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In the CNS, microglia are activated in response to injury or
infection and in neurodegenerative diseases. The endocytic and
cell signaling receptor, LDL receptor-related protein-1 (LRP1),
is reported to suppress innate immunity in macrophages and
oppose microglial activation. The goal of this study was to iden-
tify novel mechanisms by which LRP1 may regulate microglial
activation. Using primary cultures of microglia isolated from
mouse brains, we demonstrated that LRP1 gene silencing
increases expression of proinflammatory mediators; however,
the observed response was modest. By contrast, the LRP1 ligand,
receptor-associated protein (RAP), robustly activated micro-
glia, and its activity was attenuated in LRP1-deficient cells. An
important element of the mechanism by which RAP activated
microglia was its ability to cause LRP1 shedding from the plasma
membrane. This process eliminated cellular LRP1, which is
anti-inflammatory, and generated a soluble product, shed LRP1
(sLRP1), which is potently proinflammatory. Purified sLRP1
induced expression of multiple proinflammatory cytokines and
the mRNA encoding inducible nitric-oxide synthase in both
LRP1-expressing and -deficient microglia. LPS also stimulated
LRP1 shedding, as did the heat-shock protein and LRP1 ligand,
calreticulin. Other LRP1 ligands, including �2-macroglobulin
and tissue-type plasminogen activator, failed to cause LRP1
shedding. Treatment of microglia with a metalloproteinase
inhibitor inhibited LRP1 shedding and significantly attenuated
RAP-induced cytokine expression. RAP and sLRP1 both caused
neuroinflammation in vivo when administered by stereotaxic
injection into mouse spinal cords. Collectively, these results sug-
gest that LRP1 shedding from microglia may amplify and sustain
neuroinflammation in response to proinflammatory stimuli.

Microglia constitute 8 –12% of the cells in the brain (1, 2).
These cells are regulators of innate immunity and are related in
function to cells of the monocyte–macrophage lineage (1, 2). A
principal function of microglia is surveillance. In response to
injury or infection, microglia become activated and express

cytokines and other mediators, which help orchestrate the
inflammatory response. However, in various forms of neurode-
generation, including Alzheimer’s disease, chronically acti-
vated microglia may accelerate disease progression (1– 6).
Injury to peripheral nerves activates microglia in the spinal
cord, which promotes central sensitization and neuropathic
pain (7–9). Understanding pathways that control microglial
activation is an important problem.

LDL receptor-related protein-1 (LRP1)2 is an endocytic and
cell signaling receptor with over 100 ligands, including proteins
released from injured and dying cells (10 –14). The structure of
membrane-anchored LRP1 includes the 515-kDa �-chain,
which is entirely extracellular and coupled to the cell surface
by non-covalent interactions with the 85-kDa �-chain. The
�-chain is responsible for most of the ligand-binding activity of
LRP1. The �-chain includes an ectodomain, a transmembrane
domain, and the intracellular tail that becomes phosphorylated
when LRP1 functions in cell signaling.

In peripheral macrophages, LRP1 gene deletion is proinflam-
matory in vitro and in vivo in mice (15–20). In macrophages
that express LRP1, ligands control its activity in a ligand-spe-
cific manner (20, 21). Tissue-type plasminogen activator (tPA)
and activated �2-macroglobulin (�2M*) amplify the anti-in-
flammatory activity of LRP1, whereas receptor-associated pro-
tein (RAP) and lactoferrin inhibit it (20). The proinflammatory
response induced by RAP in macrophages is similar in magni-
tude to that caused by LRP1 gene deletion.

LRP1 is expressed by microglia, particularly at sites of inflam-
mation (22–25), and may be involved in regulating microglial
activation. Silencing LRP1 gene expression in microglia or
treating microglia with RAP activates NF�B and c-Jun N-ter-
minal kinase (JNK) and increases expression of inflammatory
cytokines (25). The LRP1 ligand, apolipoprotein E, suppresses
microglial activation by a mechanism that requires LRP1 (26,
27). LRP1 gene deletion in microglia in vivo exacerbates exper-
imental autoimmune encephalomyelitis (24).

