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Abstract 

Disruption of cholesterol homeostasis in the central nervous system (CNS) has been associated 

with neurological, neurodegenerative, and neurodevelopmental disorders. The CNS is a closed 

system with regard to cholesterol homeostasis, as cholesterol-delivering lipoproteins from the 

periphery cannot pass the blood-brain-barrier and enter the brain. Different cell types in the 

brain have different functions in the regulation of cholesterol homeostasis, with astrocytes 

producing and releasing apolipoprotein E and lipoproteins, and neurons metabolizing 

cholesterol to 24(S)-hydroxycholesterol. We present evidence that astrocytes and neurons 

adopt different mechanisms also in regulating cholesterol efflux. We found that in astrocytes 

cholesterol efflux is induced by both lipid-free apolipoproteins and lipoproteins, while cholesterol 

removal from neurons is triggered only by lipoproteins. The main pathway by which 

apolipoproteins induce cholesterol efflux is through ABCA1. By upregulating ABCA1 levels and 

by inhibiting its activity and silencing its expression, we show that ABCA1 is involved in 

cholesterol efflux from astrocytes but not from neurons. Furthermore, our results suggest that 

ABCG1 is involved in cholesterol efflux to apolipoproteins and lipoproteins from astrocytes but 

not from neurons, while ABCG4, whose expression is much higher in neurons than astrocytes, 

is involved in cholesterol efflux from neurons but not astrocytes. These results indicate that 

different mechanisms regulate cholesterol efflux from neurons and astrocytes, reflecting the 

different roles that these cell types play in brain cholesterol homeostasis. These results are 

important in understanding cellular targets of therapeutic drugs under development for the 

treatments of conditions associated with altered cholesterol homeostasis in the CNS. 
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1. Introduction 

The regulation of cholesterol homeostasis in the brain has lately become an area of intense 

investigation, as cholesterol and regulators of cholesterol homeostasis have been implicated in 

the pathogenesis of genetic and neurodegenerative diseases such as Niemann-Pick Type C 

and Alzheimer’s diseases [1]. Furthermore, we recently proposed that developmental 

neurotoxicants, such as alcohol and retinoic acid, may exert some of their deleterious effects in 

the brain by affecting cholesterol homeostasis [2]. 

Cholesterol levels and trafficking in the brain are regulated by endogenous mechanisms, as 

the blood-brain-barrier is impermeable to lipoproteins, preventing blood cholesterol from 

reaching the brain parenchyma. While both astrocytes and neurons synthesize cholesterol de 

novo (though in different amounts), they greatly differ in the mechanisms they adopt to control 

intracellular cholesterol levels and cholesterol trafficking within the brain [3]. As in the periphery, 

cholesterol is circulated in the brain associated with lipoproteins, which are produced by 

astrocytes, but not neurons; astrocytes and microglia, but not neurons, also express 

apolipoprotein E (apo E). Lipoproteins produced and released by astrocytes are discoidal in 

shape and contain apo E, phospholipids, and cholesterol, but lack in the core lipids (cholesterol 

esters or triglycerides). In contrast, lipoproteins found in the cerebrospinal fluid are round, 

contain a cholesterol ester core, are similar to plasma high density lipoproteins (HDL) [4], and 

are derived from the remodeling of astrocyte-secreted lipoproteins after they extract cholesterol 

from other cell types [5]. Lipoproteins can exit the brain through the cerebrospinal fluid, which 

thus represents an important route of brain cholesterol elimination [6]. Astrocyte-released 

lipoproteins can extract cholesterol from neurons (Fig. 1)[7], but can also interact with 

lipoprotein receptors on the neuronal membrane and trigger neuritogenesis and synaptogenesis; 

whether this effect is due to the activation of signaling pathways activated by the binding of 

lipoproteins to lipoprotein receptors or to the uptake, by neurons, of cholesterol and other lipids 

from lipoproteins remains controversial [1, 8, 9]. Excess intracellular cholesterol in neurons 
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activates the enzyme cholesterol 24-hydroxylase (a cytochrome P450, CYP46A1), which is 

expressed in neurons, but not in astrocytes [10, 11], thereby metabolizing cholesterol to 24(S)-

hydroxycholesterol (24(S)-HC) which freely exits neurons and the brain. Hydroxysterols, such 

as 24(S)-HC, through the activation of Liver X Receptors (LXR), inhibit cholesterol synthesis in 

many cell types, and upregulate the levels of the cholesterol transporters ATP binding cassette 

A1 (ABCA1) and ABCG1 and cholesterol efflux [12, 13]. Interestingly, it has been reported that 

neuronal 24(S)-HC increases the levels of apo E, ABCA1 and ABCG1, and cholesterol efflux in 

astrocytes [14, 15].  

From this brief overview it is apparent that several functions regulating cholesterol levels in 

the brain are compartmentalized in either neurons or astrocytes, that the behavior of one cell 

type affects the response of the other, and that both cell types together contribute to the 

regulation of cholesterol levels in the brain. In the present study we investigated whether 

cholesterol transporter-mediated cholesterol efflux is also differentially regulated in astrocytes 

and neurons. 

The ATP binding cassette (ABC) transporter proteins have been described as key players in 

regulating cholesterol efflux in the periphery. ABCA1 facilitates cholesterol efflux to lipid-free 

apo A-I and apo E and is involved in the biogenesis of lipoproteins, while the half-transporters 

ABCG1 and ABCG4 are involved in the further lipidation of nascent lipoproteins [16]. Various 

studies have shown that ABCA1, ABCG1 and ABCG4 are expressed in both astrocytes and 

neurons [17, 18].  

The regulation of cholesterol efflux in the brain has been extrapolated from the model of 

reversed cholesterol transport characterized in the cardiovascular system; however, several 

aspects of cholesterol efflux specific to the brain are not fully elucidated. Of particular relevance 

is the fact that no detailed studies have been carried out on the role of cholesterol transporters 

in mediating cholesterol efflux in primary neurons in cultures. It has been generally assumed 

that the presence of ABCA1 and ABCG1 cholesterol transporters in cells indicate their 
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involvement in cholesterol efflux; we show here that, while this is indeed the case in astrocytes, 

neurons represent an exception to this rule, and that the upregulation of ABCA1 and ABCG1 

transporters in neurons does not result in upregulation of cholesterol efflux. 

In a previous study, we found that cholesterol efflux in cortical astrocytes is regulated by 

ABCA1 and ABCG1 and that ethanol and the LXR plus Retinoid X Receptors (RXR) agonists 

up-regulate ABCA1 and ABCG1, and increase cholesterol efflux, leading to cellular cholesterol 

depletion [14, 15, 19]. In the present study we compared ABCA1- and ABCG1-mediated 

cholesterol efflux in astrocytes and neurons by upregulating the levels of these two cholesterol 

transporters with LXR/RXR agonists and with ethanol, by inhibiting ABCA1 activity and by 

silencing ABCA1 and ABCG1 expression.  Interestingly, we found that in cortical neurons, in 

contrast to what observed in astrocytes, ABCA1 and ABCG1 are not involved in acceptor-

mediated cholesterol efflux. In addition, we found that while the expression of ABCA1 and 

ABCG1 was comparable in neurons and astrocytes, the expression of another cholesterol 

transporter, ABCG4, is much higher in neurons than in astrocytes. Silencing ABCG4 did not 

affect cholesterol efflux in astrocytes but decreased lipoprotein-mediated cholesterol efflux in 

neurons. Cholesterol efflux thus appears to be differentially regulated in astrocytes and neurons. 

