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Abstract

The LDL family of receptors and its member LRP1 have classically been associated with a 

modulation of lipoprotein metabolism. Current studies, however, indicate diverse functions for this 

receptor in various aspects of cellular activities, including cell proliferation, migration, 

differentiation and survival. LRP1 is essential for normal neuronal function in the adult CNS, 

whereas the role of LRP1 in development remained unclear. Previously we have observed an 

upregulation of LewisX (LeX) glycosylated LRP1 in the stem cells of the developing cortex and 

demonstrated its importance for oligodendrocyte differentiation. In the current study we show that 

LeX-glycosylated LRP1 is also expressed in the stem cell compartment of the developing spinal 

cord and has broader functions in the developing CNS. We have investigated the basic properties 

of LRP1 conditional knockout on the neural stem/progenitor cells (NSPCs) from the cortex and 

the spinal cord, created by means of Cre-loxp mediated recombination in vitro. The functional 

status of LRP1-deficient cells has been studied using proliferation, differentiation and apoptosis 

assays. LRP1 deficient NSPCs from both CNS regions demonstrated altered differentiation 

profiles. Their differentiation capacity towards oligodendrocyte progenitor cells (OPCs), mature 

oligodendrocytes and neurons was reduced. In contrast, astrocyte differentiation was promoted. 

Moreover, LRP1 deletion had a negative effect on NSPCs proliferation and survival. Our 

observations suggest that LRP1 facilitates NSPCs differentiation via interaction with ApoE. Upon 

ApoE4 stimulation wild type NSPCs generated more oligodendrocytes, but LRP1 knockout cells 
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showed no response. The effect of ApoE seems to be independent of cholesterol uptake, but is 

rather mediated by downstream MAPK and Akt activation.
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Introduction

Radial glia and neural stem precursor cells (NSPCs) are multipotent cells with a capacity to 

self-renew and differentiate into neurons, oligodendrocytes and astrocytes (Kriegstein and 

Alvarez-Buylla 2009; Malatesta and Gotz 2013; Taverna et al. 2014). After completion of 

development, NSPCs are restricted to the neurogenic niches of the adult brain (Götz and 

Huttner 2005; Ming and Song 2011). Radial glia display regional differences and may 

comprise a complex set of subpopulations (Malatesta et al. 2003; Pinto and Götz 2007). In 

order to enrich for and study the properties of distinct neural stem cell populations, reliable 

cell-surface markers would represent useful tools for the isolation of cellular subsets. In fact, 

glycoconjugates that are glycan-epitopes exposed by proteoglycans, glycoproteins and 

glycolipids expressed on the cell surface can successfully be used for the live cell sorting 

(Faissner and Reinhard 2015; von Holst et al. 2006; Yanagisawa et al. 2005; Yu et al. 2010). 

For example, LewisX (LeX) glycan, also known as stage-specific embryonic antigen 1 

(SSEA-1), or CD15 (leucocyte cluster of differentiation 15) was originally characterized as a 

surface antigen of pluripotent stem cells expressed at an early developmental stage of the 

embryo (Solter and Knowles 1978). Interestingly, LeX remains strongly upregulated in the 

radial glia compartments of the developing telencephalon, spinal cord and in the neurogenic 

zones of the adult brain (Capela and Temple 2006; Dodd and Jessell 1986; Hennen et al. 

2011; Karus et al. 2013; Theocharidis et al. 2014; Yamamoto et al. 1985). LeX can be 

successfully used as a target for live sorting of neural stem cells (Capela and Temple 2006; 

Hennen et al. 2011; Pruszak et al. 2007) Distinct monoclonal antibodies distinguish LeX 

variants within the glycan moieties and recognize different neural stem cell subpopulations. 

For instance, mAb 487LeX binds to the terminal LeX motif and marks already committed 

progenitors, whereas mAb 5750LeX targets an internal LeX motif, typical for multipotent 
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undifferentiated NSPCs (Hennen and Faissner 2012). In order to understand the differential 

expression profile of Lex-determinants, we identified the corresponding carrier proteins in 

the developing CNS. We confirmed already known LeX presenting proteins such as 

Phosphacan, Tenascin-C and L1-CAM (Garwood et al. 1999; Hennen et al. 2013; Streit et al. 

1990; Yaji et al. 2015).

Furthermore, we identified the Low-Density Lipoprotein Receptor-related Protein 1 (LRP1) 

as a novel LeX carrier. LRP1 is highly enriched in the developing cortex and LeX-

glycosylated in the radial glia compartment (Hennen et al. 2013). LRP1 is a large 

ubiquitously expressed cell membrane receptor which functions as a major cholesterol 

transporter, and interacts with a variety of ligands involved in cell signaling (Lillis et al. 

2008). Thereby, LRP1 modulates numerous cellular activities, including cell proliferation, 

migration and survival in vascular smooth muscle cells, fibroblasts, osteoblasts, 

keratinocytes, hepatic stellate cells or Schwann cells (Boucher and Herz 2011; Campana et 

al. 2006; Grey et al. 2006; Llorente-Cortes et al. 2012; Mantuano et al. 2010; Tang et al. 

2010). Also, the expression of LRP1 in radial glia of the adult spinal cord and the 

involvement of LRP1 in neuroblast migration along the rostral-migratory stream has recently 

been reported (Petit et al. 2011; Rabiej et al. 2016). Furthermore, LRP1 is responsible for 

amyloid precursor protein (APP)-transport and post-synaptic receptor trafficking, which 

underlines its essential function in the adult brain (Jaeger and Pietrzik 2008; Maier et al. 

2013).

By comparison, its role in the developing nervous system was largely unknown. Recently, 

we reported that LRP1-deficient NSPCs generate less O4-positive cells compared to control 

cells (Hennen et al. 2013). In the present study, we demonstrate that LRP1 expression and 

glycosylation in the developing spinal cord is similar to the pattern in the cortex. Our 

observations suggest that LRP1 modulates proliferation, survival and differentiation of 

NSPCs derived from both explored CNS regions. We provide further evidence that ApoE 

promotes oligodendroglial differentiation via LRP1. This effect seems to depend on 

downstream activation of ERK/MAPK (extracellular signal-regulated kinases/mitogen-

activated protein kinases) and PI3K/Akt (phosphatidylinositol 3-kinase/protein kinase B) 

signaling, rather than on alterations of the cholesterol content of NSPCs.

Material and methods

Animals

The animals were housed under the 12h light/dark cycle with free access to food and water. 

LRP1flox/flox animals (B6;129S7-LRP1tm2Her/J); (Rohlmann et al. 1996) were obtained 

from Jackson Laboratories and kept on C57Bl6 background. LRP1flox/wt were mated with 

LRP1flox/wt animals in order to obtain LRP1flox/flox and LRP1wt/wt littermates. The day 

of the vaginal plug was considered embryonic day 0.5 (E0.5). The genotyping of the animals 

was performed according to Jackson Laboratories protocol.
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Neurosphere culture

Radial glia stem cells can be isolated from the developing or adult brain and cultivated as 

neurospheres in the presence of Epithelial Growth Factor (EGF) and Fibroblast Growth 

Factor 2 (FGF2) (Alvarez-Buylla and García-Verdugo 2002; Reynolds and Weiss 1996). 