LRP1 is shed from cell surfaces by the metalloproteinases
ADAM10, ADAM17, and MMP-14 (28 –31). In shed LRP1
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(sLRP1), the �-chain is truncated; however, the entire �-chain
is intact and detectable in plasma, brain, cerebrospinal fluid,
and the peripheral nervous system (29, 32, 33). The concentra-
tion of sLRP1 is increased in the plasma of mice treated with
lipopolysaccharide (LPS) and in humans with rheumatoid
arthritis or systemic lupus erythematosus (30). sLRP1 also is
increased in osteoarthritic cartilage and in broncho-alveolar
lavage fluid from patients with adult respiratory distress syn-
drome (31, 34). Although the biological activity of sLRP1
remains incompletely understood, sLRP1 promotes expression
of inflammatory mediators by macrophages (30). sLRP1 also
may bind biologically active proteins such as ADAMTS-5,
MMP-13, and TIMP-3, preventing their endocytosis (31, 35).
Once sLRP1 is released from the cell surface, the residual LRP1
fragment may be further processed by �-secretase to generate
an intracellular product that opposes inflammation (17). Phy-
logenetically, LRP1 shedding is conserved throughout mamma-
lian, avian, and reptilian species (36), supporting the hypothesis
that shedding may be physiologically significant.

Herein, we demonstrate that LRP1 is shed from microglia
exposed to the proinflammatory mediators LPS and RAP. We
also identify calreticulin (CRT), a known LRP1 ligand, as an
activator of microglia, which induces LRP1 shedding. Purified
sLRP1 was potently proinflammatory when added to primary cul-
tures of microglia and when injected into spinal cords in mice.
When LRP1 shedding was inhibited with GM6001, expression of
proinflammatory mediators in response to RAP was largely atten-
uated. These results suggest a model in which LRP1 shedding con-
verts an anti-inflammatory receptor into a proinflammatory prod-
uct. sLRP1 may amplify and sustain neuroinflammation.

Results

LRP1 gene silencing modestly increases cytokine expression by
microglia

Microglia were isolated from 8-week-old mice that were
homozygous for the floxed LRP1 gene (LRP1fl/fl) and LysM–
Cre-positive (20). LysM–Cre drives expression of Cre recombi-
nase in monocytes, macrophages, neutrophils, and microglia,
although the level of Cre recombinase expressed in microglia
may depend on whether the cells are activated or in culture (37,
38). As a control, microglia were isolated from LRP1fl/fl–LysM–
Cre-negative mice. RNA and protein were harvested from
cells without culturing. Fig. 1A shows that LRP1 mRNA was
decreased 72 � 8% in cells from LRP1fl/fl–LysM–Cre-positive
mice. LRP1 protein was decreased 85 � 8%, as determined by
immunoblot analysis and densitometry (Fig. 1, B and C).

LRP1-deficient microglia from LRP1fl/fl–LysM–Cre-positive
mice demonstrated slight increases in TNF-� mRNA (Fig. 1D),
IL-6 mRNA (Fig. 1E), and IL-1� mRNA (Fig. 1F); however,
none of these increases achieved statistical significance at the
p � 0.05 level (n � 4). We therefore applied a second approach
to induce LRP1 deficiency. Microglia were harvested from wild-
type C57BL/6 mouse pups and established in primary culture.
LRP1 gene expression was silenced with siRNA. Control cells
were transfected with non-targeting control (NTC) siRNA.
LRP1 mRNA was decreased by 69 � 5% in cells transfected with
LRP1-specific siRNA (Fig. 1G). A modest but non-significant

increase in TNF-� mRNA was observed in these cells (p � 0.2,
Fig. 1H). TNF-� protein was unchanged, as determined by ana-
lyzing conditioned medium (CM) by ELISA (Fig. 1I). LRP1 gene
silencing significantly increased expression of IL-6 mRNA (p �
0.05) (Fig. 1J) and IL-1� mRNA (p � 0.01) (Fig. 1K).