 

2. Material and Methods 

2.1. Materials 

ABCA1 and ABCG1 antibodies were from Novus Biologicals (Littleton, CO). Glial fibrillary acidic 

protein (GFAP), neuronal specific enolase (NSE) antibodies, Alexa fluor-488 and Alexa fluor-

555 secondary antibodies, TRIzol reagent, Amplex red cholesterol assay kit, Stealth RNAi TM 

siRNAs selectively targeting rat ABCG1 and ABCG4, tissue culture medium, fetal bovine serum 

(FBS), B27 supplements, lipofectamine RNAiMAX Transfection Reagent, and Opti-MEM I were 

from Invitrogen (Carlsbad, CA). III-tubulin antibody was from Chemicon International 

(Tamecula, CA).Lipoprotein-deficient serum (LPDS) was from Biomedical Technologies, Inc. 
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(Stoughton, MA). Sulfo-N-hydroxysuccinimide-biotin, non-targeting and ABCA1 specific small 

interfering RNA (siRNA) were from Thermo Fisher Scientific (Pittsburgh, PA). Protein agarose A 

immunoprecipitation kit was from Roche Applied Science (Indianapolis, IN). GeneAmp® RNA 

PCR kit and rat ABCA1, ABCG1 and ABCG4 primers were from Applied Biosystems (Carlsbad, 

CA). [3H]Cholesterol and [3H]acetate were from Perkin Elmer (Covina, CA). Apo A-I, HDL and 

low density lipoprotein (LDL) were from EMD Biosciences (La Jolla, CA). Recombinant apo E3 

was from Leinco Technologies, Inc. (St. Louis, Missouri). TLC plates were from Macherey-Nagel 

(Bethlehem, PA). Rat astrocyte nucleofector kit and rat neuron nucleofector kit were from Lonza 

(Walkersville, MD). i-FectTM siRNA Transfection Reagent  was from Neuromics (Edina, MN). All 

other chemicals were from Sigma Chemical Co. (St. Louis, MO). Time-pregnant Sprague-

Dawley rats were purchased from Charles River (Wilmington, MA). 

 

2.2. Cell culture 

Primary cortical astrocytes were prepared from E21 Sprague-Dawley fetuses, as previously 

described [20]. Astrocytes were grown in Dulbecco’s Modified Eagle Medium (DMEM) 

containing 10% FBS, 100 units/ml penicillin, and 100 µg/ml streptomycin (FBS/DMEM medium). 

The treatments were carried out in serum-free DMEM supplemented with 0.1% Bovine Serum 

Albumin (BSA) and antibiotics.  

Primary cortical neurons were prepared from E21 Sprague-Dawley fetuses following a 

method optimized in our laboratory by modifying a previously described method [21]. Briefly, 

cortices were dissected and incubated in 2 mg/ml papain with 80 µg/ml DNAase and 5 mM 

MgCl2 for 30 min at 37 °C. Cells were then centrifuged at 150×g, the medium containing papain 

was removed, and cells were resuspended in Neurobasal medium supplemented with 2% B27, 

2 mM glutamax, 10 mM glucose, 0.1 mg/ml gentamicin and 1.25 µg/ml fungizone 

(B27/Neurobasal medium). Cells were further dissociated by pipetting, and the cell suspension 

was filtered through a 40 µm sterile cell strainer. Neurons were then pre-plated in 20 µg/ml poly-

https://products.appliedbiosystems.com:443/ab/en/US/adirect/ab?cmd=catProductDetail&productID=N8080017&catID=601053&backButton=true
https://products.appliedbiosystems.com:443/ab/en/US/adirect/ab?cmd=catProductDetail&productID=N8080017&catID=601053&backButton=true
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D-lysine (PDL)-coated flasks for 30 min. The fast-attaching cells, representing mostly glial cells, 

were discarded and the medium containing neurons in suspension was collected, counted, and 

plated on 100 µg/ml PDL-coated 60 mm2 dishes or 24-well plates at 0.4 million cells/cm2 in 

B27/Neurobasal medium. Unless otherwise described, cells were cultured for 6 days before 

treatments. The treatments were carried out in Neurobasal medium supplemented with 1% 

LPDS and glutamax, glucose and antibiotics at the concentration described above 

(LPDS/Neurobasal medium). Cortical neuronal cultures have less than 5% astrocytes, as 

determined by immunolabeling neuronal cultures with the astrocyte marker Glial Fibrillary Acidic 

Protein (GFAP) antibody and staining the nuclei with Hoechst 33258. 

 

2.3. Western Blot Analysis 

After treatment, cells were lysed in cell lysis buffer (20 mM Tris, pH 7.5, 150 mM NaCl, 1.0mM 

EDTA, 1.0mM EGTA, 1.0% Triton X-100, 50 mM sodium fluoride, 10 mM sodium 

pyrophosphate, 10 mM sodium -glycerophosphate, 1.5 mM sodium orthovanadate for 

astrocytes or the same lysis buffer supplemented with 0.5 % sodium dodecyl sulfate for 

neurons) supplemented with a protease inhibitor cocktail as previously described [19]. Total 

protein content was quantified and equal amounts of proteins were subjected to electrophoresis, 

transferred to polyvinylidene difluoride membranes, and labeled with polyclonal antibodies 

against ABCA1 and ABCG1, followed by the appropriate horseradish peroxidase-conjugated 

IgG. Membranes were then re-probed for β-actin for normalization of the results. After detection, 

films were scanned and bands were quantified by densitometry. 

 

2.4. Measurement of Surface ABCA1 

Surface ABCA1 was measured as previously described [19]. Briefly, surface proteins of cells 

were labeled with sulfo-N-hydroxysuccinimide-biotin and then solubilized in lysis buffer in the 

presence of protease inhibitors. Total ABCA1 was then immunoprecipitated followed by 
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Western blot analysis. The biotinylated ABCA1 was detected using a streptavidin-horseradish 

peroxidase conjugate. After detection, films were scanned and bands were quantified by 

densitometry. The sulfo-N-hydroxysuccinimide-biotin purchased from Thermo Fisher Scientific 

for these studies was characterized as cell membrane-impermeable, accordingly to the 

company specifications; we verified that this chemical is indeed cell membrane-impermeable by 

carrying out the following experiment: astrocytes were plated, labeled with sulfo-N-

hydroxysuccinimide-biotin and solubilized in lysis buffer in the presence of protease inhibitors as 

described above; cell lysates were incubated with 200 µl streptavidin beads and mixed by 

inversion at 4 C for 1 h; in this way, we precipitated all the biotinylated proteins. In order to 

verify whether intracellular proteins were found among the biotinylated proteins, we separated 

proteins precipitated with streptavidin beads by SDS-PAGE, transferred to PVDF membranes 

and then labeled for the intracellular -actin followed by an HRP-conjugated secondary antibody 

and detected by chemiluminescence; the same membrane was then stripped and re-probed 

with streptavidin-horseradish peroxidase conjugate. While the labeling of the membranes with -

actin antibody did not show any band, the streptavidin-HRP labeling resulted in several bands, 

corresponding to biotinylated proteins (not shown), indicating that indeed the sulfo-N-

hydroxysuccinimide-biotin is cell membrane-impermeable and bind only to cell-surface proteins. 