Neurospheres contain NSPCs, which can be expanded and differentiated into neurons, 

oligodendrocytes and astrocytes in vitro (Reynolds and Rietze 2005).

NSPCs were obtained by acute dissociation of E14.5 cortex and spinal cord, as described 

previously (Hennen et al. 2011; Karus et al. 2011). The cells were plated at the density of 

100,000 cells/ml in T25 flasks (Nunc, Wiesbaden, Germany) in the NSPC medium 

containing 1:1 DMEM/F12, 0.2 mg/ml L-Glutamine (all Sigma-Aldrich, Munich, Germany), 

100 U/ml Penicillin, 100U/ml Streptomycin, 2% (v/v) B27 (all Life Technologies, Breda, 

Germany), supplemented with 20 ng/ml EGF, 20 ng/ml FGF (all Preprotech, Rocky Hill, NJ, 

USAHiH) and 0.5 U/ml Heparin (Sigma-Aldrich) and cultivated for 5-7 days.

Cre-recombinase transduction

Cre-recombinase transduction was performed as described previously (Hennen et al. 2013) 

with minor changes. 5 days in vitro (DIV 5) cortical neurospheres and DIV 7 spinal cord 

neurospheres were dissociated with the help of 0.05% (v/v) trypsin-EDTA (Invitrogen, 

Karlsruhe, Germany), and 50,000 cortical or 40,000 spinal cord derived NSPCs were plated 

on 16-mm dishes (Nunc) pre-coated with 15 μg/ml polyornithine (Sigma-Aldrich) and 2 

μg/ml laminin (BD Bioscience, Franklin Lakes, NJ, USA). The cells were cultivated in 

NSPC medium supplemented with 10 ng/ml EGF and FGF2 overnight (ON). On the next 

day the medium was replaced by NSPC medium containing 0.5 μM His-TAT-NLS-Cre-

recombinase (Nolden et al. 2006) and 20 ng/ml of EGF and FGF2 and incubated for 8-15 h. 

After incubation, the Cre-containing NSPC medium was carefully exchanged with the 

standard NSPC medium supplemented with 20 ng/ml of EGF and FGF2. 24 h later the cells 

were removed from the surface by trypsinization and cultivated as free-floating neurospheres 

for additional 3-5 days prior to further experiments. The effectiveness of LRP1 deletion was 

confirmed by Western-blot, using 10 μg of protein isolated from the Cre-treated 

neurospheres. The Cre-treated LRP1flox/flox cells became LRP1 knockout (LRP1−/−) cells 

and Cre-treated LRP1wt/wt remained LRP1 wild type (LRP1+/+). These NSPCs were 

compared to each other in the following experiments.

Proliferation and apoptosis assay

The Cre-treated neurospheres were trypsinized and plated on polyornithine and 2 μg/ml 

laminin/entactin (Corning, Corning, NY, USA) coated dishes at a density of 20,000 

cells/cm2 in NSPC medium supplemented with 10 ng/ml EGF and FGF2 overnight. 

Proliferation and apoptosis assays were performed in separate dishes. On the next day 10 

μM BrdU (Roche, Grenzach-Wyhlen, Germany) was added to the medium for the 

proliferation assay and incubated for 4 h. Afterwards, the cells were fixed with Ethanol 

fixative (50 mM glycine, pH 2.0 in 70% (v/v) EtOH) for 10 min. For the apoptosis assay the 

cells were mildly stressed by growth factor withdrawal for 6 h followed by 4% (w/v) 

paraformaldehyde (PFA) in PBS fixation for 10 min.
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Differentiation assay

The Cre-treated neurospheres were trypsinized and plated on polyornithine (Sigma-Aldrich) 

and 5 μg/ml laminin (Corning) coated dishes at a density of 30,000 cells/cm2 in NSPC 

medium supplemented with 1% (v/v) fetal calf serum (FCS) (Invitrogen) for 5 days. For 

some experiments cells were treated with 7 μg/ml of the lipidated apolipoprotein E4 

(ApoE4) rHDL/apoE4, or 7 μg/ml of the lipid-free ApoE4 or 110 μM of methyl-β-

cyclodextrin MβCD (Sigma-Aldrich) according to Swaroop et al., (2012). Supplement 

containing medium was exchanged every second day. After 5 days the cells were live 

stained, fixed with 4% (w/v) PFA in PBS for 10 min or lysed for the Western-blot.

Preparation of reconstituted HDL (rHDL) bearing apoE4

Recombinant apoE4(1-299) with a hexa-His tag at the N-terminal end was isolated from a 

bacterial over expression system and purified as described previously (Choy et al. 2003). 

Protein concentration was determined using a NanoDrop 2000 spectrometer applying a 

molar extinction coefficient of 44,460 M-1 cm-1 for apoE4 at 280 nm. Since no detectable 

lipid has been identified in bacterially expressed recombinant apoE (Narita et al, 2002) we 

refer to the added protein as lipid-free apoE4. rHDL was prepared by the cholate dialysis 

method (Nichols et al. 1987) with slight modifications to the lipid components. The 

reconstitution was initiated with 1-palmitoyl-2-oleoyl-sn-glycerophosphocholine (POPC) 

(Avanti Polar Lipids, Inc. (Alabaster, AL), cholesterol (Avanti Polar Lipids, Alabaster, AL) 

and apoE4 in the ratio 9:1:2.5 (w/w/w), respectively, in the presence of sodium 

deoxycholate. In cases where cellular uptake of rHDL was visually monitored, TopFluor® 

cholesterol (Avanti Polar Lipids, Alabaster, AL, USA) was included at 1/10th the total 

amount of cholesterol in the above mixture. Following reconstitution, the fractions 

containing rHDL were isolated by KBr density gradient ultracentrifugation and dialyzed 

against 20 mM sodium phosphate buffer, pH 7.4, containing 150 mM NaCl, for 48 hours 

with 3 changes. Throughout the manuscript, the reconstituted particles bearing POPC/

cholesterol/apoE4 and POPC/cholesterol/TopFluor/apoE4 are simply referred to as rHDL/

apoE4 and rHDL/TopFluor/apoE4, respectively.

Cholesterol uptake assay

The NSPCs were plated on 35 mm FluoroDishes (World Precision Instruments, Sarasota, 

FL, USA) in NSPCs-medium at a density of 30,000 cells/cm2. On the next day the cells 

were loaded with 7 μg/ml of “rHDL//TopFluor/apoE4” for 15 min at 37°, washed twice with 

NSPCs medium and imaged live with a confocal laser-scanning microscope LSM 510 Meta 

(Zeiss, Göttingen, Germany). To test the effectiveness of cholesterol extraction by Methyl-β-

Cyclodextrin (MβCD), the NSPCs pre-loaded with 2.5 μM TopFluor Cholesterol (Avanti) 

for 15 min at 37° were treated with 110 μM of MβCD (Sigma-Aldrich) for 24 h and live 

imaged to estimate the loss of fluorescence due to cholesterol extraction.