RAP robustly increases expression of proinflammatory
mediators by microglia

Next, we studied the effects of RAP on expression of proin-
flammatory mediators by microglia. For these studies, micro-
glia were isolated from wild-type mouse pups and established in

Figure 1. Effects of LRP1 deficiency on cytokine expression by microglia.
A–F, microglia were isolated from LRP1fl/fl–LysM–Cre-positive (black bar) and
LysM–Cre-negative (open bar) adult mice. A, RT-qPCR was performed to quan-
tify expression of LRP1 mRNA. B and C, cell extracts were immunoblotted to
detect LRP1 �-chain. GAPDH was used as loading control. Densitometry anal-
ysis was performed to determine the relative level of LRP1 protein, stan-
dardized against the loading control, in extracts from Cre-negative (N) and
Cre-positive (P) cells (mean � S.E.; n � 4; **, p � 0.01, paired t test). D–F,
RT-qPCR was performed to compare relative quantities (RQ) of mRNA for TNF-�,
IL-6, and IL-1� in microglia from Cre-positive (P) and Cre-negative (N) mice
(mean � S.E.; n � 4; paired t test). G–K, microglia were isolated from C57BL/6J
mouse pups and transfected with LRP1-specific or NTC siRNA. RT-qPCR was per-
formed to determine mRNA levels for LRP1 (G) and TNF-� (H) (mean � S.E.; n � 4;
***, p � 0.001; paired t test). I, cells transfected with LRP1-specific siRNA, and NTC
siRNA were allowed to condition medium for 48 h. CM was recovered, and ELISAs
were performed to quantify TNF-� protein (mean � S.E. n � 3). NC shows
medium that was “not conditioned.” J and K, mRNA levels were determined for
IL-6 and IL-1� (mean � S.E.; n � 4; *, p � 0.05; paired t test).
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primary culture. Cells were treated with 150 nM RAP, LPS (1
�g/ml), or vehicle (phosphate-buffered saline/PBS) for 24 h.
Because RAP is expressed as a glutathione S-transferase (GST)-
fusion protein, as an additional control, cells were treated with
purified GST (150 nM).

RAP robustly increased expression of TNF-� mRNA (p �
0.001), as did LPS but not GST (Fig. 2A). RAP and LPS also
substantially increased the level of TNF-� protein in CM (Fig.
2B). Pre-boiling LPS at 100 °C for 5 min had no effect on its
ability to increase TNF-� protein secretion, as anticipated (21).
By contrast, pre-boiling RAP eliminated its ability to stimulate
TNF-� protein expression, arguing against LPS contamination
as contributing to the activity of RAP. Pre-boiling RAP also
completely blocked its ability to induce expression of TNF-�
mRNA (Fig. 2C).

Treating microglia with RAP increased expression of IL-6
mRNA (Fig. 2D), IL-6 protein (Fig. 2E), and IL-1� mRNA (Fig.
2F). In each case, the response elicited by RAP was either equiv-
alent in magnitude to that elicited by LPS or only slightly
decreased. No response was observed with GST. Pre-boiling
RAP completely blocked its ability to induce expression of IL-6
and IL-1�. Pre-boiling LPS did not significantly decrease its
activity. The increases in expression of IL-6 and IL-1�,
observed in microglia treated with RAP for 24 h, were 100 –
1,000-fold greater than the increases observed in LRP1 gene-
silenced cells.

Inducible nitric-oxide synthase (iNOS) is a proinflammatory
enzyme expressed by activated microglia (39). Fig. 2G shows

that RAP robustly increased iNOS mRNA expression in micro-
glia. The response was similar in magnitude to that caused by
LPS. To assess iNOS activity, we measured nitrite in CM. RAP
significantly increased nitrite levels in CM (p � 0.01), mimick-
ing the response observed with LPS (Fig. 2H). Boiling RAP
blocked its ability to increase nitrite production, but boiling
LPS had no effect. Purified GST did not increase nitrite levels.

