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Introduction
Multiple sclerosis (MS) is a chronic debilitating autoimmune

disease, usually characterized by remissions and relapses, in which

myelin in the CNS is destroyed and survival of myelin-producing

oligodendrocytes is compromised (Lucchinetti et al., 1999). The

pathogenesis of MS is incompletely understood; both genetic and

environmental factors have been implicated. Peripheral activation

of CD4+ T cells that recognize myelin-associated proteins probably

represents an early event in the development of autoimmunity. The

responsible immunogen may be degraded myelin fragments that

cross the blood-brain barrier (BBB). Once T cells are activated,

they rapidly transfer back across the BBB into the brain (Kermode

et al., 1990). At this point, progression of MS involves multiple

mediators and cell types (Lucchinetti et al., 2000; Lucchinetti et

al., 2004), including microglia and recruited macrophages (Rinner

et al., 1995). Progressive destruction of myelin and degradation of

its component proteins may further fuel the autoimmune response

(Stinissen et al., 1997).

Oligodendrocyte apoptosis may represent an initiating or early

event in MS, preceding onset of autoimmunity (Barnett and Prineas,

2004). Apoptotic oligodendrocytes have been identified in areas of

the brain that are devoid of lymphocytes, typically in the periphery

of well developed lesions (Barnett and Prineas, 2004). The cause

of oligodendrocyte cell death is unclear; however, viral infections,

cytokine dysregulation and defects in glutamate homeostasis have

been suggested (Antony et al., 2004; Matute et al., 2001). Release

of degraded myelin from oligodendrocytes undergoing cell death

may increase the likelihood of myelin leakage across the BBB.

Furthermore, degraded myelin may reinforce the inflammatory

response locally. Receptors that have been implicated in myelin

phagocytosis and clearance from extracellular spaces include FC

receptors, complement receptor-3 (also known as MAC-1), and the

scavenger-receptor-AI/II (Smith, 2001).

Low density lipoprotein receptor-related protein 1 (LRP1) is a

600 kDa, type-1 transmembrane receptor, which functions in the

endocytosis of over 40 structurally and functionally distinct ligands

(Strickland et al., 2002). LRP1-associated ligands typically

dissociate in acidified endosomes and are delivered to lysosomes,

while LRP1 recycles back to the cell surface. In addition to soluble

proteins, LRP1 recognizes ligands that are cell-associated, including

C1q and calreticulin (Gardai et al., 2005). By this mechanism, LRP1

promotes phagocytosis of apoptotic cells (Vandivier et al., 2002).

LRP1 gene deletion in mice is embryonic lethal (Herz et al., 1992).

The reason for this is unclear; however, conditional deletion of LRP1

in different cell types causes various forms of pathophysiology

(Lillis et al., 2008).

LRP1 is expressed by multiple cell types in the human brain,

including neurons and astrocytes (Wolf et al., 1992). Rat microglia
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also express LRP1, at least in vitro (Marzolo et al., 2000). The

goal of the present study was to determine whether LRP1 functions

as a significant receptor in the phagocytosis of degraded myelin.

To model degraded myelin, we prepared myelin vesicles (MV)

from adult rat brains. Our studies show, for the first time, that

LRP1 is essential for MV phagocytosis by fibroblasts, astrocytes,

microglia and oligodendrocytes. The function of LRP1 in MV

phagocytosis reflects, at least in part, a specific interaction with

myelin basic protein (MBP), which is thus, a newly discovered

LRP1 ligand. LRP1 expression is substantially increased in both

the cerebellum and spinal cord in experimental autoimmune

encephalomyelitis (EAE), which is a frequently studied animal

model of MS. By mediating cellular internalization of degraded

myelin, LRP1 may function as an important regulator of MS

progression.

Results
LRP1 is a receptor for MVs
MVs were prepared from adult rat brain as a model for degraded

myelin (Norton and Poduslo, 1973). MBP was clearly identified in

the MVs by immunoblot analysis and migrated similarly to the most

prominent bands observed in Coomassie-Blue-stained gels (Fig.

1A). Others have shown that MBP represents 30% of the total

protein content in CNS myelin (Boggs, 2006). To determine

whether LRP1 functions in degraded myelin phagocytosis, murine

embryonic fibroblasts (MEFs) that were LRP1-negative (MEF-2

cells) or LRP1-positive (PEA-10 cells) and derived from the same

culture (Willnow and Herz, 1994) were incubated with fluorescein

isothiocyanate (FITC)-labeled MVs for 30 minutes at 37°C. After

washing and treatment with Pronase A to remove surface-associated

MVs, cells were analyzed by flow cytometry. As shown in Fig. 1B,

only the LRP1-positive PEA-10 cells internalized significant

amounts of FITC-labeled MVs. When the PEA-10 cells were pre-

treated with glutathione-S-transferase receptor-associated protein

(GST-RAP), which binds to LRP1 and inhibits its interaction with

other known ligands (Herz et al., 1991), MV internalization was

blocked. GST, which was added as a control, had no effect on MV

internalization. In further control studies, PEA-10 cells were

incubated with MVs at 4°C, to preclude MV internalization, and

then treated with Pronase A. Cell-associated fluorescence was

completely absent, confirming that our method reports internalized

MVs (results not shown).

