsai et al. 
( 2006 ), who demonstrated that cholesterol deprivation increased uptake of a stable 
analogue of glutamate,  d -[ 3 H]aspartate, by glutamate transporters in hippocampal 
astrocyte cultures. In contrast, Butchbach et al. ( 2004 ) revealed a signifi cant 
decrease in glutamate transporter activity in cholesterol-depleted primary cortical 
cultures as well as mouse brain plasma membrane vesicles. It was suggested that 
after extraction of membrane cholesterol the alterations in the functioning of gluta-
mate transporters, which are organized in a clustered manner on the plasma mem-
brane of neurons, might be caused by the reduction of cluster number and cluster 
size and also could originate from changed cell surface expression of glutamate 
transporters. Thus, in nerve terminals, the effect of cholesterol depletion on gluta-
mate uptake mediated by glutamate transporters was opposite to that observed in 
astrocytes. Glutamate transporters of both cells more or less contribute to the main-
tenance of the low level of ambient glutamate (Danbolt  2001 ; Brasnjo an Otis  2001 ; 
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Cavelier and Attwell  2005 ; Beurrier et al.  2009 ), so the alteration in membrane 
cholesterol content may cause diverse changes in this level in neurons and astro-
cytes. To uncover different underlying mechanisms, the effects of cholesterol deple-
tion should be examined independently in each type of the cells. Despite recent 
intense research and numerous experimental data on the diverse effects of choles-
terol, new regulatory mechanisms are continuously uncovering and the exact role of 
this steroid in neuronal function and development is further elucidating (Subtil et al. 
 1999 ; Launikonis and Stephenson  2001 ; Mauch et al.  2001 ; Hill et al.  2002 ; Hering 
et al.  2003 ; Pfrieger  2003 ; Salaun et al.  2004 ; Rohrbough and Broadie  2005 ; Lange 
et al.  2005 ; Churchward et al.  2005 ; Salaun et al.  2005 ; Allen et al.  2007 ; 
Chattopadhyay and Paila  2007 ; Cho et al.  2007 ; Wasser et al.  2007 ). 

 Cholesterol-depleted brain synaptosomes, plasma membrane vesicles, rat pri-
mary cortical cultures, and cell lines are routinely used to evaluate the physiological 
role of cholesterol in neuronal function. The treatment with cyclodextrins, which 
are a family of cyclic oligosaccharides composed of a lipophilic cavity and hydro-
philic outer surface, is the common methodological approach in this research. 
Methyl- β -cyclodextrin (M β CD), which contains seven a-(1,4) linked glycosyl units, 
is known as an effective cholesterol-depleting agent (Yancey et al.  1996 ; Rodal et al. 
 1999 ; Jadot et al.  2001 ; Steck et al.  2002 ; Singh et al.  2002 ; Barnes et al.  2004 ). 
It should be noted that the measurements were carried out in the presence of the 
acceptor in the incubation media (Yancey et al.  1996 ; Jadot et al.  2001 ; Butchbach 
et al.  2004 ; Zamir and Charlton  2006 ) as well as after washing of M β CD (Levitan 
et al.  2000 ; Lang et al.  2001 ; Taverna et al.  2004 ; Wasser et al.  2007 ). M β CD evokes 
cholesterol from the plasma membrane with the half-time of cholesterol transfer 
across the cell bilayer equaled to approximately 1 s at 37 °C (Steck et al.  2002 ). 
Biexponential kinetics of cyclodextrin-mediated cholesterol effl ux was shown by 
Yancey et al. ( 1996 ) indicating the existence of two different pools of cholesterol in 
cells: a fast and slow pool with a half-time of 19–23 s and 15–30 min, respectively. 
It should be underlined that the fast pool of cholesterol was completely restored after 
40-min recovery period (Yancey et al.  1996 ). Experimental data showed that the 
treatment of cells with M β CD not only resulted in cholesterol removal from the 
plasma membrane but also induced more dramatic changes in the level of cholesterol 
in intracellular membranes, such as lysosomal membrane and membrane of endo-
plasmic reticulum (Jadot et al.  2001 ; Lange et al.  2005 ; Zidovetzki and Levitan 
 2007 ). In neurochemical studies, it should be kept in mind that cholesterol is a promi-
nent component of synaptic vesicle membrane (Deutsch and Kelly  1981 ). Since 
M β CD-mediated cholesterol extraction from the plasma membrane was a compli-
cated multistep process followed by the redistribution and restoration of steroid 
(Yancey et al.  1996 ; Jadot et al.  2001 ; Steck et al.  2002 ; Lange et al.  2004 ; Zidovetzki 
and Levitan  2007 ), it may be suggested that the cellular mechanisms underlying the 
changes in the key processes of synaptic transmission could differ in dependence of 
the manner of the acceptor application. It is still unclear exactly what intracellular 
processes occur just after the addition of M β CD to the cells, i.e., during acute deple-
tion of membrane cholesterol. 
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 In aqueous solutions, cyclodextrin molecules self-assemble and form nano-sized 
aggregates. Based on experimental data, Miyajima et al. ( 1983 ,  1986 ) showed the 
spontaneous formation of aggregates of cyclodextrins in aqueous medium. The anom-
alously low solubility of β-cyclodextrins in aqueous solutions may be explained by 
intensive formation of aggregates, which became notable at concentrations of higher 
than 3 mM (Bonini et al.  2006 ; Messner et al.  2010 ). This fact creates the potential to 
develop sophisticated drug delivery systems with cyclodextrins (Messner et al.  2010 ). 
It was demonstrated that the aggregate formation was concentration- dependent 
process, which was increased with the enhancement of cyclodextrin concentration. 
The aggregation of cyclodextrin complexes can be driven by hydrophobic guests, 
especially by those guests that tend to self-aggregate themselves. Formation of 
guest inclusion complexes can increase signifi cantly the tendency of cyclodextrin 
molecules to form aggregates. This is especially critical during drug formulation stud-
ies where concentrations of both drug and cyclodextrins are relatively high (Messner 
et al.  2010 ). 

 Taking into account the above data, it is suggested that cholesterol can be a 
potent endogenous modulator of glutamate transport in the brain. It is important 
because there are no substances used clinically to modulate functioning of gluta-
mate transporters in the brain. The main questions should be asked, “How altered 
cholesterol composition of neuronal membrane could mediate pathogenic mecha-
nisms responsible for the neurodegeneration and whether reduced cholesterol con-
tent of neuronal membrane can modulate pathogenic mechanisms underlying the 
development of neurotoxicity?”    
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