Cholesterol concentration measurement

The lipids were extracted from 1*106 NSPCs per condition dissociated from the free-

floating neurospheres. The cell pellets were homogenized in 200 μl of the extracting solution 

(38.5 % (v/v) Chloroform, 61 % (v/v) Isopropanol, 0.5 % (v/v) nonidet-P40 (NP-40)) with 
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the help of a TissueLyser (Qiagen, Hilden, Germany), the supernatant was dried ON at 50°C. 

Cholesterol concentration determination was performed with an Amplex Red Cholesterol 

Assay Kit (Invitrogen), according to the manufacturer's protocol. The cholesterol 

concentration was normalized to total protein concentration, as measured by the Pierce BCA 

Protein Assay Kit (Life Technologies).

NSPCs Transfection

NSPCs transfection was performed as described previously (Bertram et al. 2012) with minor 

changes. Briefly, the 2nd-passage neurospheres were dissociated. Cell pellets of 500,000 

cells were mixed with 20 μl of P3 Primary Cell 4D-Nucleofector™ Kit solution (Lonza, 

Basel, Switzerland) containing plasmid DNA. For the LRP1 mini-receptor constructs the last 

2307 nucleotides of LRP1 (Roebroek et al. 2006) have been subcloned into a plBCX 

backbone with the 5′BamH1 and 3′Xba1 restriction sites by using the following forward 

primer: 5′- GAGCTCGGATCCGATTGCAGCATCGACCCC and the reverse primer 3′- 

GGGCCCTCTAGACTATGCCAAGGGATCTCC and were fused to a myc tag at the 5′end. 

The LRP1 minireceptor constructs contain the c-terminus, the transmembrane domain and a 

short part of the ectodomain of LRP1. The NPxY1 motif was replaced from NPTY to AATA 

and the NPxY2 motif was changed from NPVYATL to AAVAATL in the LRP1 NPxY 1+2 

minireceptor construct (Roebroek et al., 2006). The following conditions were used: LRP1 

wild type plasmid 0,5 μg + 0,25 μg GFP, LRP1 LRP1 NPxY 1+2 0,5 μg + 0,25 μg GFP. 

Cells were transferred into the 16 well nucleofector cuvette and pulsed according to the 

manufacturer's protocol (Lonza). Directly after pulsing, 180 μl pre-warmed neurosphere 

medium was added to the electroporated NSPCs. The cells were gently re-suspended and 

plated as free-floating neurospheres in the NSPCs medium containing 20 ng/ml of EGF and 

FGF2. 24 h later the cells were subjected to the differentiation assay.

ERK/MAPK or Akt activation test

The cells were plated in the same way as for differentiation assay overnight. On the next day 

the cells were washed with minimal essential medium (MEM) (Sigma-Aldrich) for 1 h, then 

stimulated for additional 90 min with 50 nM of ApoE4 and lysed for the Western blot. ERK 

and Akt activation were measured as a relation of the amount of phosphorylated ERK and 

Akt protein to total ERK and Akt protein.

Immunoprecipitation

For immunoprecipitation, the spinal cord tissue was isolated from E12.5 C57Bl6 embryos 

and lysed in the RIPA-buffer (50 mM Tris/HCl pH 7.4, 150 mM NaCl, Triton X-100 1 % 

(v/v), Na-Deoxycholat 0.5 % (w/v), all Sigma-Aldrich) with protease inhibitors: 1 mM 

phenylmethanesulfonylfluoride (PMSF) and 1 μg/ml Aprotinin, all Roche. 30 μl Protein A/G 

agarose slurry (Santa Cruz Biotechnology, Dallas, TX) was incubated with 2.5 μg goat anti-

mouse IgG conjugated with Cy3 (Dianova, Hamburg, Germany) for 1 h on a rotating wheel 

in PBS, followed by incubation with 4 μg of mAb 11E2 mouse anti-LRP1 α-chain (Storck et 

al. 2016) or 4 μg of isotype control mAb actin (BD) for 2 h in 1 ml PBS/A. 1000 μg of total 

protein was incubated with pre-labeled agarose slurry in 500 μl of RIPA buffer overnight, 

washed gently 3 times. Before SDS-polyacrylamide gel electrophorese, samples were boiled 

for 5 min in loading buffer (60 mM Tris-HCl pH 6.8, 2.5% (w/v) SDS, 10% (v/v) glycerol, 
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5% (v/v) β-mercaptoethanol, 0.01 % bromophenol blue). 5750LeX, 487LeX and LRP1 α-

chain epitopes were subsequently detected by Western blot analysis.

Western blot

The cells were lysed in the SDS-buffer with protease inhibitors (same as for 

immunoprecipitation). The protein concentration was defined by the Pierce BCA Protein 

Assay Kit (Life Technologies). The Western blot analysis was performed according to a 

standard protocol as outlined in Hennen et al. (2011), the images were acquired using a 

MicroChemie Chemiluminescence-Reader (Biostep, Burkhardtsdorf, Germany). The 

following antibodies were used: rabbit anti-LRP1 1:10,000 (Abcam, Cambridge, UK), 

mouse anti-MAP2 (clone AP20, Millipore, Schwalbach, Germany) 1:2000, rabbit anti-

PDGFRα (Santa Cruz Biotechnology) 1:3000, mouse anti-GFAP 1:3000 (Sigma-Aldrich), 

mouse anti-α-tubulin (clone DMA1, Sigma-Aldrich) 1:10,000, rabbit-anti pERK1/2 Thr202/

Tyr204 (Cell signaling, Cambridge, UK 1:1000, rabbit-anti ERK1/2 (Santa Cruz 

Biotechnology) 1:1000, rabbit-anti pAkt Ser473 (Cell signaling) 1:1000, rabbit-anti Akt 

(Santa Cruz Biotechnology) 1:1000, mouse anti-actin (BD Bioscience, Erembodegem, 

Belgium) 1:5000, mouse anti-βIII-tubulin (Sigma-Aldrich) 1:500.

Immunohistochemistry

For the immunohistochemical staining the E12.5 embryos were fixed in 4% (w/v) PFA in 

PBS ON followed by subsequent incubation in 10%, 20% and 30% (w/v) sucrose (each 12 

h), and frozen in Tissue Freezing Medium (Leica, Solms, Germany). 40 μm-thick free-

floating frontal sections were cut, blocked with 10% (w/v) normal goat serum (NGS), 0.1% 

(v/v) Triton in PBS for 1 h. The sections were incubated with primary antibodies: rabbit 

anti-LRP1 1:500 (Abcam), rat anti-LeX 5750 mAb 5750LeX 1:50 (Hennen et al., 2011) ON 

in the blocking solution, washed 3×30 min with PBS and incubated with appropriate 

secondary antibodies: Alexa Flour 488 (Life Technologies) 1:500, Cy3 (Dianova) 1:500 and 

Topro3 (BioTechniques, New York, NY, USA) 1:500 for 2 h, washed again 3×30 min with 

PBS and mounted with Immumount (ThermoScientific).

Immunocytochemistry

For O4 staining, the primary antibodies mouse anti-O4 (Sommer and Schachner 1981) 

(1:30) were applied on the living cells in KRHA (Krebs–Ringer-Hepes buffer with 0.1% 

(w/v) BSA) for 30 min, then the cells were washed with PBS and fixed with 4% (w/v) PFA 

in PBS for 10 min at RT.