As a second approach for testing whether LRP1 is responsible

for MV internalization by MEFs, we conducted fluorescence

microscopy colocalization studies, using the lysosomal marker,

LysotrackerTM. MEF-2 and PEA-10 cells were incubated with

Rhodamine-labeled MVs for 30 minutes at 37°C. The cells were

then washed and cultured for an additional 30 minutes in the

presence of Lysotracker. Only the PEA-10 cells internalized

substantial amounts of labeled MVs (Fig. 1C), which colocalized

with Lysotracker. These results confirm that in MEFs, LRP1

functions as an essential receptor for the phagocytosis of MVs.

CNS cells in primary culture express LRP1
To further study the role of LRP1 in MV internalization, we

established primary cultures of oligodendrocytes, astrocytes and

microglia from 1-day-old rat pup brains. All three cell types

expressed LRP1 mRNA, as shown by real-time qPCR (Fig. 2A).

LRP1 expression by oligodendrocytes has not been reported before;

however, interestingly, in cell culture, the level of LRP1 mRNA

was highest in these cells.

To detect LRP1 at the protein level, we performed immunoblot

analysis using monoclonal antibody 11H4, which detects the 85

kDa transmembrane β-chain of LRP1. All three cell types were

immunopositive. The highest level of LRP1 β-chain was detected

in oligodendrocytes (Fig. 2B), consistent with the results of our

qPCR studies. Slight differences in the mobility of the β-chain were

observed when the different cell types were compared. Although

this result has not yet been explained, the ectodomain of the LRP1

β-chain contains candidate N- and O-glycosylation sites.

Intracellular β-chain tyrosine phosphorylation also may explain the

differences in mobility (Barnes et al., 2003).

As a second method to detect LRP1 protein expression, we

performed ligand-blotting experiments with GST-RAP, which binds

to the 515-kDa LRP1 α-chain. This method is less specific because

multiple members of the LDL receptor family may be detected,

some of which have molecular masses exceeding 250 kDa, including

LRP1B and LRP2 (also known as megalin) (Pastrana et al., 2005;

Saito et al., 2007). In all three cell types, GST-RAP bound

Journal of Cell Science 122 (8)

Fig. 1. LRP1 is a receptor for myelin vesicles. (A) MVs were analyzed by
SDS-PAGE with Coomassie staining and by immunoblot analysis using MBP-
specific antibody. (B) PEA-10 and MEF-2 cells were incubated with FITC-
labeled MVs for 30 minutes in the presence of GST or GST-RAP. After
washing and protease treatment, cells were subjected to flow cytometry
analysis. (C) PEA-10 and MEF-2 cells were incubated with Rhodamine-
labeled MVs for 30 minutes. After washing, the cells were incubated with
Lysotracker for 30 minutes and analyzed by fluorescence microscopy. Scale
bar: 50 μm.
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1157LRP1 mediates myelin phagocytosis

principally to species with apparent masses greater than 250 kDa,

consistent with the known mass of LRP1. Again, oligodendrocytes

yielded the most intense signal.

Fig. 2C shows that neither the β-chain of LRP1 (immunoblot

analysis) nor the α-chain (RAP ligand blotting) was detected at

significant levels in MVs prepared from rat brain. The

oligodendrocytes in primary culture were immunonegative for MBP.

This is an anticipated result for cultured cells (Kamholz, 1996).

Glial cells internalize MVs by an LRP1-dependent mechanism
FITC-labeled MVs were incubated with oligodendrocytes for 30

minutes at 37°C, in the presence of GST-RAP, to inhibit the

endocytic activity of LRP1, or in the presence of GST, as a control.

MV internalization was determined by the flow cytometry method

described above for our experiments with MEFs. As shown in Fig.

3A, substantial MV internalization was observed in the presence

of GST; however, when the incubations were conducted in the

presence of GST-RAP, MV internalization was almost entirely

blocked. As a control, we incubated MVs with oligodendrocytes

in the absence of GST-RAP and GST. Internalization was unchanged

compared with that observed when GST was present (results not

shown).

Astrocytes in primary culture internalized fluorescently labeled

MVs, as determined by flow cytometry (Fig. 3B). Once again, GST-

RAP substantially inhibited MV uptake, whereas GST had no effect.

