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compartmentalize into distinct plasma membrane microdomains
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2Institute of Pharmacology, Catholic University Medical School, Rome, Italy.
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Abstract

LDL Receptor-related Protein-1 (LRP1) is an endocytic receptor for diverse ligands. In neurons 

and neuron-like cells, ligand-binding to LRP1 initiates cell-signaling. Herein, we show that in 

PC12 and N2a neuron-like cells, LRP1 distributes into lipid rafts and non-raft plasma membrane 

fractions. When lipid rafts were disrupted, using methyl-β-cyclodextrin or fumonisin B1, 

activation of Src family kinases and ERK1/2 by the LRP1 ligands, tissue-type plasminogen 

activator and activated α2-macroglobulin, was blocked. Biological consequences of activated 

LRP1 signaling, including neurite outgrowth and cell growth, also were blocked. The effects of 

lipid raft disruption on ERK1/2 activation and neurite outgrowth, in response to LRP1 ligands, 

were reproduced in experiments with cerebellar granule neurons in primary culture. Because the 

reagents used to disrupt lipid rafts may have effects on the composition of the plasma membrane 

outside lipid rafts, we studied the effects of these reagents on LRP1 activities unrelated to cell-

signaling. Lipid raft disruption did not affect the total ligand binding capacity of LRP1, the affinity 

of LRP1 for its ligands, or its endocytic activity. These results demonstrate that well described 

activities of LRP1 require localization of this receptor to distinct plasma membrane microdomains.

Keywords
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1. Introduction

Compared with the original fluid mosaic model of plasma membrane structure (Singer and 

Nicolson, 1972), it is now accepted that the molecular composition of the plasma membrane 
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is heterogeneous (Brown and London, 1998). Specialized plasma membrane microdomains 

facilitate important membrane activities. Lipid rafts, which are sphingolipid and cholesterol-

enriched microdomains, impose an increased degree of rigidity on the plasma membrane and 

play an essential role in assembling protein complexes involved in cell-signaling (Brown and 

London, 1998, 2000; Simons and Toomre, 2000). In neurons, lipid rafts function in axonal 

development and maintenance of synaptic integrity (Allen et al., 2007; Hering et al., 2003). 

Furthermore, lipid rafts have been implicated in the pathogenesis of several 

neurodegenerative diseases including Alzheimer's disease (AD) (Cordy et al., 2006; Liu et 

al., 2007; Simons and Ehehalt, 2002).

LDL Receptor-related Protein-1 (LRP1) is a type 1 transmembrane protein and member of 

the LDL Receptor (LDL-R) gene family, implicated in endocytosis, phagocytosis, 

efferocytosis, and cell-signaling (Gonias and Campana, 2014; Herz and Strickland, 2001). 

LRP1 ligands are numerous and structurally diverse. The LDL-R, by contrast, has a more 

limited repertoire of ligands and functions in the internalization of cholesterol-rich LDL 

(Goldstein et al., 1985). Early studies demonstrated that the LDLR is localized mainly in 

clathrin-coated pits, which occupy about 2% of the plasma membrane surface (Goldstein et 

al., 1979). We demonstrated, using immuno-electron microscopy, that in vascular smooth 

muscle cells (VSMCs), LRP1 is localized almost entirely in coated pits (Weaver et al., 

1996). The cytoplasmic tail of LRP1 includes motifs that may serve as coated pit 

endocytosis signals, including NPxY, YxxL, and a dileucine motif (Li et al., 2000).

Boucher et al. (Boucher et al., 2002) first demonstrated that LRP1 may localize within 

caveolae, a specialized form of lipid raft. These investigators also demonstrated that, in 

response to PDGF receptor (PDGFβR) activation, the LRP1 intracellular light chain 

becomes phosphorylated selectively in caveolae. This is important because LRP1 light chain 

phosphorylation may be an essential upstream event in LRP1 signaling (Herz and 

Strickland, 2001). Thrombospondin-induced focal adhesion disassembly, a process that may 

require LRP1-iniated cell-signaling, depends on intact lipid rafts (Barker et al., 2004; Wang 

et al., 2014). In myocardium, sorting of LRP1 into lipid rafts and the contribution of LRP1 

to ERK1/2 activation may depend on whether the cardiomyocytes are normal or stressed 

(Roura et al., 2014).

Based on a comparison of different cell lines, we previously proposed that LRP1 partitions 

into both lipid raft and non-raft membrane fractions and the degree to which LRP1 localizes 

in rafts is cell type-specific (Wu and Gonias, 2005). Interestingly, the activity of LRP1 in 

cell-signaling also appears to be cell type-specific (Gonias and Campana, 2014). In neurons, 

LRP1-activated cell-signaling has been implicated in neuronal survival (Fuentealba et al., 

2009; Hayashi et al., 2007), neurite outgrowth (Mantuano et al., 2008; Matsuo et al., 2011; 

Qiu et al., 2004; Shi et al., 2009), growth cone navigation (Landowski et al., 2016), synaptic 

transmission (May et al., 2004), and long-term potentiation (Zhuo et al., 2000). In cerebellar 

granule neurons (CGNs) and neuron-like cell lines, activation of cell-signaling proteins 

downstream of LRP1, including Src family members (SFKs), ERK1/2, Akt, and RhoA, 

depends on the assembly of systems of co-receptors that include the NMDA Receptor, Trk 

receptors, and/or p75 NTR (Mantuano et al., 2013; Mantuano et al., 2008; Shi et al., 2009).
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In this study, we examined the role of lipid rafts in the function of LRP1 in neurons and 

neuron-like cells. We find that disrupting lipid rafts entirely blocks cell-signaling triggered 

by LRP1 ligands, including tissue-type plasminogen activator (tPA) and activated α2-

macroglobulin (α2M*). Loss of LRP1 signaling activity neutralized the ability of LRP1 to 

regulate neurite outgrowth and cell growth. The reagents used to disrupt lipid rafts had no 

effects on the ligand-binding capacity of LRP1, its affinity for ligands, or the function of 

LRP1 in endocytosis, activities presumed to be localized to clathrin-coated pits and not lipid 

rafts. Distribution of LRP1 into more than one plasma membrane microdomain provides a 

mechanism by which distinct activities of this multifunctional receptor may be 

independently regulated.