The staining against other epitopes was performed on fixed cells. The cells were blocked 

with 10% (w/v) NGS, 0.1% (v/v) Triton in PBS for 30 min and incubated for additional 30 

min with primary antibodies in the blocking solution. The following primary antibodies have 

been used: rabbit anti-platelet-derived growth factor receptor α (PDGFRα) (Santa Cruz 

Biotechnology) 1:200, mouse anti-myelin basic protein (MBP) (Millipore) 1:50, mouse anti-

βIII-tubulin (Sigma-Aldrich) 1:300, rabbit anti-glial fibrillary acidic protein (GFAP) (Dako, 

Hamburg, Germany) 1:400, mouse anti-Nestin (Millipore) 1:300, mouse anti-

bromodeoxyuridine BrdU (Roche) 1:50. Further on, the cells were washed 3×10 min with 

PBS, incubated with secondary antibodies (see immunohistochemistry) and 4′,6-
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diamidino-2-phenylindole DAPI 1:50,000 for 30 min, washed again 3×10 min with PBS and 

mounted in PBS/glycerin 1:1.

Image acquisition and data processing

Immunostainings were imaged with the help of a confocal laser-scanning microscope LSM 

510 Meta (Zeiss) or were examined using an Axioplan 2 microscope with UV 

epifluorescence (Zeiss). For the proliferation, apoptosis and differentiation assays at least 

1500 cells per experimental condition were quantified, at least 5 independent experiments 

were performed, the percentage of positive cells for each investigated marker was compared. 

Neurite length of βIII-tubulin-positive neurons differentiated from LRP1+/+ and LRP1−/− 

NSPCs was assessed using the NeuronJ ImageJ plugin. At least 100 neurons in total per 

condition were analyzed in 4 independent experiments. The longest neurite was considered 

as an axon, the shorter neurites were designated as dendrites. Cholesterol uptake was 

quantified by the assessment of fluorescence intensity of accumulated rHDL/TopFluor/

apoE4. The fluorescence intensity was quantified per image and divided by the number of 

cells. Western blots were analyzed by comparing the band intensity of the marker protein 

normalized to α-tubulin or actin band intensity in case of differentiation marker gene 

expression analysis and total Akt or total ERK in case of signaling activation analysis. Cell 

counting, fluorescence intensity measurements and densitometry were performed in ImageJ 

software. All data analysis required pairwise comparison, the quantified parameters were 

compared between knockout and control conditions or between treatment and control 

conditions in each experiment. The data were first subjected to the Kolmogorov-Smirnov 

normality test. As the observed distributions deviated significantly from normality in most of 

the cases, the conditions were compared with the aid of the non-parametric Mann-Whitney 

U test. Statistical tests and diagrams were made in R v. 3.0.2 (https://www.r-project.org/).

Results

LeX-glycosylated LRP1 is expressed in the developing spinal cord

Our previous studies showed that LewisX glycosylated LRP1 is highly upregulated in the 

cortical plate (Hennen et al. 2013). To investigate whether this is a unique phenomenon for 

the developing cortex or a more common feature of the developing CNS, we tested LRP1 

and LeX expression in the spinal cord. Immunohistochemical staining of the E12.5 spinal 

cord with mAb5750LeX or mAb487Lex together with the antibody against LRP1 and radial 

glia specific intermediate filament, Nestin, showed the co-localization of LeX with LRP1 

and Nestin in the radial glia cell compartment along the central canal of the spinal cord (Fig 

1 A, B). To test if LRP1 is a LeX-carrier in the spinal cord, E14 spinal cord protein lysates 

were immunoprecipitated with an antibody against the α-chain of LRP1. The two different 

isoforms of the LeX-carbohydrate recognized by the MAbs 5750LeX and 487Lex could be 

detected on the precipitated LRP1 α-chain, thereby confirming LeX-glycosylation of LRP1 

(Fig 1 C).

High expression and the specific glycosylation of LRP1 in the NSPCs compartment of at 

least two developing CNS regions may indicate its essential role in CNS development. In the 

current study, we addressed the question of LRP1 function in neural stem cells by studying 
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the basic properties of LRP1 negative NSPCs, such as proliferation, survival and 

differentiation. Due to the fact that constitutive LRP1 knockout is lethal (Herz et al., 1992), 

we employed the in vitro conditional knockout approach, by applying cell-permeable Cre-

recombinase to the NSPCs generated from LRP1flox/flox embryos.

Proliferation and survival are negatively affected in LRP1-deficient NSPCs

In a series of proliferation assays, LRP1-knockout cells from the cortex and spinal cord 

demonstrated less BrdU incorporation compared to the control cells, indicating a reduction 

in proliferation (Figure 2 A, B).

As a result of the apoptosis assay, more LRP1 knockout cells derived from both regions were 

positive for the active form of Caspase3 compared to the control NSPCs, which reveals a 

higher apoptosis rate (Figure 2 A, B). Overall, LRP1 seems to have a protective function in 

the NSPCs, promoting their proliferation and survival.

LRP1 modulates NSPC differentiation

NSPCs are capable of spontaneous in vitro differentiation into neurons, astrocytes and 

oligodendroglia upon growth factor withdrawal and in the presence of FCS (Louis and 

Reynolds 2005).

We previously demonstrated that cortical LRP1-deficient cells generate fewer O4-positive 

oligodendrocytes (Hennen et al. 2013). Here we asked whether other stages of 

oligodendroglial development, including early PDGFRα-positive progenitors and mature 

MBP-positive oligodendrocytes, were also affected by the in vitro knockout.

LRP1 deletion seemed to have a negative effect on different stages of oligodendroglial 

development in both examined tissues. We observed a reduction in PDGFRα-positive cells 

(Figure 3 A). In agreement with the results obtained earlier for the cortical NSPCs (Hennen 

et al. 2013), there was also a similarly strong reduction in the numbers of O4-positive 

immature oligodendroglia derived from the spinal cord NSPCs (Figure 3 B). MBP-positive 

cells derived from cortical NSPCs were also found in proportionally lower numbers in 

LRP1−/− condition (Figure 3 C).

LRP1 deletion influenced neuronal differentiation in a similar way. The number of the βIII-

tubulin-positive neurons derived from both cortical and spinal cord NSPCs was also 

decreased (Figure 4 A). However, LRP1-deficient cells generated significantly more GFAP-

positive astrocytes in the case of both cortex and spinal cord derived cells (Figure 4 B).

To validate the results of the immunocytochemical analysis, we performed western blot 

analysis, which confirmed the reduction of expression of both, the neuronal marker, βIII-

tubulin and the OPCs marker, PDGFRα, and an increase of GFAP expression in LRP1−/− 

cells (Figure 5).

We have observed that LRP1 deletion interferes with neuronal differentiation. Other studies 

demonstrated that neuronal LRP1 is also important for normal synaptic and motor function 

(Martin et al. 2008; May et al. 2004). The functional neuronal deficits could be partially 
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related to the morphological changes. Blocking LDL-receptors with RAP results in severe 

deficits in neurite outgrowth (Qiu et al. 2004). LRP1 deletion leads to a milder but 

noticeable reduction in neurite length (Nakajima et al. 2013). Here we investigated the 

neurite outgrowth in neurons differentiated from LRP1−/− and control NSPCs. There were 

no changes observed in the total neurite length. However, the length of the shorter neurites, 

which could correspond to dendrites, were reduced, while the length of the longer neurites, 

or possibly axons, was increased in the LRP1 knockout neurons (Fig 6). These results hint at 

changes in the neuronal polarity caused by LRP1 deletion.