 

2.5. RNA Extraction and Real Time PCR Analysis 

RNA was extracted using the TRIzol reagent as per the manufacturer's optimized protocol. 

Total RNA concentration, purity and integrity were determined as previously described [19]. 

Relative mRNA expressions were determined by RT real-time PCR using ABCA1, ABCG1, and 

ABCG4 TaqMan® reverse transcription kits and an ABI 7900 HS sequence detection (University 

of Washington; UW) or a Stratagene MX 3000p system (University of Illinois at Chicago; UIC). 

β-Actin was used as reference gene except in the experiments in which cholesterol transporter 
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levels were compared in astrocytes and neurons, when hypoxanthine 

phosphoribosyltransferase 1 (HPRT1) was used as its levels in neurons and astrocytes were 

comparable. 

 

2.6. Measurement of Exogenous Cholesterol Efflux 

Cholesterol efflux was measured as previously described [19]. Briefly, cells labeled with 1 

µCi/ml [3H]cholesterol in the presence of 50 µg/ml LDL were treated with 75 mM ethanol, or 1 

µM 22(R)-HC plus 9-cisRA for 24 h followed by a 6 h chase in fresh medium supplemented with 

cholesterol acceptors, apo A-I (10 µg/ml), HDL (50 µg/ml), apo E3 (15 µg/ml) or astrocyte 

conditioned medium (ACM). The medium was collected and centrifuged to remove detached 

cells, and [3H]cholesterol content in the medium and in the cellular lipids, extracted in 

hexane/isopropyl alcohol (3:2, v/v), was measured using a scintillation counter (Beckman LS 

6000SC, UW; or Packard 1600TR, UIC). Cholesterol efflux was calculated by dividing medium 

[3H]cholesterol from total (medium+cell) [3H]cholesterol and is expressed as a percentage of the 

control. 

 

2.7. Cholesterol Synthesis and Endogenous Cholesterol Efflux 

Cholesterol synthesis and endogenous cholesterol efflux were measured as previously 

described [15]. Briefly, cells labeled with 25 µCi/ml [3H]acetate were treated with 75 mM ethanol, 

or 1 µM 22(R)-HC plus 9-cisRA in the presence or absence of HDL (50 µg/ml). Lipids were 

extracted from the medium and from the cell monolayer and were then separated by TLC. 

[3H]Cholesterol was identified by co-migration with reference standards and was quantified by a 

scintillation counter. An aliquot of the lipid extract from the cell monolayer was counted to 

assess total [3H]lipids. The relative rate of cholesterol synthesis was expressed as the sum of 

the [3H]radioactivity associated with intracellular and medium cholesterol divided by the 

[3H]radioactivity associated with the total lipid mixture. The relative efflux of endogenously 
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synthesized cholesterol was expressed as a percentage of total cholesterol by dividing medium 

[3H]cholesterol from total (medium+cell) [3H]cholesterol. 

 

2.8. Cholesterol mass 

Cholesterol mass was measured by an enzymatic method using the cholesterol kit Amplex Red 

Cholesterol Assay according to the direction of the manufacturer, and read with a fluorescence 

microplate reader (563 nm absorbance and 587 nm emission) as previously described [15]. 

Cholesterol content was normalized to protein content and expressed as µg cholesterol/mg 

protein measured by the BCA protein assay. 

 

 

2.9. siRNA Transfection 

ABCA1 SiRNA transfections: Neurons and astrocytes were transfected using the 

NucleofectorTM technology (Lonza/Amaxa; Walkersville, MD) as per the manufacturer's 

optimized protocol. In brief, primary neurons immediately after isolation, or astrocytes harvested 

after 7-10 days in vitro (DIV), were resuspended in Nucleofector solution. Aliquots of neurons or 

astrocytes were mixed with 200 pmol ABCA1 siRNA or non-targeting siRNA and were 

transfected using the Nucleofector programs O-007 and T-20 respectively. Exogenous 

cholesterol efflux was measured 96 h post transfection. ABCA1 down-regulation in ABCA1 

siRNA-transfected cells was verified by Western blot.  

ABCG1 and ABCG4 Stealth RNAi TM siRNA transfections: on the day of transfection primary 

astrocytes were switched to a medium (DMEM with 10%FBS) without antibiotics and 

supplemented with 50 nM ABCG1 or ABCG4 siRNA, lipofectamine RNAiMAX Transfection 

Reagent, and Opti-MEM I according to the manufacturer’s instruction for 24 h followed by the 

removal of the medium containing transfection reagents. Six days after preparation, primary 
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cortical neurons were shifted to a medium (Neurobasal/B27) without antibiotic; transfection was 

carried out by adding to the cultures a solution containing 12nM ABCG1 or ABCG4 SiRNA,  i-

FectTM siRNA Transfection Reagent,  and Opti-MEM I for 24 h. Exogenous cholesterol efflux 

was measured 48 h after the removal of the transfection reagents. The specific silencing of 

ABCG1 in astrocytes and neurons was confirmed by Western blot and by qRT-PCR; silencing of 

ABCG4 was confirmed only by qRT-PCR because no specific antibody to ABCG4 is available.  

 

2.10. Exposure of Cells to Ethanol 

To reduce ethanol evaporation, ethanol incubations were carried out in sealed chambers, 

which prevent alcohol evaporation, under an atmosphere of 5% CO2 and 95% air as previously 

described [19].  

 

2.11. Statistical Analysis 

Student’s t-test or ANOVA followed by Dunnett’s test were used to determine significant 

differences from controls. 

 

3. Results 

The main objective of this study was to compare mechanisms of cholesterol efflux in primary 

astrocytes and neurons with particular emphasis on the role of ABC cholesterol transporters.  

As the purity of neuronal cultures was critical for the purpose of this study, we took extra 

care to verify the number of astrocytes present in neuronal cultures by assessing GFAP 

(astrocytes), NSE (neurons), and Hoechst (nuclei) in neurons prepared using different 

purification approaches. After 9 days in culture (corresponding to the maximal length of culture 

in the present experiments) neuronal cultures prepared with an additional step called pre-plating  

(in which the suspension of mixed cortex cells was pre-plated for 30 min in flasks coated with 20 

µg/ml poly-D-lysine, a concentration too low to allow adequate neuronal attachment, leading to 
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the selective attachment of astrocytes and therefore their removal from the neuronal 

suspension), consistently contained less than 5% astrocytes (data not shown). 