Uptake of MVs by microglia was studied by fluorescence and phase-

contrast microscopy. The fluorescence microscopy studies showed

substantial internalization of MVs by microglia, which was largely

inhibited by GST-RAP. By phase contrast microscopy, microglia

that were incubated with MVs showed prominent, distended

intracytoplasmic vesicles, again suggesting uptake of substantial

amounts of myelin. Vesicular engorgement with myelin was largely

inhibited by GST-RAP. These studies demonstrate that LRP1 or

another RAP-binding member of the LDL receptor gene family

plays an essential role in MV uptake by oligodendrocytes, astocytes

and microglia.

To more specifically test the role of LRP1 in MV phagocytosis

by oligodendrocytes, we applied a gene-silencing strategy. Cells

were transfected with the previously described rat LRP1-specific

siRNA, L2 (Campana et al., 2006), or with non-targeting control

(NTC) siRNA. Fig. 4A shows that silencing of LRP1 expression

at the protein level was essentially complete as determined by

Fig. 2. CNS glia express LRP1. (A) RNA was isolated from oligodendrocytes
(Oligo), astrocytes (Astro) and microglia (Micro). LRP1 mRNA expression
was determined by qPCR (data are means ± s.d.). (B) Protein extracts from
oligodendrocytes, astrocytes and microglia were analyzed by immunoblotting
with LRP1 β-chain-specific antibody 11H4 and with antibody specific for
ERK/MAP kinase as a control for loading. The same samples were also
analyzed by RAP-ligand blotting to detect LRP1 α-chain and possibly other
LRP family members. (C) MVs were analyzed by immunoblot analysis using
specific antibodies that detect MBP or LRP1 β-chain and by RAP ligand
blotting. Oligodendrocyte extracts were assessed in the same experiments.

Fig. 3. MV phagocytosis by CNS glia is inhibited by RAP. Oligodendrocytes
(A) and astrocytes (B) were incubated with FITC-labeled MVs for 30 minutes
in the presence of GST or GST-RAP. After washing and protease treatment to
dissociate surface-associated MVs, the cells were subjected to flow cytometry
analysis. (C) Microglia were incubated with Rhodamine-labeled MVs for 30
minutes in the presence of GST or GST-RAP. After washing, the cells were
analyzed by fluorescence microscopy and by phase contrast microscopy. Scale
bar: 50 μm.
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immunoblot analysis. To test the specificity of siRNA L2, we

examined its effects on expression of Lrp2 and Lrp1b.

Oligodendrocytes expressed low levels of these mRNAs, as

determined by qPCR; however, the mRNA levels were not affected

by siRNA L2 (results not shown). In additional control studies, we

demonstrated that siRNA L2 does not affect LRP-2 mRNA

expression in PC12 pheochromocytoma cells, which express higher

levels of this protein.

Fig. 4B shows that MV internalization by oligodendrocytes in

which Lrp1 was silenced was substantially decreased compared with

cells that were transfected with NTC siRNA. These results confirm

that LRP1 mediates MV internalization in oligodendrocytes.

MBP is involved in the LRP1-MV interaction
MBP is a major component of myelin purified from the CNS (Boggs,

2006). To determine whether MBP binds to LRP1 and may be

responsible for the interaction of LRP1 with MVs, we expressed

MBP as a His-tagged fusion protein in bacteria. By SDS-PAGE,

recombinant MBP (rMBP) migrated with an apparent mass of

20 kDa, as anticipated (Fig. 5A). In ligand blotting experiments,
125I-labeled rMBP bound to the α-chain of purified rat liver LRP1,

which had been subjected to SDS-PAGE (non-reducing conditions)

and electro-transferred to polyvinylidene fluoride (PVDF)

membranes (Fig. 5B). 125I-rMBP failed to bind to purified

fibronectin on the same membranes, providing a negative control.

Shed LRP1, which was purified from human plasma and contains

the intact α-chain (Quinn et al., 1999) bound to rMBP, which was

immobilized on microtiter plates (Fig. 5C). In control studies, shed

LRP1 also bound to immobilized GST-RAP but did not bind to

immobilized bovine serum albumin (BSA). To prove that the

interaction of shed LRP1 with rMBP was specific, shed LRP1 was

added to wells with immobilized rMBP in the presence of GST-

RAP. Binding was almost entirely blocked. These results indicate

that the structure of MBP, when released from the constraints of a

membrane, includes regions that bind directly to LRP1. We

hypothesized that MBP may play a role in the phagocytosis of MVs

by LRP1.

To test the hypothesis that MBP binding to LRP1 is involved in

MV internalization, FITC-labeled MVs were incubated with

oligodendrocytes in the presence of MBP-specific antibody or non-

specific IgG. MV internalization was determined by flow cytometry.