The mechanism of LRP1 action in NSPCs differentiation

As shown above, LRP1 deletion in NSPCs had a negative effect on their proliferation, 

survival and differentiation towards oligodendrocytes and neurons. The function of LRP1 in 

proliferation and survival has previously been described for other cell types (Boucher and 

Herz 2011; Campana et al. 2006; Grey et al. 2006; Llorente-Cortes et al. 2012; Mantuano et 

al. 2010; Tang et al. 2010). Therefore we decided to focus on the role of LRP1 in NSPCs' 

differentiation, especially towards oligodendrocyte, as this lineage was most severely 

affected. Since LRP1 seemed to exert similar functions in NSPCs derived from both CNS 

regions investigated, namely cortex and spinal cord, we have used only cortical NSPCs in 

our experiments, because these can be obtained in higher numbers. According to our 

previous results, blocking of the extracellular ligand binding domains with RAP had a 

negative impact on oligodendroglial differentiation, which was similar to complete LRP1 

deletion (Hennen et al. 2013). As the ligand binding domains are clearly involved in the 

differentiation process, our next step here was to test which ligand triggers the LRP1 

mediated effect.

Effect of ApoE4 on differentiation

ApoE is one of the major LRP1 ligands in the CNS. It has been shown that ApoE deficient 

NSPCs display reduced survival and impaired oligodendroglial differentiation capacities 

(Gan et al. 2011). According to the present study, LRP1 knockout NSPCs have similar 

characteristics. As LRP1 is not the only ApoE receptor, it is not yet clear whether the ApoE 

effect on NSPCs is mediated by LRP1. We have tested whether the addition of lipidated or 

lipid-free ApoE4 in the culture medium would have an effect on NSPC differentiation in the 

case of LRP1+/+ and LRP1−/− cells. For these experiments, recombinant ApoE4 was used, 

as it has the strongest promoting effect on murine NSPCs proliferation and survival 

according to the previous studies (Gan et al. 2011).

The addition of lipid-free ApoE4 to the differentiation medium had a significant supportive 

effect with regard to oligodendroglial differentiation. Upon ApoE4 stimulation, LRP1+/+ 

NSPCs generated nearly 50% more oligodendrocytes. There was a tendentious, but not 

significant increase in the percentage of generated oligodendrocytes from the wild type 

NSPCs treated with lipidated ApoE4 (Fig. 7 A). At the same time, ApoE4 did not influence 

oligodendroglial differentiation of LRP1 knockout NSPCs (Fig. 7 B). This indicates that the 

role of ApoE in the differentiation of NSPCs most likely depends on its binding to LRP1.
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Cholesterol promotes oligodendroglial differentiation independently of LRP1

Unlike other tissues in the CNS ApoE is the major cholesterol carrier. LRP1 conditional 

deletion in mature neurons under the control of the CAMKII promoter led to a significant 

reduction of cholesterol concentration in the CNS tissue (Liu et al. 2010). Because 

oligodendroglial and neuronal differentiation presumably depend on the cholesterol 

concentration (Bieberich 2012; Orth and Bellosta 2012; Paintlia et al. 2010), we proposed 

that the deprivation of cholesterol might result in the impaired differentiation. In order to test 

whether the cholesterol concentration has an effect on NSPCs differentiation, we chemically 

depleted cholesterol from the wild type, not Cre-treated NSPCs using methyl-β-cyclodextrin 

(MβCD). MβCD is able to form inclusion complexes with cholesterol, thereby enhancing its 

water solubility and extracting cholesterol from the cell membrane (López et al. 2013). The 

reduction of cholesterol levels in the membrane of the wild type NSPCs pre-treated with 

TopFluor Cholesterol upon MβCD administration is illustrated in Fig. 8 A. MβCD treated 

NSPCs generated less oligodendrocytes, similar to the LRP1−/− condition Fig. 8 B. This 

result confirmed that normal cholesterol concentration is important for oligodendrogenesis.

To test if the observed effect could indeed be due to cholesterol trafficking and total 

cholesterol concentration changes, we have estimated the rHDL/TopFluor/apoE4 uptake by 

LRP1+/+ and LRP1−/− cells by measuring the fluorescence intensity after a short treatment 

for 15 minutes (Fig. 8 C). We have also assessed the total cholesterol levels in LRP1+/+ and 

LRP1−/− NSPCs using the AmplexRed Cholesterol kit. Surprisingly, the measurements did 

not indicate any changes in either receptor mediated cholesterol uptake or total cholesterol 

concentration in the knockout cells compared to the wild type (Fig 8 D). We interpret this 

observation as indicating that the function of LRP1 in NSPCs differentiation depends rather 

on the other aspects of LRP1/ApoE interaction, such as the activation of downstream 

signaling.

NPXY motifs play role in oligodendrocyte differentiation

Besides its function as a cholesterol carrier, ApoE can activate a variety of signaling 

pathways (Zhou 2013). Thus, ApoE added to NSPCs stimulates survival and proliferation 

via the MAPK/ERK signaling pathway (Gan et al. 2011). However, it was unclear which 

ApoE-receptor mediates this function. LRP1 is also involved in the activation of signaling 

cascades, including MAPK/ERK, PI3K/Akt and Wnt-signaling, which are important for 

NSPCs differentiation. Ligand binding to LRP1 can lead to the activation of downstream 

signaling, which is mediated by the interaction of C-terminal NPXY LRP1 domains with 

adaptor proteins (Guttman et al. 2009; Martin et al. 2008; Terrand et al. 2009; Tsen et al. 

2013). Tyrosine phosphorylation on the NPXY domains provides docking sites for signaling 

adaptor proteins, which in turn activate Ras/Raf/Mek/ERK signaling (Lin and Hu 2014). 

Alternatively, phosphorylated LRP1 can activate the PI3K/Akt/mTOR pathway (Fuentealba 

et al. 2009; Woldt et al. 2011).

We questioned whether dysfunction of the LRP1 intracellular domain would cause a similar 

phenotype as the deletion of full-length LRP1. In order to answer this question, we 

transfected LRP1−/− NSPCs with two different N-terminal truncated constructs: a LRP1 

wild type mini-receptor construct, a mutated LRP1 mini-receptor construct both expressing 
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the N-terminal ligand binding domain IV and C-terminal intracellular domain (Fig 9 A) and 

a GFP-expressing plasmid as a control. The LRP1 wild type mini-receptor construct has one 

ApoE binding site, and a fully functional intracellular domain, therefore it is supposed to 

partially rescue the function of LRP1 with regard to ligand binding and signal transduction. 

The mutations introduced in the C-terminus of NPXY1+2 LRP1 mini-receptor prevent 

binding of most intracellular ligands and therefore can interfere with the activation of 

downstream signaling pathways. Electroporation of NSPCs with a wild type LRP1 mini-

receptor construct could rescue the oligodendroglial differentiation, whereas NPXY1+2 

mutant LRP1 mini-receptor did not have an effect on differentiation, which was not 

significantly different from the GFP-transfected knockout cells (Fig 9 B). This result 

supports the hypothesis, that the function of LRP1 in differentiation may depend on 

downstream signaling.