2. Materials and Methods

2.1. Proteins and reagents

Enzymatically-inactive tPA (EI-tPA), which is mutated at S478A and R275E and thus, 

inactive and non-cleavable was purchased from Molecular Innovations (Novi, MI). We 

confirmed that EI-tPA is inactive by measuring the rate of hydrolysis of H-D-isoleucyl-L-

prolyl-L-arginine p-nitroanilide 2HCl (S-2288, Chromogenix, Bedford, MA). α2M was 

purified from human plasma by the method of Imber and Pizzo (Imber and Pizzo, 1981) and 

activated to form α2M* by treatment with 200 mM methylamine in 50 mM Tris-HCl, pH 8.2 

for 6 h. Unreacted methylamine was removed by extensive dialysis against 20 mM sodium 

phosphate, 150 mM NaCl, pH 7.4 (PBS) (Hussaini et al., 1990; LaMarre et al., 1993). 

Modification of α2M by methylamine was confirmed by the characteristic increase in α2M 

electrophoretic mobility by nondenaturing PAGE (Imber and Pizzo, 1981). α2M* and EI-

tPA were sterile-filtered using 0.22-μm syringe microfilters and used within 2 wks. The 

LRP1 ligand-binding antagonist, Receptor-associated Protein (RAP), was expressed as a 

Glutathione S-transferase (GST) fusion protein in bacteria and purified as previously 

described (Webb et al., 1995). RAP was subjected to chromatography on Detoxi-Gel 

endotoxin-removing columns (Pierce). For immuno-blotting experiments, we used an 

antibody that detects the LRP1 85-kDa β-chain (Sigma). Rabbit polyclonal antibodies that 

detect phospho-ERK1/2, total ERK1/2, and PDGFβR were from Cell Signaling 

Technologies (Danvers, MA). Polyclonal antibody that detects Caveolin was from BD 

Biosciences. Monoclonal antibody specific for β-actin and polyclonal antibody specific for 

Calnexin were from Sigma. Horseradish peroxidase-conjugated secondary antibodies were 

from Cell Signaling Technologies.

2.2 Cell culture

Rat PC12 pheochromocytoma cells were obtained from the ATCC (Catalogue no. 

CRL-1721) and cultured in Dulbecco's modified Eagle's medium (DMEM, high glucose; 

Invitrogen) containing 10% FBS (Hyclone), 5% heat-inactivated horse serum (Omega 

Scientific Inc.), penicillin (100 units/ml), and streptomycin (1 mg/ml). Mouse N2a 

neuroblastoma cells were a generous gift from Dr. Katerina Akassoglou (Gladstone Institute 

of Neurological Disease, University of California, San Francisco, CA). N2a cells were 

cultured in DMEM containing 10% FBS, penicillin, and streptomycin. Primary cultures of 

CGNs were established using cells isolated from cerebellum of 7-day-old Sprague–Dawley 
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rat pups as previously described (Shi et al., 2009). In brief, freshly dissected cerebella were 

dissociated in the presence of trypsin and DNase I. Cells were plated in poly-L-lysine-coated 

dishes at a density of 1.5 × 106 cells/ml in Neuro-basal Medium supplemented with 10% 

B-27 supplement, 25 mM KCl, penicillin and streptomycin. Cytosine arabinoside (10 μM) 

was added to the culture medium 24 h after initial plating.

2.3. Sucrose density gradient ultracentrifugation

Lipid raft-associated proteins were identified by buoyant density in sucrose gradients as 

previously described (Wu and Gonias, 2005). Briefly, cells were washed three times with 

PBS, collected by scraping into 25 mM 2-[N-morpholino] ethanesulfonic acid, 150 mM 

NaCl, pH 6.5 containing 1% Triton X100 and protease inhibitor cocktail, and homogenized 

by 20 strokes through a 25 gauge needle. Preparations were incubated on ice for 30 min. 

Following centrifugation at 300 × g for 5 min, supernatants were collected and equilibrated 

in 2 mL of 45% sucrose and loaded in ultracentrifuge tubes. A discontinuous sucrose 

gradient was constructed by adding 35% sucrose (2 mL) and 5% sucrose (1 mL) on top of 

each sample. Ultracentrifugation was conducted at 46,000 rpm for 18 h at 4° in a Beckman 

50.1 rotor. Ten 0.5 mL fractions were collected from each centrifuge tube, without 

disturbing the established gradient. Fractions were analyzed by SDS-PAGE and 

immunoblotting.