In RAP-treated macrophages, TNF-� functions as an early
mediator that increases expression of other proinflammatory
cytokines, such as IL-6, in a secondary wave (20). Fig. 2I shows
that the protein synthesis inhibitor, cycloheximide (CHX),
failed to inhibit the increase in TNF-� mRNA observed 6 h after
adding RAP. By contrast, CHX significantly attenuated the
increase in IL-6 mRNA caused by RAP (Fig. 2J). CHX decreased
TNF-� protein (Fig. 2K) and IL-6 protein (Fig. 2L) in CM from
RAP-treated cells, as anticipated. The effects of CHX on IL-6
mRNA expression suggest that a protein intermediate or inter-
mediates are involved in the pathway by which RAP increases
expression of this cytokine.

RAP regulates microglial cell morphology, proliferation, and
migration

Non-activated microglia demonstrate a ramified morphol-
ogy, which upon activation transforms into a more rounded,
amoeboid shape (40). We compared the morphology of micro-
glia after incubation with RAP, LPS, or GST by phalloidin stain-
ing. Fig. 3A shows that LPS and RAP induced similar changes in
microglial morphology. In response to both agents, the cells

Figure 2. RAP induces expression of inflammatory mediators by microglia. A–H, microglia were isolated from C57BL/6J mouse pups and cultured in the
presence of LPS (1 �g/ml), boiled LPS (bLPS, 1 �g/ml), RAP (150 nM), or boiled RAP (bRAP, 150 nM). Control cultures were treated with vehicle (PBS; 10 �l/ml) or
purified GST (150 nM). After 24 h, RT-qPCR was performed to quantify mRNA levels for TNF-� (A and C); IL-6 (D); IL-1� (F); and iNOS (G). CM was recovered from
microglia after treatment for 24 h and tested to determine the following: B, TNF-� protein; E, IL-6 protein; and H, nitrite (mean � S.E.; n � 4 – 6; ns, not significant,
*, p � 0.05; **, p � 0.01; ***, p � 0.001, one-way ANOVA followed by Tukey’s post hoc analysis). I–L, microglia cultured in 0.5% FBS-supplemented medium were
pre-treated with CHX (10 or 50 �M) or 2 �l/ml DMSO (listed as “0” �M CHX) for 30 min and then treated with 150 nM RAP (�RAP) or vehicle (�RAP) for 6 h.
RT-qPCR was performed to determine mRNA for TNF-� (I) and IL-6 (J). CM was recovered and protein levels of TNF-� (K) and IL-6 (L) were determined (mean �
S.E.; n � 3; *, p � 0.05; **, p � 0.01; ***, p � 0.001, one-way ANOVA with Tukey’s post hoc analysis).

LRP1 shedding from microglia is proinflammatory
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adopted a bloated amoeboid shape. Image analysis was con-
ducted by an investigator who was blinded to group identity.
Cells were classified as amoeboid or ramified. LPS and RAP
both induced significant increases (p � 0.001) in the percentage
of cells with amoeboid morphology (Fig. 3B). GST had no effect
on cell morphology.

Next, we compared the effects of LPS and RAP on microglial
proliferation and migration. Increased proliferation and migra-
tion are characteristic of microglial activation (1, 2, 40). Fig. 3C
shows that treating cells with RAP or LPS for 48 h significantly
increased microglial cell proliferation (p � 0.001). RAP and LPS
also apparently promoted microglial cell migration. Represent-
ative images of Transwell membranes, showing cells that
migrated through membrane pores, are shown in Fig. 3D. The
results of four separate experiments are summarized in Fig. 3E.
Because RAP and LPS promoted microglial cell proliferation,
we cannot exclude the possibility that the measured effects of
these reagents on cell migration were artifactually increased
due to an increase in the number of cells present during the
course of the 16-h assay.