LRP1 effect on NSPCs differentiation may depend on MAPK/ERK and Akt

In order to investigate whether the LRP1-mediated effect of ApoE on NSPCs differentiation 

is a result of downstream MAPK/ERK or PI3K/Akt signaling, we have measured ERK and 

Akt phosphorylation upon lipid-free ApoE4 stimulation in LRP1+/+ and LRP1−/− cells. We 

could observe a significant increase of ERK1/2 phosphorylation upon ApoE4 stimulation in 

LRP1+/+, but not in LRP1−/− NSPCs (Fig 10 A). Similar to ERK1/2 in the case of Akt 

signaling we could also demonstrate an increase in Akt-phosphorylation upon ApoE4 

stimulation in the LRP1+/+, but not in LRP1−/− cells (Fig. 10 B). These results suggest that 

the observed LRP1 role in differentiation could be due to the downstream MAPK/ERK and 

Akt-signaling activation upon ApoE binding.

Discussion

Our previous study has identified LRP1 as a novel LeX carrier in the cortical ventricular 

zone (Hennen et al. 2013). The current results expand this finding also for the central 

channel of the spinal cord.

LeX is known to be present in the developing spinal cord (Dodd and Jessell 1986; Karus et 

al. 2013). However, LeX expression was previously undetectable at stage E12.5 but highly 

upregulated at stage E15.5 as shown by our Western blot experiments (Karus et al. 2013). 

This pattern corresponds to the upregulation of the level of the known LeX carrier-proteins: 

Tenascin-C and Phosphacan. In the current study we find a clear co-localization of LeX and 

LRP1 in the radial glia cell compartment of the spinal cord already at E12.5, when the other 

known LeX carrier-proteins are not expressed. Immunoprecipitation confirms the LeX 

glycosylation of fully mature LRP1 in the developing spinal cord.

Given our previous and current studies it can be concluded that LRP1 is highly expressed 

and specifically glycosylated in the NSPC compartment of the developing CNS, which may 

indicate its important role in NSPCs. To address this question we further studied the function 

of LRP1 in NSPC proliferation, survival and differentiation.

In general, the function of LRP1 in cell proliferation is controversial and depends on the cell 

types and conditions that are studied. On the one hand, LRP1 can stimulate proliferation of 
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mouse embryonic fibroblasts upon treatment with LRP1 ligands by stimulating downstream 

pro-proliferative signaling. (Derocq et al. 2012; Kozlova et al. 2015; Muratoglu et al. 2010). 

On the other hand, LRP1 can suppress lung tumor cell, hepatic stellate cell and smooth 

muscle cell proliferation, most likely by endocytic uptake of pro-proliferative molecules 

(Boucher et al. 2003; Llorente-Cortes et al. 2012; Meng et al. 2011). LRP1 seems to have a 

promotive effect on NSPC proliferation in both examined CNS regions, the cortex and spinal 

cord, favoring the hypothesis of the downstream signaling activation.

The role of LRP1 in controlling cell survival is more consistent. LRP1 was shown to 

promote survival of Schwann cells upon injury via PI3K-Akt activation (Mantuano et al. 

2011). It can also have a positive effect on survival and neurite outgrowth of developing 

sensory neurons by pERK1/2 activation (Yamauchi et al. 2013). Stimulation of LRP1 with 

its ligands, ApoE-containing lipoproteins and α2-macroglobulin had a pro-survival effect on 

the retinal ganglion neurons (Hayashi et al. 2007). In line with available studies on other 

CNS and PNS cell-types, we also observed that LRP1 knockout NSPCs from both, the 

cortex and spinal cord, are more susceptible to apoptosis, demonstrating a pro-survival effect 

of LRP1.

An observed promoting role of LRP1 in proliferation and survival of NSPCs agrees with a 

proliferative and pro-survival effect of ApoE on the same cell type (Gan et al. 2011). In the 

light of our results, LRP1 is likely to be a mediator of the ApoE effect.

Different from the situation concerning proliferation and survival, very little is known about 

the role of LRP1 in neural stem cell differentiation. Here we show that LRP1-deletion has a 

negative impact on different stages of oligodendroglial differentiation. These results suggest 

that LRP1 is important for oligodendroglial differentiation and is required already at the 

earliest stage of differentiation.

So far, the role of LRP1 in the CNS has been mainly studied in the adult neurons, where it 

promotes neurite outgrowth, axonal regeneration, and takes part in synaptic transmission 

(Liu et al. 2010; Martin et al. 2008; May et al. 2004; Nakajima et al. 2013; Yoon et al. 2013). 

Here we demonstrate that it is also required in early stages of neural development. 

Additionally, we could show the changes in neuronal polarity of LRP1 knockout neurons. 

Consistent with previous studies (Nakajima et al. 2013; Qiu et al. 2004), the dendritic length 

of LRP1 −/− neurons was reduced. However, the length of the longer neurites, which 

presumably correspond to axons, was increased in LRP1 deficient neurons compared to 

control. As suggested by Liu et al., (2013) alterations in neuronal polarity can lead to an 

overexcited phenotype. Our observations may also provide a link between neuronal polarity 

and over-excitation caused by LRP1 deletion, reported in the previous studies.

The role of LRP1 in NSPC differentiation is a newly observed phenomenon. We went 

further to uncover the underlying mechanism. LRP1 interacts with over 60 ligands (Gonias 

and Campana 2014; Lillis et al. 2008; Ling et al. 2004; Spijkers et al. 2008; Spuch et al. 

2012; Vaillant et al. 2007) and depending on the ligand the downstream effect of binding can 

be drastically different. ApoE, abundantly expressed in the CNS (Xu et al. 2006), is one of 

the major LRP1 ligands. ApoE is involved in oligodendroglial differentiation (Gan et al. 
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2011). The ApoE-mimetic peptide (COG112) can stimulate axonal regeneration and 

remyelination after peripheral nerve injury (Gu et al. 2013; Li et al. 2010). Given that ApoE 

can interact with several other receptors, it was not clear whether these effects were 

mediated by LRP1. Here we show that lipid-free ApoE4 has a clear promotive effect on 

oligodendroglial differentiation in the LRP1+/+, but not in LRP1−/− NSPCs. These findings 

suggest that LRP1 promotes oligodendroglial differentiation upon ApoE4 binding. 

Interestingly, the rHDL/apoE4 had less influence on oligodendrogenesis compared to the 

lipid-free ApoE4. The difference we noted could be due to the fact that unlike most other 

ApoE receptors, LRP is able to bind a very lipid-poor ApoE (Narita et al. 2002). Thereby 

there might be more ApoE4 molecules binding LRP1 in the lipid-free than in the lipidated 

ApoE condition. Other studies have demonstrated that lipid-free ApoE can stimulate the 

neurite outgrowth in PC12 cells and proliferation and survival of NSPCs (Gan et al. 2011; 

Nathan et al. 1994). (Ruiz et al. 2005) claim that receptor-dependent specificity for lipid-

bound versus lipid-free ApoE forms may have physiological relevance. Together with the 

previous observations our results raise the question of lipid-free (or lipid-poor) ApoE 

presence in the CNS, which requires further investigation.