2.4. Analysis of cell-surface proteins by detergent solubility

PC12 and N2a cells (1 × 106 cells/well) were plated in six-well culture dishes (Falcon) and 

grown until confluent. The cells were washed three times with PBS and then treated with 2.5 

mg/ml of EZ-Link Sulfo-NHS-LC-Biotin (ThermoScientific) for 1 h at 4° C to label cell-

surface proteins. The cells were washed extensively with PBS and 100 mM glycine for 30 

min and then detached by scraping and extracted in 1% Triton X100 containing protease 

inhibitor cocktail for 30 min at 4° C. Preparations were centrifuged at 12,000 × g for 20 min 

at 4° C. Supernatants were collected as the Triton X100-soluble fraction. The Triton X100-

insoluble pellet was extracted in RIPA buffer. Biotinylated proteins in both fractions were 

affinity precipitated with Streptavidin-Seph-arose (Amersham Biosciences). Affinity-

precipitated proteins and total extracts were analyzed by SDS PAGE and immunoblot 

analysis.

2.5. Gene silencing

Previously characterized rat LRP1-specific siRNA (CGAGCGACCUCCUAUCUUUUU) 

(47) and pooled non-targeting control (NTC) siRNA were from Dharmacon. PC12 cells (2 × 

106) were transfected with LRP1-specific or NTC siRNA (25 nm) by electroporation using 

the Cell Line Nucleofector Kit V (Amaxa). Gene silencing were determined by RT-qPCR 

and immunoblot analysis and was always >90%.

2.6. Analysis of cell-signaling

PC12 and N2a cells were plated in 100 mm dishes at a density of 2 × 106 cells/well in 

serum-containing medium and cultured until ~70% confluent. The cultures were then 

transferred into SFM for 4 h before adding α2M*, EI-tPA, or vehicle. Some cultures were 
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pre-treated with 1 mM MβCD (Sigma) for 30 min at 37°C or 25 μM Fumonisin FM (Sigma) 

for 24 h. RAP (250 nM) was added 30 min before other LRP1 ligands. Incubations with 

LRP1 agonists were conducted for 10 min unless otherwise stated. The cells were then 

rinsed twice with ice-cold phosphate-buffered saline (PBS). Cell extracts were prepared in 

radioimmune precipitation assay buffer (PBS with 1% Triton X-100, 0.5% sodium 

deoxycholate, 0.1% SDS, protease inhibitor mixture, and sodium orthovanadate). The 

protein concentration in cell extracts was determined by bicinchoninic acid assay. An 

equivalent amount of cellular protein (40 μg) was subjected to 8-12% SDS-PAGE. Proteins 

were transferred to nitrocellulose membranes (Bio-Rad) and probed with monoclonal 

antibody against phospho-ERK1/2 (Sigma-Aldrich) and total ERK1/2 (Life Technologies). 

Bound antibodies were visualized with HRP-conjugated anti-rabbit IgG (Sigma-Aldrich), by 

chemiluminescence using the ECL Western Blotting system (Perkin Elmer). In separate 

studies, nitrocellulose membranes were probed with antibodies that detect phosphorylated 

members of the c-Src family and total SFK (Cell Signaling Technologies). All 

immunoblotting studies were performed at least three times.

2.7. Determination of viable cell count

PC12 cells (104) were plated in 96-well plates and cultured in SFM with or without 1 mM 

MβCD for 24 h at 37°C. Other additions included 10% FBS and α2M* (10 nM). Viable cells 

were quantitated using the WST-1 (2-(2-methoxy-4-nitrophenyl)-3-(4-nitrophenyl)-5-(2,4-

disulfophenyl)-2H-tetrazolium) assay, as described by the manufacturer (Cayman).

2.8. Binding isotherms

α2M* was radio-iodinated using IODO-BEADS® according to the manufacturer's 

instructions. The specific activity of 125I-α2M* was 1.0-1.5 × 106 cpm/μg. PC12 cells were 

plated in 24-well plates (2 × 105 cells/well), pre-treated with 1 mM MβCD or vehicle for 30 

min, and then equilibrated at 4° C in Earle's balanced salt solution, 10 mM Hepes, and 2 

mg/ml BSA, pH 7.4 (EHB medium). Increasing concentrations (0.1-15 nM) of 125I-labeled 

α2M* were added to each well, in the presence or absence of a 100-fold molar excess of 

unlabeled α2M*, and allowed to incubate with gentle agitation at 4° C for 4 h. After 

extensive washing at 4° C, the cells were solubilized with 1.0 M NaOH/0.1% SDS. Cell-

associated radioactivity was determined in a γ-counter. Specific binding was determined as 

the fraction of radioligand binding that was displaced by unlabeled α2M*. Independent 

binding curves from three replicate experiments were fit to the equation for a rectangular 

hyperbolae using GraphPad Prism. KD and Bmax values are reported as the mean ± SEM 

(n=3).

2.9. Endocytosis assays

PC12 cells were pre-treated with MβCD or vehicle, washed and then, reequilibrated in EHB 

medium. 125I-labeled α2M* was added to each well in the presence or absence of a 100-fold 

molar excess of unlabeled α2M*. The cells were cultured at 37° C for up to 80 min. Uptake 

was stopped by rapid washing of the cells with ice-cold PBS. Surface-associated radio-

ligand, which was not internalized, was dissociated by a brief wash with low pH buffer (pH 

2.5-2.8). Cells were then extracted in NaOH and SDS and cell-associated radioactivity was 
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determined in a gamma counter. Specific 125I-α2M* uptake was determined as the fraction 

of uptake displaced by unlabeled α2M* and is reported as the mean ± SEM (n=3).