Fig. 5D shows that MBP-specific antibody substantially inhibited

MV uptake by the cells.

LRP1 expression is increased in mice with EAE
Because EAE is a frequently studied animal model of MS, we

assessed LRP1 expression in the CNS of mice with EAE.

Immunoblot analysis was used to compare LRP1 levels in extracts

of cerebellum and spinal cord from mice, 16 days after immunization

with proteolipid protein peptide (PLP), which induces EAE, and

from control mice that were injected with vehicle. At day 16,

significant inflammation is present in the CNS and clinical

symptoms are evident, as previously described (Adams et al., 2007).

Fig. 6A shows that LRP1 protein expression was substantially

increased in both spinal cord and cerebellum extracts of PLP-

immunized mice.

To further assess LRP1 expression in EAE, immunofluorescence

microscopy studies were performed. Sagittal sections of brain from

control and PLP-treated animals were immunostained for LRP1 and

for binding of Griffonia simplicifolia isolectin B4 (IsoB4), a

specific marker for microglia and macrophages. As shown in Fig.

6B, in control brain, LRP1 was widely expressed, possibly by

neurons, as previously described (Ishiguro et al., 1995; Wolf et al.,

1992). Resting microglia did not stain robustly for LRP1. By

contrast, in EAE, clusters of IsoB4-positive cells that were also

strongly immunopositive for LRP1 were evident.

In separate studies, we immunostained brain sections to detect

the astrocyte marker, glial fibrillary acidic protein (GFAP), and

Journal of Cell Science 122 (8)

Fig. 4. LRP1 gene-silencing blocks MV uptake by oligodendrocytes.
Oligodendrocytes were transiently transfected with NTC or LRP1-specific
siRNA. (A) LRP1 expression at the protein level was assessed 36 hours after
silencing by immunoblot analysis with LRP1-specific antibody, 11H4. Blots
were also probed for tubulin as a control for load. (B) Oligodendrocytes were
incubated with FITC-labeled MVs for 30 minutes. After washing and protease
treatment, internalized MVs were detected by flow cytometry.

Fig. 5. MBP binds to LRP1 and mediates MV uptake. (A) rMBP was
expressed as a His-tagged fusion protein in bacteria and subjected to SDS-
PAGE with Coomassie staining and immunoblot analysis. (B) Purified rat
LRP1 and fibronectin were subjected to SDS-PAGE and electrotransferred to
PVDF membranes. The membranes were probed with 125I-labeled rMBP in the
presence or absence of MBP-specific antibody. (C) BSA, rMBP and GST-RAP
were adsorbed onto plastic wells and incubated with shed LRP1 in the
presence of GST-RAP or GST. LRP1 binding to the immobilized phase was
detected in an ELISA format, using LRP1 α-chain-specific antibody 8G1.
(D) FITC-labeled MVs were incubated with oligodendrocytes in the presence
of MBP-specific IgG or non-immune IgG. MV internalization was determined
by flow cytometry.
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1159LRP1 mediates myelin phagocytosis

LRP1. Fig. 6C shows that in normal brain, GFAP-positive cells

were also LRP1-positive, as previously described (Ishiguro et al.,

1995). Astrocytes were also LRP1-positive in PLP-treated mice.

Finally, white matter tracks in the cerebellum, which were robustly

immunopositive for the oligodendrocyte marker, 2�, 3�-cyclic

nucleotide 3�-phosphodiesterase (CNPase), were also strongly

LRP1-immunopositive in both control and PLP-treated mice

(Fig. 6D). Because of the intimate relationship between

oligodendrocytes and axons in these tracks, we could not discern

whether the LRP1 was expressed by neurons or oligodendrocytes.

We conclude that the increase in LRP1 expression in EAE is

attributable, at least in part, to microglia and infiltrating

macrophages; however, other cell types, including neurons and

oligodendrocytes may be involved also.

Discussion
The structure of the LRP1 α-chain includes four clusters of

complement-like repeats (Herz and Strickland, 2001). The second

and fourth clusters mediate binding of most LRP1 ligands. Although

simple binary complexes of LRP1 with ligands are internalized by

cells, there is also evidence for formation of LRP1-containing multi-

protein complexes, in which ligands bridge LRP1 to other receptors

or form LRP1 homodimers (Makarova et al., 2008). When

multicomponent complexes are formed, endocytosis still occurs and

the ligands are delivered to lysosomes (Gonias et al., 2004).

Receptors that are bridged to LRP1, such as uPAR and tissue factor,

may be cleared from the cell surface or recycle back to the plasma

membrane (Gonias et al., 2004; Nykjaer et al., 1997). In concert

with other proteins, such as C1q and calreticulin, LRP1 is converted

from an endocytic receptor into one that mediates the phagocytosis

of apoptotic cells (Gardai et al., 2005). Although this process

remains incompletely understood, it is probable that multiple copies

of cell-surface LRP1 are recruited to allow large particle

phagocytosis.