Although the promotive effect of the lipid-free ApoE4 on oligodendrocyte differentiation 

was stronger compared to the lipid-bound ApoE4, the contribution of the cholesterol-

transport function of apoE cannot be definitively excluded at this point. ApoE is a major 

source of cholesterol in the CNS (Han 2004). High cholesterol levels are essential for myelin 

membrane growth (Fünfschilling et al. 2012) and cholesterol biosynthesis impairment can 

lead to corpus callosum agenesis (Waterham 2002). Therefore, cholesterol could be 

important for oligodendrocyte differentiation and maturation. Cholesterol is also critical for 

neuronal membrane expansion in the embryonic brain and the inhibition of cholesterol 

synthesis in cortical neurons prenatally leads to neonatal lethality (Hayashi et al. 2007). 

Cholesterol levels are significantly reduced in the brain tissue of αCamKII-Cre LRP1 

knockout mice lacking LRP1 in adult neurons (Liu et al. 2010).

We assumed that in the case of LRP1 knockout in NSPCs, the receptor-mediated cholesterol 

uptake and therefore the cholesterol concentration should also be reduced, which was, 

surprisingly, not the case. This could be due to the compensation by other LDL-receptors, 

which might take place in NSPCs, but not in adult neurons. It could also be explained by the 

down-regulation of the ATP-binding cassette transporter A1 (ABCA1), which mediates 

cholesterol transport out of the cell (Wang et al. 2001). ABCA1 downregulation has been 

observed consequent to LRP1 deletion (Zhou et al. 2009).

As cholesterol levels are not reduced in LRP1 knockout NSPCs, we have further tested 

whether LRP1 plays a role in NSPC differentiation due to the other consequence of LRP1/

ApoE interaction, namely downstream signaling activation. In the current study we 

demonstrate that a LRP1 wild type mini-receptor containing the C-terminus, transmembrane 

domain and binding domain IV with intact NPXY1 and NPXY2 motifs was able to rescue 

oligodendroglial differentiation, whereas mutations in NPXY1 and NPXY2 motifs prevented 

the rescue effect. This illustrates a potential involvement of intracellular NPXY domains in 

oligodendroglial differentiation and supports a hypothesis of a signaling dependent effect of 

LRP1.
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Therefore, we have further explored whether MAPK/ERK and PI3K/Akt signaling is 

affected by LRP1 deletion.

The basic rate of ERK1/2 and Akt phosphorylation was rather high and did not differ 

between LRP1−/− and LRP1+/+ unstimulated conditions. This may be due to the cell-cell- 

or cell-matrix-interactions and activation of MAPK/ERK and PI3K/Akt via other receptors 

(Prowse et al. 2011). However, the addition of ApoE could significantly enhance ERK1/2 

and Akt phosphorylation in the LRP1+/+, but not in LRP1−/− NSPCs, suggesting that LRP1 

is a direct mediator of ApoE-dependent MAPK/ERK and PI3K/Akt activation.

The effect of MAPK/ERK signaling on the development of oligodendrocytes has been 

extensively investigated. MAPK/ERK signaling is important for long-term survival and the 

proper timing of oligodendroglial differentiation (Ren et al. 2013). ERK2 has been 

specifically shown to regulate MBP expression and ERK2 deletion resulted in myelination 

delay (Fyffe-Maricich et al. 2011).

The PI3K/Akt pathway is also important for oligodendroglial differentiation. Activation of 

Akt via adrenal cortical hormones could promote oligodendrogenesis and the effect was 

abolished by inhibition of Akt (Cai et al. 2014; Maki et al. 2015). PDGFRα, transferrin and 

the thrombin receptor also can modulate the generation of OPCs through Akt signaling 

(Pérez et al. 2013; Pituch et al. 2015; Yoon et al. 2015).

(Guardiola-Diaz et al. 2012) examined in parallel the role of Ras/Raf/Mek/ERK and 

PI3K/Akt/mTOR pathways in oligodendrogenesis. This laboratory could demonstrate a 

sequential and non-overlapping developmental stage-specific requirement of both pathways 

during oligodendrocyte lineage progression. Specifically, for the transition of early to late 

OPCs ERK1/2 signaling was required, while the transition of immature to mature 

oligodendrocytes was dependent on the PI3K/Akt/mTOR signaling. Here we show that 

LRP1 deletion has a negative effect on all stages of oligodendrogenesis, which could be 

explained by the attenuation of both discussed signaling pathways.

Alternatively, the influence of LRP1 deletion on oligodendroglial differentiation could be a 

consequence of altered integrin expression and function. LRP1 was shown to be involved in 

β1-integrin maturation, transport to the cell surface and internalization (Rabiej et al. 2016; 

Salicioni et al. 2004). Moreover, LRP1 knockout may indirectly affect integrin expression by 

downregulating ERK phosphorylation, as has been recently demonstrated for hematopoietic 

stem/progenitor cells (Wang et al. 2015) At the same time different integrins are known to 

play role in oligodendrocyte differentiation and maturation (Baron et al. 2014; Blaschuk et 

al. 2000; Buttery and ffrench-Constant 1999; Terada et al. 2002). The potential link between 

LRP1 and different members of the integrin family in the context of NSPCs differentiation 

remains to be further investigated.

In summary, our results show that LRP1 has a positive effect on NSPC proliferation and 

survival, promotes oligodendroglial and neuronal differentiation, but negatively effects 

astrogliogenesis in vitro. According to our findings, the function of LRP1 in 

oligodendrogenesis is likely independent of the cholesterol content. We suggest that ApoE 

binding to LRP1 and consequent downstream MAPK/ERK and PI3K/Akt signaling 
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activation could be involved in oligodendroglial lineage progression. Further studies are 

needed to uncover the exact intermediate components of LRP1-mediated ERK and Akt 

activation triggered by ApoE. The role of other LRP1 ligands, highly expressed in the CNS, 

such as α2-macroglobulin or tissue plasminogen activator in NSPC differentiation and self-

renewal also remains to be elucidated. Additionally, the mechanism of LRP1 function in 

neurogenesis and astroglial differentiation has to be investigated in the future.

In conclusion, the findings presented here open new possibilities for manipulating NSPC 

fate in vitro, as we have identified LRP1 to be a modulator of NSPC properties. The novel 

functions of LRP1 described here may also be implicated in CNS development in vivo and 

maintenance of adult neural stem cells.
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Main points

• LRP1 deletion compromises proliferation and survival of NSPCs.

• LRP1 modulates differentiation of NSPCs.