2.10. Neurite outgrowth

PC12 cells were plated at 2 × 105 cells/well and maintained in serum-containing medium for 

24 h. The medium then was replaced with SFM supplemented with 1 mM MβCD or vehicle 

and, in some wells, with 12 nM EI-tPA or 10 nM α2M*, for 48 h. The cells were imaged by 

phase contrast microscopy, using a Leica microscope equipped with a DFC 300 digital 

camera and Open Laboratory software.

CGNs were cultured on glass coverslips. Cells were treated with 12 nM EI-tPA, 10 nM 

α2M*, or vehicle, in the presence or absence of 1 mM MβCD for 48 h. The cells were then 

fixed with 4% paraformaldehyde and immunostained with β3-tubulin-specific antibody. 

Nuclei were labeled with DAPI. Neurite length was determined in 40-50 neurons using 

Image J software (NIH). Results were subjected to statistical analysis using GraphPad Prism.

2.11. ERK1/2 phosphorylation in CGNs

CGNs on glass coverslips were pre-treated with 1 mM MβCD or vehicle for 30 min and then 

with 12 nM of EI-tPA, 10 nM α2M*, or vehicle for 10 min. The cells were washed, fixed in 

4% paraformaldehyde, and immunostained to detect phospho-ERK1/2. Preparations were 

mounted on slides using Pro-Long Gold with DAPI. Images were captured using a Leica 

fluorescence microscope equipped with a Hamamatsu CCD camera and SimplePCI 

software.

3. Results

3.1. LRP1 localizes partially to lipid rafts in neuron-like cells

Lipid raft-enriched membrane fractions may be resolved from other plasma membrane 

fractions based on buoyant density in sucrose gradients (Brown and Rose, 1992; Sargiacomo 

et al., 1993). Using this approach, we previously demonstrated that LRP1 localization in 

lipid rafts is cell type-specific (Wu and Gonias, 2005). In this study, we focused on neurons 

and neuron-like cell lines, given the robust cell-signaling activity of LRP1 in these cells 

(Mantuano et al., 2013; Shi et al., 2009). To begin, we homogenized PC12 neuron-like cells 

in 1.0% Triton X100 at 4° C and analyzed the extracts by sucrose gradient 

ultracentrifugation (Fig. 1A). Lipid raft components are typically recovered in low density 

fractions. LRP1 was recovered in high-density fractions and in low-density fractions, 

together with caveolin-1, a scaffolding protein in caveolae and bio-marker of lipid raft-like 

membrane microdomains (Cohen et al., 2004). Calnexin is an integral membrane protein in 

the endoplasmic reticulum that may be recovered in low density fractions but, in isolates 

from most cells, is recovered mainly in high density fractions (Li et al., 2003; Vetrivel et al., 

2004; Williamson et al., 2010). In PC12 cells, calnexin was recovered in high density 

fractions. These results suggest that in PC12 cells, LRP1 localizes at least partially in lipid 

raft-like membrane microdomains.
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Triton X100 homogenates also were prepared from N2a neuron-like cells and subjected to 

sucrose gradient ultracentrifugation. Fig. 1B shows that in N2a cell homogenates, LRP1 was 

once again recovered in low density, lipid raft-enriched fractions, together with caveolin-1. 

Calnexin was restricted to high density fractions. As a control, we examined VSMCs and 

CHO-K1 cells because we previously demonstrated that LRP1 is largely excluded from lipid 

rafts in these cells (Wu and Gonias, 2005). Fig. 1C shows that in Triton X100 homogenates 

from VSMCs, LRP1 was recovered mainly in high density fractions and excluded from 

lower density fractions that contain lipid raft components. Caveolin was identified in low 

and high density fractions, confirming that the gradients were effective. Similarly, in isolates 

from CHO-K1 cells, LRP1 was recovered mainly in high density fractions suggesting 

exclusion from lipid rafts (Fig. 1D). Interestingly, in VSMC and CHO-K1 cells, a slightly 

increased amount of calnexin distributed into low density fractions, compared with PC12 

and N2a cells.

As a second method to examine LRP1 partitioning into lipid rafts, we compared the 

solubility of membrane proteins in 1.0% Triton X100 at 4° C, without sucrose gradient 

ultracentrifugation. We applied a previously described modification of this procedure in 

which we pre-label cells with a membrane-impermeable biotinylation reagent (Wu and 

Gonias, 2005). Affinity precipitation of biotinylated proteins in detergent-soluble and -

insoluble fractions excludes proteins from organelles other than the plasma membrane from 

the analysis. Fig. 1E shows that biotinylated LRP1 from PC12 cells partitioned into both the 

detergent-soluble and –insoluble fractions. The latter includes lipid raft-associated proteins 

(Wu and Gonias, 2005). As a control, we examined the lipid raft-associated receptor tyrosine 

kinase, PDGFβR, which partitioned exclusively into the detergent-insoluble fraction, as 

anticipated. Fig. 1F shows that biotinylated LRP1 from N2a cells also partitioned into 

detergent-soluble and –insoluble fractions. Once again, in these cells, PDGFβR was 

recovered only in the detergent-insoluble fraction. These results confirm those obtained 

using sucrose density ultracentrifugation and suggest that LRP1 is at least partially localized 

in lipid rafts in PC12 and N2a cells.

3.2. Lipid raft disruption blocks LRP1 cell-signaling

Methyl-β-cyclodextrin (MβCD) is a cholesterol sequestration reagent known to disrupt lipid 

rafts (Christian et al., 1997; Edidin, 2003). Unlike other cholesterol-binding agents that 

incorporate into membranes, cyclodextrins act strictly at the cell-surface, extracting 

membrane cholesterol. When added at low concentrations or for short periods of time, 

MβCD may selectively extract cholesterol from lipid rafts and thereby disrupt the structure 

of these membrane microdomains, while having less effects on other membrane regions 

(Zidovetzki and Levitan, 2007).