LRP1 deficiency protects microglia from the proinflammatory
effects of RAP

Members of the LDL receptor gene family in addition to
LRP1 bind RAP (41). We therefore conducted RAP ligand-blot-
ting studies, as described previously (42), to identify RAP-

binding proteins in microglia. Microglia from LRP1fl/fl–LysM–
Cre-positive and Cre-negative mice were compared. In
LRP1-expressing microglia from LysM–Cre-negative mice, a
single band with a mass of �500 kDa was detected, consistent
with the known mass of the LRP1 �-chain (Fig. 4A). The
absence of bands with lower molecular masses indicated that
RAP-binding receptors, such as the VLDL receptor and
ApoER2, were not present in substantial quantity. In LRP1-
deficient microglia, isolated from LRP1fl/fl–LysM–Cre-positive
mice, the 500-kDa band was nearly absent, confirming the iden-
tity of that band as the LRP1 �-chain. When equivalent blots
were probed with purified GST instead of GST-RAP, no bands
were detected. These results demonstrate that LRP1 is the prin-
cipal RAP-binding protein in microglia and the most likely tar-
get for RAP in cultured microglia, as reported previously by
Pocivavsek et al. (27).

RAP is generally considered an LRP1 antagonist, which
blocks binding of other ligands to LRP1, including ligands
added exogenously or produced endogenously by cells in cul-
ture (11, 41). We therefore conducted experiments to test why
the effects of RAP on inflammatory mediator expression by
microglia appeared so much greater than the effects of LRP1
gene silencing or deletion. At first, we hypothesized that the
modest effects of LRP1 gene silencing and deletion reflected
residual LRP1. To test this hypothesis, microglia from LRP1fl/fl–
LysM–Cre-positive and LysM–Cre-negative mice were treated
with RAP. The goal of this experiment was to neutralize resid-
ual LRP1 in cells from LysM–Cre-positive mice. Fig. 4, B and C,
shows that RAP increased TNF-� mRNA and TNF-� protein in

Figure 3. RAP regulates microglial morphology, proliferation, and
migration. A and B, microglia isolated from wild-type mouse pups were
treated with LPS (1 �g/ml), RAP (150 nM), GST (150 nM), or vehicle for 24 h. A,
images of phalloidin-stained microglia are shown. Nuclei are stained with
DAPI (blue) (scale bar, 10 �m). B, percentage of cells with an amoeboid phe-
notype was determined by an investigator who was blinded to groups. C,
microglial cells were cultured in the presence or absence of LPS or RAP for
48 h, and proliferation was determined by WST-1 assay. D, migration of micro-
glia was determined using transwells. Representative photomicrographs of
cells that migrated through the membranes are shown (scale bar, 50 �m). E,
quantification of cell migration results. Migration is presented as a percent-
age of that observed with cells treated with vehicle. All results presented are
mean � S.E.; n � 4; ***, p � 0.001, one-way ANOVA with Dunnett’s post hoc
analysis.

Figure 4. Activation of microglia by RAP requires LRP1. Microglia were
isolated from 8-week-old LRP1fl/fl–LysM–Cre-positive and LysM–Cre-negative
mice. A, cell extracts were subjected to RAP-ligand blotting to detect RAP-
binding proteins (blot labeled RAP). Control membranes were probed with
purified GST (100 nM) followed by GST antibody (blot labeled GST). �-Actin
immunoblots were performed as a control for load on extracts from LRP1fl/fl–
LysM–Cre-negative (N) and LysM–Cre-positive (P) microglia. Images are rep-
resentative of four independent experiments. B–F, microglia isolated from
adult mice were cultured for 5 days in complete medium and then treated
with RAP (150 nM) or vehicle (PBS) for 24 h in low-serum medium. RT-qPCR
was performed to determine mRNA for TNF-� (B), IL-6 (D), and IL-1� (F). TNF-�
protein (C) and IL-6 protein (E) in CM were determined by ELISA. Cells from
LRP1fl/fl–LysM–Cre-negative mice are shown with open bars; cells from LRP1fl/

fl–LysM–Cre-positive mice are shown with black bars (mean � S.E.; n � 4; ns,
not significant, **, p � 0.01; ***, p � 0.001, one-way ANOVA followed by
Tukey’s post hoc analysis). IL-1� protein levels were not determined.
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LRP1-deficient and -expressing cells. Following RAP treat-
ment, the levels of TNF-� mRNA and protein were not signif-
icantly different in the two cell types.