• ApoE promotes oligodendroglial differentiation via LRP1 mediated 

activation of the ERK and Akt-signaling pathways.
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Fig. 1. LRP1 is LewisX glycosylated in the developing spinal cord
A. An overview showing frontal spinal cord sections of E12.5 C57Bl6 mouse embryos 

immunostained against the glycan LewisX epitope mAb5750LeX and mAb487LeX (red) co-

localizing with LRP1 (green) and Nestin (blue) in the radial glia cells of the central canal, 

scale bar 100 μm. B. High magnification images of the central canal region, immunostained 

for the same markers as in A, confirming co-localization, scale bar 50 μm. C. Western blot 

detecting LRP1α-chain, 5750LeX and 487LeX epitopes in the E14.5 spinal cord protein 

lysate, immunoprecipitated with mAb B411E2, illustrating the LeX glycosylation of mature 

LRP1 in the developing spinal cord. IP = immunoprecipitation, AB = antibody.
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Fig. 2. LRP1 deletion interferes with NSPC proliferation and survival
A. Representative photomicrographs of LRP1+/+ and LRP1−/− NSPCs immunostained 

against BrdU (N = 7, cx; N = 10, sc) and apoptosis marker active Caspase3 (N = 9, cx; N = 

11, sc). Scale bar 50 μm. B. Quantification results indicate 1.5 fold reduction in proliferation 

and 2 fold increase in the apoptosis rate of LRP1 NSPCs derived from cortex and spinal 

cord. Data are expressed as mean ± SE (* indicates P < 0.05, ** — P < 0.01). Cx = cortex, 

sc = spinal cord.
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Fig. 3. LRP1 deletion impairs lineage progression of oligodendrocytes
Representative photomicrographs of LRP1+/+ and LRP1 differentiated NSPCs derived from 

cortex and spinal cord immunostained against: A. PDGFRα — a marker of OPCs (N = 5, 

cx; N = 13, sc). LRP1−/− cells generate 2 times less OPCs. B. Sulfatide O4 — a marker of 

differentiated immature oligodendrocytes (N = 5, cx; N = 10, sc). LRP1−/− cells generate 2 

times less immature oligodendrocytes. C. MBP — a marker of mature oligodendrocytes (N 

= 4, cx). LRP1−/− cells generate 3 times less mature oligodendrocytes. Scale bar 50 μm. 

Data are expressed as mean ± SE (* indicates P < 0.05, ** — P < 0.01). Cx = cortex, sc = 

spinal cord
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Fig. 4. LRP1 knockout NSPCs generated less neurons, but more astrocytes
Representative photomicrographs of LRP1+/+ and LRP1−/−differentiated NSPCs derived 

from cortex and spinal cord immunostained against: A. βIII-tubulin — a marker of young 

neurons (N = 10, cx, N = 10, sc). LRP1−/− NSPCs derived from both tissues generate nearly 

twice less neurons. B. GFAP — an astrocytic marker (N = 7, cx; N = 14, sc). LRP1 NSPCs 

derived from both tissues generate around 1.5 times more astrocytes. Scale bar 50 μm. Data 

are expressed as mean ± SE (* indicates P < 0.05, ** — P < 0.01). Cx = cortex, sc = spinal 

cord.

Safina et al. Page 27

Glia. Author manuscript; available in PMC 2017 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 5. Western blot confirms the modulation of NSPC differentiation by LRP1 deletion
A. Representative Western blot analysis of protein lysates from differentiated NSPCs 

detecting LRP1, two house keeping genes: α-tubulin and actin and cell specific markers: 

PDGFRα, GFAP and βIII-tubulin. Quantification of Western blot results reveals a reduction 

of OPCs marker PDGFRα (B), neuronal marker βIII-tubulin (C), and an increase of GFAP 

expression in LRP1−/− cells. N=5, data are expressed as mean ± SE (* indicates P < 0.05, 

** — P < 0.01).
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Fig. 6. LRP1 deletion modifies neuronal polarity
A. Representative photomicrographs of LRP1+/+ and LRP1−/− differentiated NSPCs 

derived from cortex immunostained against βIII-tubulin. The longer neurites (presumably 

axons) and the shorter processes (presumably dendrites) are indicated with green and red 

false color traces, respectively. B. The comparison of total neurite, dendrite and axon length 

between LRP1+/+ and LRP1−/− neurons. LRP1 knockout neurons exhibit significantly 

shorter dendrites and longer axons compared to wild type neurons, indicating alterations in 

neuronal polarity upon LRP1 deletion.
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Fig. 7. ApoE promotes oligodendroglial differentiation via LRP1
The results of the differentiation assay: A. illustrating that lipid-free ApoE4 addition to the 

differentiation medium increases the amount of O4-positive oligodendrocytes generated 

from LRP1+/+ (N = 4). This suggests that LRP1-dependent ApoE uptake promotes the 

differentiation of NSPCs towards oligodendrocytes. B. Oligodendroglial differentiation of 

LRP1−/− NSPCs is not altered upon ApoE4 treatment. Data are expressed as mean ± SE (* 

indicates P < 0.05, ** — P < 0.01).
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Fig. 8. Cholesterol is important for oligodendroglial differentiation but cholesterol levels are not 
affected by LRP1 deletion
A. Representative live confocal fluorescent images of NSPCs after TopFluor cholesterol 

accumulation and subsequent cholesterol extraction with MβCD demonstrate the 

effectiveness of the MβCD-treatment. Scale bar 20 μm. B. The results of the differentiation 

assay show that MβCD-treatment has a negative effect on oligodendroglia, decreasing the 

percentage of O4-positive oligodendrocytes generated from wild type NSPCs. This suggests 

that cholesterol is involved in oligodendrogenesis (N = 7). C. Representative live confocal 

fluorescent images of adherent proliferating NSPCs after rHDL/TopFluor/apoE4 cholesterol 
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accumulation and the quantification of fluorescence intensity. D. Quantification of rHDL/

TopFluor/apoE4 fluorescent intensity shows no difference in cholesterol uptake between 

LRP1−/− and LRP1+/+ cells (N = 4). Scale bar 50 μm. Total cholesterol concentration 

measured with the AmplexRed cholesterol kit does not differ between LRP1 and LRP1+/+ 

NSPCs (N = 16). Data are expressed as mean ± SE, (* indicates P < 0.05, ** — P < 0.01).
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Fig. 9. Wild type but not NPXY mutant mini LRP1 is able to rescue oligodendroglial 
differentiation in LRP1 cells
A. Schematic representation of full-length receptor LRP1, wild type and mutated mini-

receptors. I-IV = the ligand binding domains. B. A representative fluorescent image of 

neurospheres electroporated with GFP, illustrating high transfection efficiency. The result of 

the differentiation assays shows that LRP1 knockout NSPCs transfected with wild type mini 

LRP1 generated significantly more O4-positive oligodendrocytes compared to NSPCs 

transfected with mini-LRP1 including the mutated intracellular domain, or GFP-transfected 

cells (N = 4). Data are expressed as mean ± SE, (* indicates P < 0.05, ** — P < 0.01).
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Fig. 10. LRP1 promotes ERK and Akt phosphorylation upon ApoE stimulation
Representative Western blot analysis and quantification, showing that ApoE can enhance 

ERK1/2 (A) and Akt phosphorylation (B) in LRP1+/+ but not LRP−/− cells (N = 6, Akt; N 

= 7, ERK). The band intensity of p-Akt and p-ERK is normalized to total Akt and ERK 

respectively. Data are expressed as mean ± SE (* indicates P < 0.05, ** — P < 0.01). p-ERK 

= phosphorylated ERK, p-Akt = phosphorylated Akt, t-ERK = total ERK, t-Akt = total Akt.
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