In this study, we identified LRP1 as an essential receptor

involved in phagocytosis of MVs. Our experiments were performed

with MEFs, oligodendrocytes, microglia and astrocytes. In all four

cell types, the function of LRP1 in MV phagocytosis was substantial,

suggesting that this LRP1 activity is not cell-type-specific. In studies

with MEFs and oligodendrocytes, we obtained equivalent results

when GST-RAP was added to neutralize the ligand-binding activity

of LRP1 or when LRP1 was deficient. In both cases, MV uptake

was blocked. These studies suggest that the ability of RAP to block

MV internalization by MEFs and oligodendrocytes represents

antagonism of LRP1 activity. In microglia and astrocytes, we studied

the activity of LRP1 only by adding GST-RAP. Thus, in these cells,

we cannot rule out the function of other LDL receptor homologues

that bind RAP, such as LRP2 or the VLDL receptor (Bu, 2001), in

addition to LRP1. The essential role of LRP1 in MV internalization

demonstrated here also does not preclude cooperation with other

receptors implicated in MV internalization, such as complement

receptor-3/MAC-1 (Smith, 2001). Of note, LRP1 and complement

receptor-3/MAC-1 have been reported to colocalize on the surfaces

of macrophages and may cooperate in regulating macrophage cell

migration (Cao et al., 2006).

MBP is a major component of CNS myelin (Boggs, 2006) and

one of three major myelin-associated proteins that serve as a target

in EAE (Wekerle et al., 1994). MBP also is a major auto-antigen

in MS (Ota et al., 1990). Proper expression of MBP is essential for

myelin development, compaction and maintenance, as evidenced

by abnormalities observed in the Shiverer mouse (Molineaux et al.,

1986). The structure of MBP is highly variable as a result of

alternative mRNA splicing and post-translational modifications,

which are diverse and extensive (Boggs, 2006). Post-translational

modification may regulate penetration of MBP from within the

membrane bilayer and localized availability to proteases, which

contribute to degradation (Musse et al., 2006). We demonstrated

that recombinant MBP, which is not membrane-associated, binds

to LRP1 by a RAP-inhibited mechanism. MBP-specific antibody

inhibits the interaction of MVs with LRP1. These results suggest

that MBP is an LRP1 ligand and that this interaction is at least

partially responsible for MV phagocytosis by LRP1. However, our

data do not indicate an interaction of LRP1 with MBP in intact

myelin. Instead, we hypothesize that MBP binds to LRP1 only when

MBP is presented in the context of degraded myelin. Further work

will be necessary to confirm that the LRP1 recognition site in MBP

Fig. 6. LRP1 expression in EAE. (A) Protein extracts of the cerebellum and
spinal cord of mice that were treated to induce EAE, and from control mice,
were subjected to immunoblot analysis to detect LRP1, using the LRP1 β-
chain-specific antibody, 11H4. The same blots were also probed to detect
tubulin as a control for loading. (B) Sagittal brain section from mice with EAE,
and control mice, were stained to detect the microglia/macrophage marker,
IsoB4 (green) and LRP1 (red). Equivalent regions of the brains of control and
EAE mice are shown. The insets show a macrophage/microglial cell infiltrate
at higher magnification. Scale bar, 200 μm. (C) Sagittal brain section were
immunostained to detect astrocytes (GFAP, red) and LRP1 (green). Images of
the hippocampus are shown. The insets show astrocytes that are
immmunopositive for both GFAP and LRP1. Scale bar, 200 μm.
(D) Sequential sagittal brain sections were immunostained for
oligodendrocytes (CNPase) and LRP1. Scale bar: 50 μm.
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is available in MVs. If not, an alternative explanation for the results

of our antibody study is the possibility that large amounts of MBP

in MVs allow the antibody to block interactions with other essential

LRP1-binding myelin proteins.

Although LRP1 was detected in all three CNS glia in primary

culture, oligodendrocytes expressed LRP1 at considerably higher

levels than astrocytes and microglia. This result was not anticipated

because in our previous immunohistochemistry studies of adult

human brain, oligodendrocytes were negative for LRP1 (Lopes et

al., 1994). However, Ishiguro et al. (Ishiguro et al., 1995) showed

that LRP1 mRNA expression varies in rat brain during development,

both prenatally and postnatally. These same investigators also

identified LRP1 mRNA in glial cells that were probably

oligodendrocytes. Our primary cultures were established using 1-

day-old rat pups. Thus, it is possible that the age of the rodents

contributed to the high level of LRP1 detected in vitro. It is

interesting to note that oligodendrogliomas are LRP1 positive

(Lopes et al., 1994).