Fig. 2A shows that in PC12 and N2a cells treated with 1 mM MβCD for 30 min, the amount 

of biotinylated LRP1 associated with the Triton X100-insoluble membrane fraction 

decreased substantially, indicating loss of lipid raft-associated LRP1. Fig. 2B shows that, in 

control PC12 cells that were not treated with MβCD, the LRP1 ligand, EI-tPA (12 nM), 

activated ERK1/2, as anticipated (Mantuano et al., 2013; Shi et al., 2009). We studied EI-

tPA, as opposed to active tPA, to avoid off-target effects related to the protease activity of 
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this protein. ERK1/2 activation in response to EI-tPA was blocked by the LRP1 antagonist 

RAP, suggesting an essential role for LRP1 (Gonias and Campana, 2014; Herz and 

Strickland, 2001). ERK1/2 activation also was blocked by treating the cells with 1 mM 

MβCD for 30 min.

Equivalent results were obtained when we studied a second LRP1 ligand, α2M*, which 

activated ERK1/2 in PC12 cells only when the cells were not pre-treated with MβCD (Fig. 

2C). Figs. 2D and 2E show that LRP1 gene-silencing blocked ERK1/2 activation in response 

to EI-tPA and α2M*, respectively, confirming the role of LRP1. In cells transfected with 

NTC siRNA, EI-tPA and α2M* activated ERK1/2 and the response was blocked by MβCD.

Next, we studied the effects of MβCD on LRP1 signaling in N2a cells. ERK1/2 was 

activated by EI-tPA (Fig. 2F) and α2M* (Fig. 2G) in N2a cells, in the absence of MβCD, as 

anticipated (Mantuano et al., 2013; Shi et al., 2009). The response to EI-tPA and α2M* was 

blocked by RAP and by pre-treating the cells with 1 mM MβCD. The effects of MβCD on 

LRP1-initiated cell-signaling in PC12 and N2a cells suggest that localization of LRP1 to 

lipid rafts may be essential for cell-signaling.

To further test whether lipid raft disruption inhibits LRP1-initiated cell-signaling, we treated 

PC12 cells with Fumonisin B1 (25 μM) for 24 h. Fumonisin B1 blocks the synthesis of 

sphingolipids that are key components of lipid rafts (Merrill et al., 1993). Fumonisin B1 

blocked ERK1/2 activation in response to 12 nM EI-tPA (Fig. 3A) and 10 nM α2M* (Fig. 

3B).

Trk receptors are essential downstream mediators in the pathway by which LRP1-initiated 

cell-signaling activates ERK1/2 in neurons and neuron-like cell lines (Shi et al., 2009; Yoon 

et al., 2013). Because Trk receptors localize to lipid rafts and function in a manner that 

requires lipid raft integrity (Tsui-Pierchala et al., 2002), we conducted experiments to 

determine whether activation of SFKs by LRP1 ligands is inhibited by MβCD. SFKs 

function upstream of Trk receptors in response to LRP1 ligands and are responsible for Trk 

transactivation (Shi et al., 2009). Fig. 3C shows that SFKs were phosphorylated in PC12 

cells treated with EI-tPA or α2M*. SFK phosphorylation by EI-tPA and α2M* was blocked 

when the cells were pre-treated with MβCD.

3.3. Ligand binding and endocytosis by LRP1 do not require lipid rafts

We performed experiments to confirm that MβCD does not affect cell viability. Fig. 4A 

shows that when PC12 cells were cultured for 24 h in serum-free medium (SFM) with 1 mM 

MβCD, the viable cell count was not significantly decreased compared with cells cultured in 

the absence of MβCD. In control cells that were not treated with MβCD, α2M* significantly 

promoted cell growth, as did 10% fetal bovine serum (FBS). The effects of α2M* on PC12 

cell growth were blocked by MβCD, suggesting that cell growth is linked to the cell-

signaling activity of LRP1.

Next, we studied binding of radio-iodinated α2M* to PC12 cells at 4° C. We selected α2M* 

because unlike other LRP1 ligands, α2M* binds with high specificity to LRP1 (Strickland et 

al., 1990). Cells were pre-treated with 1 mM MβCD or with vehicle for 30 min and then 
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chilled to 4° C. Different concentrations of 125I-α2M* were added to the wells. Binding was 

allowed to reach equilibrium over 4 h at 4° C, a time pre-determined to be sufficient, as 

previously described (Hussaini et al., 1990; LaMarre et al., 1993). In some wells, a 100-fold 

molar excess of unlabeled α2M* was added to displace specifically bound 125I-α2M*. Fig. 

4B shows that pre-treating cells with MβCD did not significantly affect specific binding 

of 125I-α2M* to PC12 cells. In cells that were pre-treated with vehicle, the KD for α2M*-

binding to PC12 cells was 3.7±1.0 nM (n=3). The Bmax, which reports the total number of 

α2M* binding sites, was 75±7 fmol/mg cell protein. Assuming an average cell mass of about 

1 ng, the Bmax corresponds to 4.5×104 α2M*-binding sites per PC12 cell. In cells that were 

pre-treated with MβCD, the KD for α2M*-binding was 3.6±0.8 nM and the Bmax was 67±5 

fmol/mg cell protein (differences not statistically significant by Student's t-test).