 

3.1. Cholesterol acceptors-mediated cholesterol efflux from astrocytes and neurons 

To directly compare cholesterol efflux in neurons and astrocytes, after labeling cells with 

[3H]cholesterol, the following cholesterol acceptors were added to astrocyte and neuronal 

cultures for 6 h: HDL, apo A-I, apo E3 or astrocyte-conditioned medium (ACM). Lipid-free 

apolipoproteins induce cholesterol efflux through their interaction with ABCA1, leading to the 

formation of lipoproteins [22, 23], though mechanisms of cholesterol efflux independent from 

ABCA1 have also been described for apo E [24]. Lipoproteins extract cholesterol by ABCA1, 

ABCG1, and ABCG4, but also by mechanisms independent from ABC cholesterol transporters 

[25]. Astrocytes release nascent discoidal lipoproteins containing apo E [4]; therefore, the use of 

ACM prepared from cultures of astrocytes never exposed to any of the treatments is intended to 

assess the effect of brain endogenous lipoproteins on cholesterol efflux in astrocytes and 

neurons. We found that HDL and ACM increased cholesterol efflux from both cell types (Fig. 1); 

in contrast, the response of astrocytes and neurons to lipid-poor apolipoproteins was very 

different. Indeed, apo A-I (10 µg/ml) did not increase cholesterol efflux from neurons, while it 

induced a 2.15-fold increase in cholesterol efflux from astrocytes. Similarly, apo E3 (15 µg/ml) 

increased cholesterol efflux from neurons by only 40%, compared to 260% from astrocytes (Fig. 

1). These surprising results suggest that ABCA1 may be involved in cholesterol efflux from 

astrocytes but not from neurons. Further experiments were then aimed at investigating the role 

of ABC cholesterol transporters in cholesterol efflux from neurons and astrocytes. 

 

3.2. Relative expression of ABCA1, ABCG1, and ABCG4 cholesterol transporters in astrocytes 

and neurons 



13 
 

Three cholesterol transporters implicated in cholesterol efflux and lipoprotein remodeling have 

been described in the brain, namely ABCA1, ABCG1, and ABCG4. We compared the relative 

mRNA expression of these transporters in neurons and astrocytes. We first identified a 

reference gene that is similarly expressed in neurons and astrocytes. A reference gene 

commonly used in expression experiments, -actin, was expressed at much higher levels in 

astrocytes than in neurons; indeed -actin expression in neurons was 0.475 ± 0.023 fold its 

expression in astrocytes (p<0.001; n=4). Another reference gene, HPRT1, had similar levels of 

expression in these two cell types (the expression of HPRT1 in neurons was 0.92 ± 0.06 fold its 

expression in astrocytes; p=0.2921; n=4). For this reason, HPRT1 was used to normalize 

cholesterol transporter levels when comparing their expression within the same cell type and 

across astrocytes and neurons. In neurons, ABCA1 was the highest expressed transporter, 

while ABCG1 and ABCG4 expression was 60% and 63% of ABCA1 respectively (Fig. 2 A). In 

astrocytes, ABCA1 was also the highest expressed transporter with ABCG1 and ABCG4 at 

45 % and 12% of ABCA1 respectively (Fig. 2 B). All transporters were expressed to a higher 

level in neurons than in astrocytes; however, the differential expression was modest for ABCA1 

(ratio neurons/astrocytes = 1.46 ± 0.09-fold; p = 0.0682; n=3) and for ABCG1 (1.92 ± 0.05-fold; 

p = 0.0025; n=3), while expression of ABCG4 was much higher in neurons (7.39 ± 0.47-fold 

higher; p < 0.001; n=3). The efficiencies of the ABCA1, ABCG1, and ABCG4 primers were very 

high and very similar to each other (96.3%, 100.3%, and 97.3% respectively), therefore allowing 

for an accurate determination of the relative levels of expression of these genes in astrocytes 

and neurons. 

 

3.3. Effect of ABCA1 and ABCG1 upregulation on cholesterol efflux in astrocytes and neurons 

 The role of ABCA1 and ABCG1 cholesterol transporters in cholesterol efflux was evaluated 

in astrocytes and neurons by assessing the effect of their upregulation by ethanol (Figs. 3 and 4) 
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or the LXR agonist 22(R)-HC in combination with the RXR agonist 9-cisRA (Figs. 5 and 6). We 

had previously shown that in astrocytes ethanol increases the levels of ABCA1 and ABCG1, as 

well as cholesterol efflux mediated by apolipoproteins and lipoproteins; the effect of ethanol was 

due to an increase of ABCA1 transcription and a decrease of its degradation [19]. Activation of 

LXR/RXR has been shown to greatly induce the transcription of ABCA1 and ABCG1 in several 

cell types [26, 27], including neurons and astrocytes [15, 28].  

Confirming our previous results, we found that ethanol (75 mM) upregulates expression of 

ABCA1 and ABCG1 in astrocytes (Fig. 3, inset). Similarly, in cortical neurons, ethanol 

upregulates total and membrane-bound (biotinylated) levels of ABCA1 and total levels of 

ABCG1, as well as ABCA1 and ABCG1 (but not ABCG4) mRNA levels (Fig. 3 A-E). 

Interestingly, the effect of ethanol on the membrane-bound levels of ABCA1 was greater than its 

effect on total ABCA1 levels; this finding is consistent with our previous observations in 

astrocytes, indicating that ethanol increases ABCA1 transcription and inhibits ABCA1 

degradation at the plasma membrane [19, 29]. 

Ethanol has been previously shown to increase cholesterol efflux (measured after incubating 

[3H]cholesterol-labeled cells for 24 h with 75 mM ethanol followed by ethanol removal and 

incubation of cells in the presence of cholesterol acceptors apo A-I, HDL, apo E3, and ACM) in 

astrocytes [19], and this was confirmed in the present study (Fig. 4 B). In contrast, ethanol did 

not increase cholesterol efflux from cortical neurons (Fig. 4 A). Since the efflux of cholesterol 

derived from intracellular pools may be differentially regulated than the efflux from the plasma 

membrane cholesterol [30, 31], we also measured the effect of ethanol on the efflux of 

cholesterol endogenously synthesized from [3H]acetate. As for exogenously added cholesterol, 

endogenously synthesized cholesterol efflux was significantly induced by HDL in both neurons 

and astrocytes (Fig. 4C); however, while ethanol treatments increased the efflux of cholesterol 

to HDL in astrocytes, this was not the case in neurons (Fig. 4 C). The small increase in 

cholesterol efflux observed in astrocytes (but not neurons) after ethanol alone (Fig. 4 C) in the 
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absence of acceptors, is likely due to the fact that ethanol stimulates the release of lipoproteins 

from astrocytes (Chen et al., unpublished), which act as “endogenous” cholesterol acceptors 

[19]. 