When EAE was induced in mice, LRP1 expression was

substantially increased in vivo in the cerebellum and spinal cord.

Infiltrating macrophages and/or activated microglia were at least

partially responsible for the increase in total LRP1; however, other

CNS cell types may also have been involved. Because LRP1 is

expressed in EAE, it is reasonable to propose that LRP1 may

function in the phagocytosis of degraded myelin in the CNS in EAE

and MS. However, LRP1 is also expressed by cells outside the CNS

(Moestrup et al., 1992). Thus, the significance of our results,

identifying LRP1 as a major myelin receptor, remains to be

determined. For example, LRP1 that is expressed in the liver

functions to clear the blood of diverse proteins (Gonias et al., 1982).

Thus, hepatic LRP1 may inhibit development of an immune

response to myelin or oppose progression of MS by eliminating

degraded myelin products from the bloodstream. However, LRP1

has also been implicated in antigen presentation (Hart et al., 2004).

This activity involves extracellular heat shock proteins and glucose-

regulated protein, which are ligands for LRP1 (Basu et al., 2001;

Calderwood et al., 2007). When LRP1, which is expressed by

antigen-presenting cells, internalizes candidate immunogens in

complex with heat shock proteins or glucose-regulated protein,

antigen presentation on MHC1 is facilitated (Arnold-Schild et al.,

1999; Singh-Jasuja et al., 2000). Thus, binding of myelin-associated

proteins such as MBP to LRP1 may result in T cell activation and

autoimmune disease initiation. We hypothesize that the effects of

LRP1 on MS pathophysiology, resulting from its activity as a

receptor for degraded myelin, probably depend on the cell type that

expresses the LRP1.

LRP1 demonstrates other activities that may be important in MS.

In neurons (May et al., 2004) and Schwann cells (Campana et al.,

2006), LRP1 has been described as a pro-survival receptor. In

Schwann cells, LRP1 regulates survival by its effects on the

phosphatidyl inositol 3-kinase–Akt pathway (Campana et al., 2006).

LRP1 also regulates inflammation. As a membrane-anchored

receptor, LRP1 may control cell-surface expression of tumor

necrosis factor receptor 1 and cell signaling to NF-κB (Gaultier et

al., 2008b). Furthermore, a soluble form of LRP1 may be released

from the cell surface, which inhibits cell signaling in response to

TNF-α (Gaultier et al., 2008a). LRP1 is an important regulator of

the BBB and thus may control leakage of degenerated myelin and/or

MBP out of the brain in early stages of MS (An et al., 2008; Yepes

et al., 2003). Thus, the activity of LRP1 in MS progression may

reflect the integrated effects of diverse pathways controlled by this

receptor.

Materials and Methods
Reagents
NHS-fluorescein and Rhodamine were from Pierce. Purified human fibronectin,
tubulin-specific antibody and IsoB4-FITC were from Sigma. GFAP-specific antibody
was from Zymed. MBP-specific antibody and CNPase-specific antibody were from
Abcam. LRP1-specific monoclonal antibody 11H4, which recognizes the β-chain of
the rat protein, and 8G1, which recognizes the α-chain of the human protein were
purified from conditioned medium of hybridoma cells obtained from the ATCC.
Antibody specific for ERK/MAP kinase was from Zymed. GST-RAP was expressed
in bacteria and purified as previously described (Gaultier et al., 2008a). As a control,
we also expressed GST in bacteria transformed with the empty vector, pGEX-2T.
qPCR reagents, including primers and probes were from Applied BioSystems.

Purification of LRP1
GST-RAP was coupled to Sepharose to form an affinity resin, as previously described
(Gaultier et al., 2008a). Shed LRP1 was purified from outdated human plasma. The
purified protein includes the intact α-chain and the ectodomain region of the β-chain
(Quinn et al., 1999). Full-length LRP1 was purified from adult rat livers, which were
extracted by homogenization in 20 mM Tris-HCl, 150 mM NaCl, pH 7.4 with 1%
Triton X-100, 1 mM CaCl2 and protease inhibitor cocktail. After centrifugation to
clear the extract, affinity chromatography was performed using GST-RAP-Sepharose
(Gaultier et al., 2008a). Purified proteins were analyzed by SDS-PAGE and
immunoblot analysis with antibody 8G1 (human LRP1) or 11H4 (rat LRP1) and by
RAP ligand blotting (Gaultier et al., 2008a).