We also studied endocytosis of 125I-α2M* by PC12 cells at 37° C. Cells were pre-treated 

with 1 mM MβCD or vehicle for 30 min, washed, and re-equilibrated in DMEM with 5 

nM 125I-α2M* and 1.0 mg/ml BSA at 37° C, in the presence and absence of unlabeled 

α2M*. Because the MβCD was washed out before adding α2M*, control studies were 

performed to confirm that the distribution of LRP1 between lipid rafts and non-raft 

membrane fractions did not revert during the subsequent 80 min incubation at 37° C. Fig. 4C 

shows that MβCD decreased the fraction of LRP1 associated with the detergent-insoluble 

membrane fraction in PC12 cells, as shown in Fig. 2A. When the cultures were washed and 

the cells incubated in the absence of MβCD for up to 80 min at 37° C, the amount of LRP1 

associated with the detergent-insoluble membrane fraction remained unchanged or 

continued to decrease. We concluded that LRP1 remained excluded from lipid raft-like 

membrane microdomains throughout the endocytosis experiment.

Fig. 4D shows that pre-treating PC12 cells with MβCD did not decrease the capacity of the 

cells to internalize α2M*. Thus, LRP1 depletion from lipid rafts is not associated with a 

decrease in the endocytic activity of LRP1.

3.4. Lipid raft disruption blocks LRP1-mediated neurite outgrowth

In neurons and neuron-like cells, Trk receptor transactivation downstream of LRP1 promotes 

neurite outgrowth (Mantuano et al., 2008; Shi et al., 2009; Yoon et al., 2013). Neurite 

outgrowth is thus, an LRP1 signal transduction-dependent event. We cultured PC12 cells in 

the presence or absence of 1 mM MβCD and then treated the cells with 12 nM EI-tPA, 10 

nM α2M*, or vehicle for 48 h. As shown in representative images (Fig. 5A), EI-tPA and 

α2M* stimulated neurite outgrowth and this activity was blocked by MβCD.

Images collected in three separate experiments were subjected to image analysis. The results 

are summarized in Fig. 5B. EI-tPA and α2M* stimulated neurite outgrowth in PC12 cells by 

nearly 4-fold. The activity of EI-tPA and α2M* was blocked by RAP, suggesting an essential 

role for LRP1. The activity of EI-tPA and α2M* also was substantially inhibited by MβCD.

Next, we examined primary cultures of CGNs. The CGNs were pre-treated with 1 mM 

MβCD or vehicle for 30 min and then stimulated with 12 nM EI-tPA or 10 nM α2M* for 10 

min. ERK1/2 activation was examined by immunofluorescence (IF) microscopy using an 

antibody that detects the phosphorylated forms of ERK1 and ERK2. As shown in Fig. 6, 
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control CGNs demonstrated robust responses to EI-tPA and α2M*. Numerous cells were 

phospho-ERK1/2-immunopositive. When the CGNs were pre-treated with MβCD, ERK1/2 

activation in response to EI-tPA and α2M* was blocked.

EI-tPA and α2M* stimulated neurite outgrowth in CGNs (Fig. 7), as previously reported 

(Shi et al., 2009). When the CGNs were treated with MβCD, neurite outgrowth in response 

to EI-tPA and α2M* was significantly inhibited. We conclude that lipid raft-like plasma 

membrane microdomains are important in the function of LRP1 in neurons, both in signal 

transduction and in neurite outgrowth.

4. Discussion

Lipid rafts and other plasma membrane microdomains allow for specialized membrane 

functions that support cell physiology (Brown and London, 1998, 2000). In neurons, lipid 

rafts have been implicated in the assembly of proteins involved in neurotransmitter signaling 

(Tsui-Pierchala et al., 2002). Rafts facilitate transport of neurotransmitters to the axon 

terminal, regulate exocytosis of neurotransmitters at the synapse, and organize 

neurotransmitter receptors and associated signal transduction molecules. Rafts are abundant 

in dendritic spines (Hering et al., 2003). This is also a location where LRP1 is concentrated 

in association with proteins such as the NMDA-R and PSD-95 (Brown et al., 1997; May et 

al., 2004). When PC12 or N2a cells are treated with EI-tPA or α2M*, LRP1 forms a 

complex with PSD-95 and the NMDA-R (Mantuano et al., 2013). This complex is essential 

for transactivation of Trk receptors, ERK1/2 activation, and biological responses such as 

neurite outgrowth (Bacskai et al., 2000; Mantuano et al., 2013).

We initiated the current study to understand why LRP1 may function as a cell-signaling 

receptor selectively in specific cell-types (Gonias and Campana, 2014). Our previous studies 

suggested that the fractional distribution of LRP1 into lipid rafts may be cell type-specific 

(Wu and Gonias, 2005). Herein, we demonstrate that substantial amounts of LRP1 are raft-

associated in PC12 cells and N2a cells. These are cells in which robust LRP1-initiated cell-

signaling responses are observed (Mantuano et al., 2013; Mantuano et al., 2008; Shi et al., 

2009). Substantially less LRP1 was associated with lipid rafts in VSMCs and CHO cells, 

confirming our previous results (Wu and Gonias, 2005). Localization of LRP1 to lipid rafts 

in PC12 and N2a cells may reflect the activity of PSD-95, which is known to cluster other 

membrane proteins in rafts through its scaffolding activity (Hering et al., 2003; Wong and 

Schlichter, 2004; Yoshii and Constantine-Paton, 2007).