Experiments with LXR/RXR agonists provided similar results. In both cell types, LXR/RXR 

agonists increased the protein levels of ABCA1 and ABCG1, as well as the membrane-bound 

ABCA1, and the levels of ABCA1 and ABCG1 (but not ABCG4) mRNA (Fig. 5 A-E; inset); [19]. 

At difference with ethanol, LXR/RXR agonists greatly increased total levels of ABCA1, while 

membrane-bound ABCA1 was increased to a lower extent, suggesting that different 

mechanisms may be involved in the effects of these two treatments on ABCA1.  

As found with ethanol, LXR/RXR agonists did not affect the efflux of exogenous cholesterol 

in neurons (Fig. 6 A), while they did so in astrocytes (Fig. 6 B), confirming our previous 

observations [19]. In neurons, efflux of endogenously synthesized cholesterol was stimulated by 

HDL but not by apo A-I and the incubation with 22(R)-HC in combination with 9-cisRA did not 

enhance acceptor-induced efflux (Fig. 6C).  

Cholesterol efflux measured by quantifying the distribution of [3H]cholesterol in the medium 

and in the cells after chasing cells with cholesterol acceptors assumes that, before the addition 

of acceptors, cholesterol mass is the same in the tested cells. Twenty-four hour treatments with 

ethanol or 22(R)-HC in combination with 9-cisRA may affect cholesterol synthesis and/or 

cholesterol mass in neurons and/or astrocytes therefore resulting in different amounts of 

cholesterol present in cultures exposed to different treatments before cholesterol efflux 

determinations. To test whether this was the case, cholesterol mass (normalized to protein 

content) and cholesterol synthesis were quantified after 24 h incubations with ethanol or 22(R)-

HC/9-cisRA. None of these treatments affected these parameters. Indeed, astrocyte cholesterol 

mass was 23.54±0.342, 24.31±0.673, and 25.11±0.667 µg cholesterol/mg proteins in control, 

22(R)-HC/9-cisRA-, and ethanol-treated astrocytes respectively [p=0.755 control vs. 22(R)-

HC/9-cisRA and p=0.1145 control vs. ethanol, by Dunnett’s post hoc test]. Neuronal cholesterol 
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mass was 25.05±1.708, 27.47±0.578, and 23.94±1.075 µg cholesterol/mg in control, 22(R)-

HC/9-cisRA-, and ethanol-treated neurons [p=0.3311 control vs. 22(R)-HC/9-cisRA and 

p=0.7384 control vs. ethanol, by Dunnett’s post hoc test]. Astrocyte cholesterol synthesis was 

13.79±1.962%, 12.89±1.653%, and 12.55±3.419% [3H]cholesterol/[3H]total lipids in control, 

22(R)-HC/9-cisRA-, and ethanol-treated astrocytes respectively [p=0.9488 control vs. 22(R)-

HC/9-cisRA and p=0.9054 control vs. ethanol, by Dunnett’s post hoc test]. Neuronal cholesterol 

synthesis was 19.13±1.737%, 19.015±3.045%, and 18.54±1.133% [3H]cholesterol/[3H]total lipids 

in control, 22(R)-HC/9-cisRA-, and ethanol-treated neurons respectively [p=0.9988 control vs. 

22(R)-HC/9-cisRA and p=0.9758 control vs. ethanol, by Dunnett’s post hoc test].  

Taken together, these data establish that cholesterol content was not modified by 24 h 

ethanol or 22(R)-HC/9-cisRA treatments preceding the quantification of cholesterol efflux; 

therefore, the reported changes in cholesterol efflux are not due to preexisting differences in 

cholesterol content but to actual differences in the rate by which cholesterol is effluxed from 

cells. 

Altogether these results suggest that the upregulation of ABCA1 and ABCG1 by ethanol and 

by LXR/RXR agonists increases cholesterol efflux from astrocytes but not from neurons; this 

supports the hypothesis that different mechanisms may regulate cholesterol efflux from these 

two cell types. 

 

3.4. Effect of ABCA1 silencing and inhibition on acceptor-mediated cholesterol efflux from 

astrocytes and neurons 

To further elucidate the role of ABCA1 in cholesterol efflux from astrocytes and neurons, we 

investigated the effects of ABCA1 inhibition on acceptor-mediated cholesterol efflux in these cell 

types. First, we down-regulated ABCA1 protein expression using a specific ABCA1 siRNA 

transfected into astrocytes and neurons (Fig. 7). Silencing ABCA1 expression in neurons did not 

affect cholesterol efflux to HDL and apo E in neurons (Fig. 7 A). In contrast, ABCA1 down-
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regulation by siRNA in astrocytes significantly decreased cholesterol efflux to several acceptors 

(apo A-I, apo E3, and HDL) (Fig. 7 B). The transfection of neurons and astrocytes with a non-

targeting siRNA did not affect cholesterol efflux (Fig. 7 A, B). The down-regulation of ABCA1 

levels in ABCA1 siRNA-transfected neurons and astrocytes was verified by Western blot 

analysis (Fig. 7 C, D). 

Additional experiments were carried out using probucol, an inhibitor of ABCA1 activity [32, 

33]. Probucol did not affect cholesterol efflux to HDL, apo E, and ACM in neurons (Fig. 7 E), 

while cholesterol efflux was significantly inhibited in astrocytes (Fig. 7 F). These results confirm 

those obtained with siRNA and suggest that ABCA1 is involved in cholesterol efflux from 

astrocytes but not from neurons. 

While ABCA1 siRNA transfection dramatically decreased ABCA1 levels in astrocytes (Fig. 7 

D), its effect on cholesterol efflux was not as pronounced. This fact can be explained by two 

reasons: first, siRNA prevents the biosynthesis of new ABCA1; it is possible that the remaining 

ABCA1 is for the most part the membrane-bound, active ABCA1, which may be temporally the 

last ABCA1 pool to be affected by siRNA inhibition of biosynthesis.  Second, other mechanisms, 

besides ABCA1, may play a role in cholesterol efflux, in astrocytes as in neurons. Indeed, 

ABCA1-independent mechanisms of apo A-I- and apo E-induced cholesterol efflux have been 

reported in other cell types. Data presented in Fig. 7 E, F support these hypotheses; indeed, 

when ABCA1 activity is inhibited by probucol, we observe a decrease in cholesterol efflux from 

astrocytes greater than the one observed after siRNA transfection; on the other hand, even 

probucol fails to completely inhibit cholesterol efflux from apo A-I, apo E, HDL, and ACM, 

confirming that other mechanisms are also involved. 