Cloning, expression and purification of rMBP
Specific primers were designed to hybridize to the 5� and 3� termini of the rat MBP
open reading frame and allow cloning into pET-30a(+) (Novagen). The forward and
reverse primer sequences were: 5�-gaattcatggcatcacagaagagacc-3� and 5�-
aagctttcagcgtcttgccatgggag-3�, respectively. Cloning was facilitated by including
EcoRI and HindIII restriction sites at the 5� and 3� termini, respectively. PCR was
performed using cDNA, generated from rat brain mRNA. A single major amplicon
with the anticipated mass was obtained and cloned into the vector. The sequence of
the construct was verified and the plasmid was transformed into BL-21 E. coli for
protein expression (Stratagene). rMBP was purified by affinity chromatography using
the Profinia Native IMAC purification kit and chromatography system (Bio-Rad).

Cell culture
MEFs that are genetically deficient in LRP1 (MEF-2 cells) and control LRP1-positive
MEFs (PEA-10 cells) were obtained from the ATCC. PEA-10 and MEF-2 cells were
cloned from the same culture, heterozygous for LRP1 gene disruption, and selected
with the LRP1-selective toxin, Pseudomonas exotoxin A (Willnow and Herz, 1994).
MEFs were cultured in DMEM (Hyclone) with 10% FBS and penicillin and
streptomycin.

Cultures of glial cells were prepared according to the method of McCarthy and
De Vellis (McCarthy and de Vellis, 1980). Briefly, the cerebral cortex was isolated
from P1 Sprague-Dawley rat pups, minced, and digested for 30 minutes at 37°C in
Hanks’ balanced salt solution (HBSS) containing 0.25% trypsin (Invitrogen) and 0.1%
of pancreatin (EMD Bioscience). The cells from each rat were plated in separate 75
cm2 tissue culture flasks coated with 10 μg/ml of poly-D-lysine (Sigma). Cultures
were maintained in DMEM with 10% FBS and penicillin/streptomycin for 10 days.
Flasks were agitated by rotation (180 rpm) for 30 minutes at 37°C to detach microglia.
Oligodendrocytes were released by the equivalent method over 18 hours. Finally, the
astrocytes were collected by trypsin treatment. All three glial cell types were plated
in tissue culture dishes coated with 10 μg/ml of poly-D-lysine and cultured in DMEM
with 10% FBS and penicillin and streptomycin. To assess purity of the primary
cultures, immunostaining was performed using cell-type-specific antibodies targeting
CNPase (oligodendrocytes), IsoB4 (microglia) and GFAP (astrocytes).

To silence LRP1 in oligodendrocytes, cells were transfected with siRNA L2,
targeting Lrp1 (2.0 μg) using nucleofector technology as described previously
(Campana et al., 2006). Control cells were transfected with NTC siRNA (Dharmacon).
Lrp1 siRNA L2 specificity was tested by determining mRNA levels for the related
receptors, LRP1b and LRP2, which have similar molecular masses to LRP1.

Myelin vesicle purification
MVs were purified as described by Norton et al. (Norton and Poduslo, 1973). In
brief, adult female Sprague-Dawley rat brains were homogenized in 0.32 M sucrose,
first by using a polytron and then, a Dounce homogenizer. Myelin was recovered
by sucrose gradient centrifugation. MVs were washed extensively in H2O. The pellet
was resuspended in 0.32 M sucrose, layered over 0.85 M sucrose and subjected to
centrifugation at 75,000 g for 30 minutes. The MVs were recovered and resuspended
in 20 mM sodium phosphate, 150 mM NaCl, pH 7.4 (PBS). The purity of
preparation was analyzed by Coomassie Blue staining and immunoblot analysis for
MBP.
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SDS-PAGE and immunoblot analysis
Proteins from cultured cells were extracted in 1% Triton X-100, 0.5% deoxycholate,

0.1% SDS in PBS with 2 mM PMSF, 2 mM EDTA and 2 mM sodium orthovanadate

(RIPA buffer). Extracts from cerebellum and spinal cord were obtained by Dounce

homogenization in 0.5% Triton X-100, 250 mM Hepes, pH. 7,4, 1 mM EDTA. Equal

amounts of cellular protein were subjected to SDS-PAGE and electrotransferred to

PVDF membranes (Bio-Rad). Proteins were visualized using 0.2% Ponceau-S in 3%

trichloroacetic acid prior to immunoblot analysis. Membranes were then blocked with

5% nonfat dry milk in TBS, 0.1% Tween 20. Purified primary antibodies and

horseradish peroxidase-conjugated secondary antibodies (GE Healthcare) were

diluted in the same buffer. Detection was performed using Western Lightning

horseradish peroxidase chemiluminescence (Perkin-Elmer, Boston, MA) and Hyblot

CL Films (Denville, South Plainfield, NJ).