Using two distinct methods for disrupting lipid rafts, we demonstrated that rafts may be 

essential for LRP1-initiated cell-signaling in PC12 and N2a cells. Lipid raft disruption failed 

to affect the total ligand-binding capacity of LRP1, indicating that the number of copies of 

LRP1 at the cell surface was unchanged. The binding affinity for α2M* also was unchanged. 

Furthermore, when raft-associated LRP1 was depleted by pre-treating the cells with MβCD, 

the endocytic activity of LRP1 remained largely intact. These results suggest that raft 

disruption selectively affects the signaling activity of LRP1 without affecting other LRP1 

activities.
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Whether the lower level of raft-associated LRP1 in VSMCs and CHO cells precludes LRP1 

signaling remains to be determined. LRP1-signaling in VSMCs is particularly important 

given the function of VSMC LRP1 in aneurysm prevention (Strickland et al., 2014). In 

neurons, the NMDA-R is known to traffic in and out of lipid rafts (Delint-Ramirez et al., 

2010). It is therefore plausible that rafts are essential for LRP1 signaling selectively in 

neurons and neuron-like cells because, in these cells, rafts facilitate formation of LRP1-

NMDA-R complexes (Mantuano et al., 2013). The NMDA-R also has been identified as an 

essential LRP1 co-receptor in Schwann cells (Mantuano et al., 2015). Whether the NMDA-R 

functions in LRP1 signaling in other cell types remains to be determined.

Rodal et al (Rodal et al., 1999) reported that MβCD decreases the capacity of Hep-2 cells to 

mediate endocytosis of transferrin by as much as 40%. This observation highlights the 

caveat that MβCD may affect the structure and function of membrane microdomains in 

addition to lipid rafts (Zidovetzki and Levitan, 2007). Like LRP1, transferrin undergoes 

endocytosis in clathrin-coated pits (Harding et al., 1983). In our studies, we used a low 

concentration of MβCD and short exposure time because these conditions limit cholesterol 

depletion from non-raft membrane fractions (Zidovetzki and Levitan, 2007). Thus, our 

conditions may explain why the function of LRP1 in ligand-binding and endocytosis was not 

affected by MβCD. Also, our MβCD wash-out method may have precluded observing minor 

changes in the function of coated pits in endocytosis of α2M*-LRP1 complex. We conclude 

that the effects of MβCD on LRP1 signaling and endocytic activity are distinct. The former 

is dependent on lipid raft integrity whereas the latter is not.

LRP1 in lipid rafts is not a static receptor sub-population (Wu and Gonias, 2005). Instead, 

the distribution of LRP1 in the plasma membrane is dynamic. We previously demonstrated 

that LRP1 resides transiently in rafts and transfers to clathrin-coated pits, where it undergoes 

endocytosis (Wu and Gonias, 2005). Once clathrin-coated endosomes invaginate, LRP1 

enters an intracellular vesicular transport pathway, disallowing LRP1 transfer back to lipid 

rafts. Ligands that are internalized with LRP1 are transported to lysosomes. The LRP1 

recycles back to the cell surface with nearly 100% efficiency (Dickson et al., 1981; Van 

Leuven et al., 1980; Willingham et al., 1980).

In PC12 cells and in CGNs, EI-tPA or α2M* stimulated neurite outgrowth and this response 

was blocked by MβCD. ERK1/2 activation in CGNs also was blocked by MβCD. SFK 

activation and Trk transactivation are essential in the pathway by which LRP1 ligands 

stimulate ERK1/2 activation and neurite outgrowth (Shi et al., 2009). The inability of EI-tPA 

or α2M* to promote neurite outgrowth in MβCD-treated cells reflected the effects of MβCD 

on LRP1-signaling. We did not test whether MβCD regulates Trk receptor function, 

independently of LRP1; however, the effects of MβCD on SFK activation confirmed that 

depletion of LRP1 from lipid rafts is sufficient to deactivate the pathway by which LRP1 

ligands induce neurite outgrowth.

For the first time, we report that α2M* may function to promote PC12 cell proliferation. 

This result is consistent with the demonstrated effects of α2M* on cell signaling in this cell 

line. The effects of α2M* on PC12 cell proliferation were blocked by MβCD. Thus PC12 

cell proliferation, like neurite outgrowth, probably requires LRP1 localization to lipid rafts. 
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We believe that LRP1-dependent cell-signaling initiated in lipid rafts may play a major role 

in the response of neurons to central nervous system injury.

5. Conclusions

Overall, this work demonstrates that the multifunctional nature of LRP1 requires its 

localization to distinct plasma membrane microdomains. LRP1 partitioning in the plasma 

membrane may allow for differential regulation of cell-signaling and endocytic activity.
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Highlights

• In neuron-like cells, the plasma membrane receptor, LRP1, localizes 

partially in lipid rafts.

• Lipid rafts are required for LRP1-activated cell-signaling and neurite 

outgrowth.

• Lipid raft disruption has no effect on ligand-binding to LRP1 or LRP1 

endocytic activity.

• Partitioning of LRP1 in the plasma membrane differentially regulates 

its activities in neurons.
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Fig. 1. 
LRP1 distribution into lipid rafts. (A) Homogenates of PC12 cells were prepared in Triton 

X100. The homogenates were subjected to sucrose density gradient ultracentrifugation. 