 

3.5. Effect of ABCG1 and ABCG4 silencing on acceptor-mediated cholesterol efflux from 

astrocytes and neurons 



18 
 

We also investigated the role of the two additional cholesterol transporters expressed in the 

brain, ABCG1 and ABCG4. Transfection with ABCG1 siRNA and NT siRNA did not affect 

cholesterol efflux from neurons, while transfection with ABCG4 siRNA significantly inhibited 

cholesterol efflux stimulated by HDL; as indicated earlier, apo A-I did not induce cholesterol 

efflux in neurons (Fig. 8 A). In contrast, transfection with ABCG1 siRNA significantly decreased 

cholesterol efflux induced by apo A-I and HDL in astrocytes; transfection with ABCG4 siRNA did 

not affect cholesterol efflux to apo A-I and increased cholesterol efflux to HDL (Fig. 8 B). The 

efficiency of transfection was verified by measuring ABCG1 and ABCG4 mRNA levels in cells 

transfected with ABCG1 siRNA and ABCG4 siRNA, respectively  (Fig. 8 C, D); the specificity of 

siRNAs was assessed in neurons by transfecting NT siRNA and in astrocytes by testing the 

effect of ABCG1 siRNA and ABCG4 siRNA on ABCA1 levels. ABCG1 down-regulation was also 

verified by Western blot (Fig. 8 E, F, G), while ABCG4 protein levels could not be determined as 

no specific antibodies are available.  

 

4. Discussion 

Understanding how cholesterol homeostasis is maintained and regulated in the CNS is 

important, as dysregulation of brain cholesterol homeostasis has been associated with 

neurological, neurodegenerative, and neurodevelopmental effects [34-36]. Cholesterol 

homeostasis in the brain is independent from the circulation as the blood-brain-barrier prevents 

the passage of blood lipoproteins into the brain parenchyma [37, 38]. 

Functions regulating the homeostasis of the metabolically active pool of cholesterol in the 

brain are highly segregated, with some functions present exclusively in glial cells (i.e. production 

and release of lipoproteins), and others exclusively in neurons (i.e. cholesterol metabolism by 

CYP46A1). Further differences between neurons and astrocytes were identified with regard to 

cholesterol synthesis; indeed neurons differ from glial cells in the levels and profiles of 
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cholesterol biosynthetic enzymes, precursors, and metabolites, and this causes them to 

produce cholesterol less efficiently [11].  

The present study identifies cholesterol efflux as another mechanism of brain cholesterol 

homeostasis that is differentially regulated in neurons and astrocytes. Indeed, we confirmed that 

ABCA1 is involved in cholesterol efflux from rat cortical astrocytes, while demonstrating that this 

transporter does not play a role in facilitating cholesterol efflux from rat cortical neurons. Our 

results further indicate that also ABCG1 plays a role in cholesterol efflux from astrocytes but not 

from neurons. A number of findings support these conclusions: 1) apo A-I did not induce 

cholesterol efflux under any of the test condition, while apo E slightly increased cholesterol 

efflux from neurons which was not affected by ABCA1 and ABCG1 upregulation, suggesting the 

involvement of mechanisms independent from these transporters (Figs. 1, 4, 5); in contrast, 

both acceptors induced cholesterol efflux from astrocytes; 2) ethanol, which significantly 

increased both ABCA1 and ABCG1 levels in neurons and astrocytes (Fig. 3), increased 

acceptor-mediated cholesterol efflux in astrocytes but not in neurons (Fig. 4); 3) the LXR/RXR 

agonists 22(R)-HC and 9-cisRA, which greatly increased both ABCA1 and ABCG1 levels in both 

neurons and astrocytes (Fig. 5), increased cholesterol efflux in astrocytes but not in neurons 

(Fig. 6); 4) ABCA1 and ABCG1  silencing did not affect cholesterol efflux from neurons while it 

decreased cholesterol efflux from astrocytes (Figs. 7,8); 5) pharmacological inhibition of ABCA1 

activity did not affect cholesterol efflux in neurons while it inhibited cholesterol efflux from 

astrocytes (Fig. 7 E,F). 

Cholesterol efflux to lipid-free apolipoproteins, namely apo A-I and apo E, is mediated by 

ABCA1 in many cell types including astrocytes [24, 39-41], although ABCA1-independent 

cholesterol efflux to both apo A-I and apo E has been reported [24, 39]. Several groups, 

including ours, have shown the involvement of ABCA1 in cholesterol efflux from cortical [19, 24, 

42], but not cerebellar [43] astrocytes. The role of ABCA1 in cholesterol efflux from astrocytes is 

not surprising, as astrocytes also produce and release apo E-containing lipoproteins [4]. ABCA1 
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mediates the transfer of cholesterol and phospholipids from cells to lipid-poor apolipoproteins 

leading to the formation of nascent lipoproteins [40]. 

The finding that ethanol and LXR/RXR ligands upregulated total and membrane-bound 

ABCA1 levels without inducing cholesterol efflux in neurons was surprising. Indeed, increased 

levels of membrane-bound ABCA1 are associated with increased efflux of cholesterol in many 

cell types [12, 19, 40]. Our results suggest, instead, that the expression of ABCA1 alone is not 

sufficient to promote cholesterol efflux in neurons, but that additional factors are also needed. In 

support to this hypothesis it has been shown that ABCA1 activity is regulated by a number of 

kinases  (such as protein kinase A, protein kinase CK2, Janus kinase 2, and protein kinase C), 

by partner proteins (such as the GTPase CDC42), and by factors controlling the intracellular 

trafficking of lipids (such as ARF-like proteins) [44]. Furthermore, increased ABCA1 expression 

alone may not be sufficient to increase ABCA1-mediated cholesterol efflux in adipocytes [45]. 

Neurons, but not astrocytes, express the cholesterol-metabolizing enzyme CYP46A1, which 

generates the blood-brain-barrier-permeable 24(S)-HC which can exits the brain. This 

represents an important pathway for the removal of excess of cholesterol from neurons and the 

brain [46]. In addition, 24(S)-HC released by neurons activates LXR receptors in astrocytes and 

induces ABCA1, ABCG1 and apo E-mediated cholesterol efflux from these cells [14].  Why 

ABCA1 and ABCG1 are expressed in neurons and are modulated by LXR and RXR agonists 

although, under physiological conditions, they do not appear to be active in mediating 

cholesterol efflux, remains elusive. This “insensitivity” to LXR/RXR stimulation may play a role in 

the overall maintenance of cholesterol homeostasis in neurons and in the whole brain, though it 

cannot be excluded that neurons express excess of ABCA1 and ABCG1 transporters, and 

therefore, further upregulation does not affect cholesterol efflux. 

Two additional studies have shown that RXR and/or LXR stimulation does not increase 

cholesterol efflux from neurons [42] or neuroblastoma cells [14], but significantly increases 

cholesterol efflux from astrocytes or astrocytoma cells. On the other hand, two other studies 
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reported an involvement of ABCA1 in facilitating cholesterol efflux from both neurons and 

astrocytes [28, 47]. One methodological factor that may explain these differences consists in 

culturing conditions; for instance, we took great care in implementing neuronal cultures with 

minimal astrocyte contamination (see Methods and Results). Additional differences in culturing 

conditions, such as the age of the cultures at the time of testing, may also be responsible for 

some of the discrepancies.  