Ligand blotting
Purified rMBP (100 μg) was labeled with Na125I using Iodo-Beads (Pierce), according

to manufacturer’s instructions. Rat liver LRP1 and fibronectin (5 μg) were subjected

to SDS-PAGE and electro-transferred to PVDF membranes. Membranes were

blocked for 1 hour in PBS, 0.1% Tween 20, 5% dry milk and then incubated with

10 nM 125I-labeled MBP in the same buffer for 12 hours at 4°C. Membranes were

washed extensively with PBS, 0.1% Tween 20 and imaged using a Phosphorimager

(Bio-Rad).

In RAP ligand-blotting experiments, proteins electrotransferred to PVDF

membranes were probed first with GST-RAP (50 nM) and then with GST-specific

antibody. Bound antibody was imaged with Western Lightning horseradish peroxidase

chemiluminescence.

Immobilized ligand-binding studies
Purified rMBP, GST-RAP and BSA (0.1 mg/ml) were diluted in PBS containing 0.5

mM Ca2+ and Mg2+ (PBS Ca/Mg) and absorbed in ELISA plates for 18 hours at 4°C.

Wells were blocked with PBS Ca/Mg containing 3% BSA for 1 hour. Human shed

LRP1 (200 nM) was pre-incubated with a 10-fold molar excess (2 μM) of GST, GST-

RAP or vehicle for 15 minutes at 20°C in PBS Ca/Mg containing 0.3% BSA and

then added to the wells for 1 hour at 20°C. The wells were washed. Retained LRP1

was detected with antibody 8G1, in an ELISA format using 2,2�-azino-bis(3-

ethylbenzthiazoline-6-sulphonic acid) (ABTS) as a colorimetric substrate.

MV internalization assays
MVs were labeled with NHS-fluorescein or Rhodamine according to the

manufacturer’s instructions. The MVs were then incubated with cells for 30 minutes

at 37°C. In some studies, the cells were pre-treated with GST-RAP or GST (0.25

μM) for 1 hour before adding the labeled MV. Other cells were pre-treated for 20

minutes with 20 μg/ml of MBP-specific antibody or non immune IgG. The GST-

RAP, GST or antibody was maintained during the MV incubation period. At the end

of an incubation, cells were washed with ice-cold PBS containing 0.5% BSA and

treated with 0.25% (w/v) Pronase A (Roche) for 15 minutes at 4°C to release cell-

associated MVs that were not internalized. After three additional washes, the cells

were subjected to flow cytometry analysis using a FACSCanto Instrument (BD

Biosciences). Data were analyzed using FlowJo software (Treestar, Ashland, OR).

MV internalization was also assessed by fluorescence microscopy using a Leica

DMRE inverted microscope. In these experiments, Rhodamine-labeled MVs were

incubated with cells for 30 minutes. The cells were then washed and cultured for an

additional 30 minutes at 37°C. In some studies, Lysotracker (Invitrogen) was added

during the final 30 minutes incubation, prior to imaging.

Quantitative PCR
Total RNA was extracted from cultures, using the NucleoSpin kit (Macherey-Nagel,

Bethlehem, PA). cDNA was synthesized using the iScript cDNA synthesis kit (Bio-

Rad). Quantitative PCR (qPCR) was performed using a System 7300 instrument

(Applied BioSystems) and a one-step program: 95°C, 10 minutes; 95°C, 30 seconds,

60°C, 1 minute, for 40 cycles. HPRT gene expression was measured as a normalizer

for each sample. Results were analyzed by the relative quantity (ΔΔCt) method, as

previously described (Thellin et al., 1999). All experiments were performed in

triplicate with internal triplicate determinations.

Induction of experimental autoimmune encephalomyelitis (EAE)
All experiments were approved by the University of California, San Diego,

Institutional Animal Care and Use Committee. EAE was induced in 6-week-old female

SJL mice by subcutaneous immunization with 150 μg of PLP as previously described

(Adams et al., 2007). Animals were euthanized 16 days later.

Immunofluorescence microscopy
Sagittal sections of mouse brain were prepared as previously described (Akassoglou

et al., 2003). The sections were fixed with 4% formaldehyde for 30 minutes at 20°C,

permeabilized with 0.1% Triton X-100 for 30 minutes, and then blocked with MOM

mouse IgG blocking solution for 30 minutes (Vector). Sections were incubated with

primary antibodies targeting GFAP (1/500), LRP1 (1 μg/ml) and CNPase (1/100) or

with FITC-labeled IsoB4 diluted in the same buffer for 12 hours at 4°C. Following

incubation with the other antibodies, secondary antibodies (Invitrogen) were

introduced for 1 hour at 20°C (1 μg/ml). The sections were mounted in Prolong gold

with DAPI (Invitrogen). Cells were imaged with a Leica DMRE inverted microscope,

equipped with a Hamamatsu digital camera.
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