Gradient fractions were numbered in order of increasing density. Immunoblot analysis was 

performed to detect specific proteins in the fractions. (B) Sucrose density gradient 

ultracentrifugation analysis of homogenates from N2a cells. (C) Sucrose density gradient 

ultracentrifugation analysis of VSMCs. (D) Sucrose density gradient ultracentrifugation 

analysis of CHO-K1 cells. (E) Triton X100 extracts were prepared from PC12 cells in which 

cell-surface proteins were biotinylated. The detergent soluble “S” and insoluble “I” fractions 

were subjected to immunoblot analysis to detect LRP1 and PDGFβR (total). The same 

analysis was performed after affinity-precipitating the fractions to recover biotinylated 
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proteins (cell-surface). (F) Triton X100 extracts were prepared from N2a cells and analyzed 

as described in panel E.
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Fig. 2. 
Disruption of lipid rafts blocks LRP1 signaling. (A) Immunoblot analysis comparing cell-

surface LRP1 in Triton X100-soluble “S” and insoluble “I” fractions from PC12 and N2a 

cells after pre-treatment for 30 min with MβCD (1 mM) or vehicle. Cell-surface proteins 

were obtained by affinity precipitation after biotin-labeling. (B) PC12 cells were pre-treated 

with MβCD (+) or vehicle (−) for 30 min, and then with 150 nm RAP (+) or vehicle (−) for 

30 min, followed by 12 nM EI-tPA (+) or vehicle (−) for 10 min. Immunoblot analysis was 

performed for phospho-ERK1/2 and total ERK1/2. (C) The study described in panel B was 

repeated, substituting α2M* (10 nM) for EI-tPA. (D) PC12 cells were transfected with 

LRP1-specific or NTC siRNA. The cells were treated with 1 mM MβCD (+) or vehicle (−) 

for 30 min, and then with EI-tPA (12 nM) or vehicle. (E) The study described in panel D 
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was repeated, substituting α2M* (10 nM) for EI-tPA. (F, G) The experiments shown in 

panels B and C were repeated using N2a cells.

Laudati et al. Page 20

Mol Cell Neurosci. Author manuscript; available in PMC 2017 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 3. 
Inhibiting synthesis of sphingolipids required for lipid raft formation blocks LRP1 signaling. 

(A) PC12 cells were treated with 25 μM Fumonisin B1 (FM, +) or with vehicle (FM, −) for 

24 h. The cells were then pre-treated with 150 nM RAP (+) or vehicle (−) for 30 min as 

indicated, followed by EI-tPA (+) or vehicle (−) for 10 min. Phospho-ERK1/2 and total 

ERK1/2 were determined by immunoblot analysis. (B) The experiment described in panel A 

was repeated. α2M* (10 nM) was substituted for EI-tPA. (C) PC12 cells were pre-treated 

with 1 mM MβCD (+) or vehicle (−) for 30 min. The cells were then treated with 12 nM EI-

tPA, 10 nM α2M*, or vehicle. Immunoblot analysis was performed to detect phosphorylated 

Src family kinases and total levels of SFK.
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Fig. 4. 
The ligand-binding and endocytic activity of LRP1 are unchanged by lipid raft disruption. 

(A) PC12 cells were cultured in SFM with 1 mM MβCD, 10 nM α2M*, or 10% FBS, as 

indicated. WST-1 cell viability assays were performed (mean ± SEM, ns, not statistically 

significant, ***p<0.001). (B) PC12 cells were treated with 1 mM MβCD or vehicle (basal) 

for 30 min and then equilibrated at 4° C. Specific binding of 125I-α2M* was determined. 

The results of three separate experiments were averaged. (C) PC12 cells were surface-

labeled with biotin and then treated with 1 mM MβCD or vehicle for 30 min. The cultures 

were washed and the medium replaced with EHB medium (no MβCD) for the indicated 

times. Detergent-soluble “S” and -insoluble “I” fractions were prepared. Biotinylated 

proteins in the fractions were affinity-precipitated and LRP1 was detected by immunoblot 

analysis. Actin in unfractionated extracts was measured as a control for load. (D) PC12 cells 

were pre-treated with MβCD or vehicle. The cultures were washed and re-established in 

EHB with 5 nM 125I-α2M*, in the presence and absence of unlabeled α2M*, at 37° C. 

Internalized radioligand was determined as a function of time. Presented results represent 

three separate experiments.
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Fig. 5. 
Lipid raft disruption blocks the ability of LRP1 ligands to promote neurite outgrowth in 

PC12 cells. (A) PC12 cells were treated with α2M* (10 nM), EI-tPA (12 nm), or vehicle for 

48 h in the presence or absence of 150 nM RAP or 1 mM MβCD. Neurite outgrowth was 

detected by phase contrast microscopy. Representative images are shown (scale bar, 40 μm). 

(B) Neurite length was determined for 50 cells, chosen at random, in three different 

experiments (***p<0.001).
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Fig. 6. 
Lipid raft disruption blocks LRP1 signaling in neurons. CGNs were pre-treated with 1 mM 

MβCD or vehicle for 30 min. The cells were then treated with α2M* (10 nm), EI-tPA (12 

nm), or vehicle for 10 min. IF microscopy was performed to detect phospho-ERK1/2 (red). 

Nuclei were stained with DAPI (blue). Merged images are presented (scale bar, 50 μm).
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Fig. 7. 
Neurite outgrowth in CGNs is inhibited by lipid raft disruption. (A) CGNs were cultured for 

48 h in the presence of the α2M* (10 nM), EI-tPA (12 nm) or vehicle, in the presence or 

absence of MβCD (1 mM). The neurons were immunostained to detect β3-tubulin and 

imaged by fluorescence microscopy (scale bar, 20 μm). (B) Neurite length was determined 

for 50 randomly selected CGNs for each condition, in three separate experiments (mean ± 

SEM, ***, p<0.001).
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