In contrast to apolipoproteins, we found that lipoproteins (HDL and ACM) increased 

cholesterol efflux with a similar potency in neurons and astrocytes (Fig. 1). In the cardiovascular 

system, ABCA1 is mostly involved in the initial lipidation of lipid-poor apolipoproteins, while the 

half-transporters ABCG1 and ABCG4 are mostly involved in transferring lipids from cells to 

lipoproteins [16]. According to this model, the use of different acceptors emphasizes the 

preferential (although not exclusive) contribution of different cholesterol transporters to 

cholesterol efflux. Similarly to what reported by others [17], we found that ABCG1 transcription 

is also upregulated by ethanol and by LXR/RXR ligands both in neurons and in astrocytes (Figs. 

3 and 5). Since these treatments increased cholesterol efflux to acceptors from astrocytes but 

not from neurons (Figs. 4 and 6), and since ABCG1 siRNA inhibits cholesterol efflux from 

astrocytes but not from neurons (Fig. 8), we conclude that, similarly to ABCA1, ABCG1 is 

involved in cholesterol efflux from astrocytes but not from neurons.  

Cholesterol efflux from peripheral tissues to lipoproteins or apolipoproteins is mediated by 

several mechanisms: by passive, bidirectional aqueous diffusion driven by cholesterol 

concentration gradient [48]; by the scavenger receptor class B type I (SR-BI) [49]; and by three 

ABC transporters, ABCA1 [50], ABCG1, and ABCG4 [51].  In the brain, SR-BI has been 

reported to be expressed in glial cells but not in neurons [52], and our present findings suggest 

that ABCA1 and ABCG1 are not involved in cholesterol efflux from neurons. While it is likely that 

a portion of lipoprotein-induced cholesterol efflux both from neurons and astrocytes may be 

mediated by passive diffusion, the robust cholesterol efflux induced by lipoproteins in neurons 
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(similar to what was observed in astrocytes; Fig. 1), suggests the involvement of an active 

mechanism of cholesterol transport. We found that ABCG4, at difference with ABCA1 and 

ABCG1, is expressed at much higher levels in neurons than astrocytes (Fig. 2); furthermore, 

cholesterol efflux to HDL is inhibited in neurons transfected with ABCG4 siRNA but not in 

astrocytes (Fig. 8), indicating that this transporter, whose expression is not affected by 

LXR/RXR ligands and by ethanol (Fig. 3 and 5), is involved in lipoprotein-mediated cholesterol 

efflux from neurons, as also hypothesized by others [17]. 

In conclusion, the present study demonstrates that cholesterol efflux is differentially 

regulated in neurons and astrocytes. While ABCA1 and, likely, ABCG1 play an important role in 

cholesterol efflux from glial cells, the mechanism by which lipoproteins induce cholesterol efflux 

from neurons is not fully elucidated, though ABCG4 may play a role. These findings need to be 

kept in consideration in the development of therapeutic drugs for the treatments of diseases 

associated with disturbances of cholesterol homeostasis.  

While in the case of ABCA1, siRNA findings were substantiated by experiments using the 

pharmacological inhibitor probucol, specific pharmacological inhibitors for ABCG1 and ABCG4 

are not currently available. Because the efficiency of transfection in our experimental conditions 

is higher in astrocytes than in neurons, it is possible that the lack of an effect of ABCG1 siRNA 

on cholesterol efflux from neurons may be due to the fact that ABCG1 is not sufficiently down-

regulated in these cells. However, the upregulation of ABCA1 and ABCG1 transporters by 

LXR/RXR agonists and ethanol does not increase cholesterol efflux from neurons, while doing 

so in astrocytes, supporting the proposed hypothesis that ABCG1 may not play a role in 

cholesterol efflux from neurons. Finally, ABCG4 siRNA reduced cholesterol efflux in neurons but 

not in astrocytes; this effect was significant in spite of the fact that, also in this case, the 

efficiency of transfection was lower in neurons than in astrocytes, suggesting that the role of 

ABCG4 on cholesterol efflux from neurons may be underestimated under our experimental 

conditions. 
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This study was conducted on primary cortical cultures of astrocytes and neurons and all the 

conclusions are based on results obtained in these in vitro systems. It is possible that, in vivo, 

neurons and astrocytes display a different behavior in regulating cholesterol homeostasis. 

Therefore, our results should be confirmed by studies carried out in more complex systems. 
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Legend to Figures 

 

Fig.1. Cholesterol acceptor-mediated cholesterol efflux from neurons and astrocytes. Primary 

rat cortical neurons and astrocytes were labeled with 1 µCi/ml [3H]cholesterol for 24 h followed 

by a 6 h incubation with or without apo A-I (10 µg/ml), HDL (50 µg/ml), apo E3 (15 µg/ml) or 

ACM. [3H]Cholesterol was quantified in the medium and in the cellular lipids. In the absence of 

acceptors, 1.36% +/-0.137 and 1.403% +/-0.102 of total [3H]cholesterol was found in the 

medium of astrocytes and neurons respectively. Data, expressed as percent of control, 

represent the mean (± SE) of 6-9 independent determinations; *, p < 0.05; **, p < 0.01; ***, p < 

0.001 compared to control by the Dunnett’s post hoc test. 
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Fig.2. Relative expression of ABCA1, ABCG1 and ABCG4 in astrocytes and neurons. A: 

Relative mRNA expression of ABCA1, ABCG1 and ABCG4 in neurons. B: Relative mRNA 

expression of ABCA1, ABCG1 and ABCG4 in astrocytes. Data are expressed as 2-CT (CT= 

target gene CT - HPRT1 CT) and represent the mean (± SE) from 3 independent experiments; *, 

p < 0.05; **, p<0.01; ***, p<0.001 by Bonferroni’s post hoc test. 

 

Fig.3. Effect of ethanol on ABCA1 and ABCG1 mRNA and protein levels in neurons and 

astrocytes. Primary rat cortical neurons were incubated for 24 h in the presence or absence of 

75 mM ethanol. Representative immunoblots from total cellular (A) and membrane-bound (B) 

ABCA1 and total cellular ABCG1 (C) are shown. D: Average optical density of ABCA1, ABCG1 

(normalized to -actin) and membrane-bound ABCA1 expressed as percent of control (n=4). E: 

Primary rat cortical neurons were incubated for 4 h, 8 h, 18 h, 24 h and 42 h in the presence or 

absence of 75 mM ethanol. Total RNA was extracted and ABCA1, ABCG1, and ABCG4 mRNA 

levels were quantified by RT real-time PCR. The results were normalized to β-actin mRNA and 

expressed as fold change relatively to time-matched controls (n=3). Inset:  Representative 

immunoblots of the effect of 75 mM ethanol on ABCA1 and ABCG1 protein levels in primary 

cortical astrocytes and average optical density of ABCA1 and ABCG1 protein levels normalized 

to -actin and expressed as % of control (n=3-5). *, p < 0.05; **, p < 0.01; ***, p<0.001 by 

Student’s t test. 

 

Fig.4. Effect of ethanol on cholesterol efflux from neurons and astrocytes. Primary rat cortical 

neurons (A) and astrocytes (B) labeled with 1 µCi/ml [3H]cholesterol for 24 h were incubated for 

an additional 24 h in the presence or absence of 75 mM ethanol followed by incubation with apo 

A-I (10 µg/ml), HDL (50 µg/ml), apo E3 (15 µg/ml) and ACM for 6 h. [3H]Cholesterol was 

quantified in the medium and in the cellular lipids. Data, expressed as percent of control, 
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represent the mean (± SE) of 6-9 independent determinations; #, p < 0.05; ##, p < 0.01 

compared to acceptor-matched controls. C: Endogenously synthesized cholesterol efflux. 

Primary rat cortical neurons and astrocytes pre-labeled with 25 µCi/ml [3H]acetate were 

incubated with ethanol (75 mM) in the presence or absence of HDL (50 µg/ml). Endogenous 

cholesterol efflux was calculated after lipid extraction from the medium and the cell monolayer 

and separation by TLC and was expressed as percent of total [3H]cholesterol. Data represent 

the mean ± (SE) of 3 independent determinations; **, p < 0.01; ***, p < 0.001 compared to 

control without acceptors; ##, p < 0.01 compared to acceptor-matched controls by Student’s t 

test. 

 

Fig.5. Effect of LXR and RXR agonists on ABCA1 and ABCG1 mRNA expression and protein 

levels in neurons and astrocytes. Primary fetal cortical neurons were incubated for 24 h in the 

presence or absence of 1µM 22(R)-HC and 1 µM 9-cisRA. Representative immunoblots from 

cellular (A) and membrane-bound (B) ABCA1 protein levels and ABCG1 protein levels (C) are 

shown. D: Average optical density of ABCA1, ABCG1 (normalized to -actin) and membrane-

bound ABCA1 expressed as percent of control (n=3). E:  Primary rat cortical neurons were 

incubated for 4 h, 8 h, 18 h, 24 h and 42 h in the presence or absence of 1 µM 22(R)-HC plus 1 

µM 9-cisRA. Total RNA was extracted and ABCA1, ABCG1, and ABCG4 mRNA levels were 

quantified by RT real-time PCR. The results were normalized to β-actin mRNA and expressed 

as fold changes relatively to time-matched controls (n=3). Inset:  Representative immunoblots of 

the effect of 22(R)-HC plus 9-cisRA on ABCA1 cellular and membrane protein levels and 

ABCG1 protein levels in primary cortical astrocytes and average optical density of ABCA1 and 

ABCG1 protein levels normalized to -actin and expressed as % of control (n=3-5). *, p < 0.05; 

**, p < 0.01; ***, p < 0.001 compared to control by Student’s t test. 
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Fig.6. Effect of LXR and RXR agonists on cholesterol efflux from neurons and astrocytes. 

Primary rat neurons (A) and astrocytes (B) labeled with 1 µCi/ml [3H]cholesterol for 24 h were 

incubated for an additional 24 h in the absence or presence of 1 µM 22(R)-HC plus 1 µM 9-

cisRA followed by incubation with apo A-I (10 µg/ml), HDL (50 µg/ml), apo E3 (15 µg/ml) or ACM 

for 6 h. [3H]Cholesterol was quantified in the medium and in the cellular lipids. Data are 

expressed as percent of control (n=6-9); ##, p < 0.01 compared to acceptor-matched controls. C: 

Endogenously synthesized cholesterol efflux. Primary rat cortical neurons, pre-labeled with 25 

µCi/ml [3H]acetate, were incubated with 1 µM 22(R)-HC plus 1 µM 9-cisRA in the presence or 

absence of apo A-I (10 µg/ml) or HDL (50 µg/ml). Endogenous cholesterol efflux was calculated 

after lipid extraction from the medium and the cell monolayer and separation by TLC and was 

expressed as percent of total [3H]cholesterol. Data represent the mean ± (SE) of 3 independent 

determinations; ***, p < 0.001 compared to control without acceptors by Student’s t test; 

 

Fig.7. Effect of ABCA1 silencing and inhibition on cholesterol efflux from neurons and 

astrocytes. Primary rat cortical neurons (A) and astrocytes (B) were transfected with a non-

target (NT siRNA) or an ABCA1 specific siRNA (ABCA1 siRNA) using the Amaxa Nucleofactor 

system. Seventy-two hours after transfection, cells were labeled with 1 µCi/ml [3H]cholesterol for 

24 h followed by a 6 h incubation with cholesterol acceptors. [3H]Cholesterol was quantified in 

the medium and in the cellular lipids (n=3). #, p < 0.05; ##, p < 0.01 compared to acceptor-

matched controls by Student’s t test. Representative immunoblots of ABCA1 levels (upper blots) 

and -actin levels (lower blots) in neurons (C) and astrocytes (D) transfected with NT siRNA and 

ABCA1 siRNA. E, F: Effect of the ABCA1 inhibitor probucol on cholesterol efflux from neurons 

and astrocytes.  Neurons (E) and astrocytes (F) labeled with 1 µCi/ml [3H]cholesterol were 

treated with 10 µM probucol for 4 h and with cholesterol acceptors apo A-I (10 µg/ml), HDL (50 

µg/ml), apo E3 (15 µg/ml) or ACM in the presence of probucol for an additional 6 h. Cholesterol 
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efflux was measured at the end of incubation and expressed as percent of control (n=6-9). ##, p 

< 0.01 compared to acceptor-matched controls by Student’s t test.  

 

Fig.8. Effect of ABCG1 and ABCG4 silencing on cholesterol efflux from neurons and astrocytes. 

A: Primary rat cortical neurons were transfected with a non-target (NT siRNA), an ABCG1 

specific siRNA (ABCG1 siRNA) or an ABCG4 siRNA using the i-FectTM siRNA transfection 

reagent. B: Primary rat cortical astrocytes were transfected with an ABCG1 siRNA or an 

ABCG4 siRNA using lipofectamine RNAiMAX. Twenty-four hours after transfection, cells were 

labeled with 1 µCi/ml [3H]cholesterol for 24 h followed by a 6 h incubation with cholesterol 

acceptors. [3H]Cholesterol was quantified in the medium and in the cellular lipids (n=11-12). **, 

p < 0.01; ***, p < 0.001  compared to acceptor-matched controls by Student’s t test. C: ABCG1 

(left) and ABCG4 (right) mRNA levels were quantified by qPCR in neurons transfected with NT 

siRNA, ABCG1 siRNA or ABCG4 siRNA (n=4). D: the levels of ABCG1, ABCG4 and ABCA1 

mRNA were determined by qPCR in ABCG1 siRNA-transfected (left) and ABCG4 siRNA 

transfected astrocytes (n=4). Representative immunoblots of ABCG1 levels (upper blots) and -

actin levels (lower blots) in neurons transfected with NT siRNA and ABCG1 siRNA (E) and 

astrocytes transfected with ABCG1 siRNA (F) and the densitometric quantification of ABCG1 

levels normalized to -actin from 4 independent determination (G) are shown. 
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