RAP increased IL-6 mRNA expression in microglia from
LysM–Cre-positive and -negative mice; however, unexpect-
edly, the quantity of IL-6 mRNA detected in RAP-treated
LRP1-deficient cells remained significantly decreased, com-
pared with that detected in RAP-treated LRP1-expressing cells
(Fig. 4D). RAP also was substantially less effective at inducing
expression of IL-6 protein (Fig. 4E) and IL-1� mRNA (Fig. 4F)
in LRP1-deficient cells from LysM–Cre-positive mice, com-
pared with LRP1-expressing cells from LysM–Cre-negative
mice. Taken together, these results demonstrate that the mod-
est effects of LRP1 gene silencing and deletion on cytokine
expression are not entirely due to incomplete LRP1 neutraliza-
tion. Furthermore, LRP1 gene deletion is at least partially pro-
tective against the proinflammatory effects of RAP.

RAP and CRT promote LRP1 shedding

It is reported that the proinflammatory mediators, LPS
and interferon-�, decrease LRP1 mRNA expression in
microglia (22, 25). We treated microglia with 150 nM RAP or
1.0 �g/ml LPS for 24 h and demonstrated that LRP1 mRNA

levels are significantly decreased (Fig. 5A). Both treatments
also decreased the abundance of LRP1 protein, as deter-
mined by immunoblot analysis and densitometry (Fig. 5, B
and C).

Next, we tested whether LPS and RAP induce LRP1 shedding
by subjecting CM to RAP ligand blotting. Fig. 5D shows that
both LPS and RAP induced time-dependent shedding of a high
molecular mass RAP-binding protein consistent with the
known mass of the LRP1 �-chain (�515-kDa). The abundance
of the high molecular mass protein in CM from LPS- and RAP-
treated cells was similar. No other RAP-binding species were
detected.

To confirm that the RAP-binding protein was sLRP1, CM
samples were subjected to immunoblot analysis. LRP1 �-chain
was detected; the mobility of the �-chain was equivalent to that
of the protein detected by RAP ligand blotting. The 85-kDa
LRP1 �-chain was not detected using an antibody that recog-
nizes an intracellular epitope, arguing against contamination of
CM with cells or cell fragments that have full-length cellular
LRP1. RAP-binding proteins and LRP1 �-chain were absent in
CM from microglia treated with PBS instead of RAP or LPS.
Densitometry analysis summarizing the results of three sepa-
rate LRP1 shedding experiments are presented in Fig. 5, E and F.

Figure 5. RAP and LPS induce LRP1 shedding from microglia. Microglia isolated from mouse pups were treated with LPS (1 �g/ml), RAP (150 nM), purified
GST (150 nM), or vehicle (PBS) for 24 h. A, RT-qPCR was performed to determine LRP1 mRNA (mean � S.E.; n � 4; ***, p � 0.001, one-way ANOVA followed by
Dunnett’s post hoc test). Cell extracts were subjected to immunoblot to detect LRP1 and �-actin (B) and densitometry analysis was performed (C) (mean � S.E.;
n � 4; **, p � 0.01, one-way ANOVA followed by Dunnett’s post hoc test). Microglia were treated with LPS (1 �g/ml), RAP (150 nM), or vehicle (PBS) for up to 24 h
(D). At the indicated times, CM was recovered. sLRP1 was detected in CM by RAP ligand blotting, as described in Fig. 4A (upper panels). CM also was subjected
to immunoblot analysis to detect LRP1 �-chain (middle panels) and LRP1 �-chain (lower panels). Molecular mass standards are shown to the left of each blot.
Results are representative of three experiments. E and F, densitometry analysis was performed on RAP ligand blots to quantify the increase of sLRP1 in the CM
after treatment with LPS (E) and RAP (F) (mean � S.E.; n � 3; *, p � 0.05; **, p � 0.01, one-way ANOVA followed by Dunnett’s post hoc test). G, microglia were
treated with increasing concentrations of RAP. After 24 h, CM was recovered and subjected to RAP ligand blotting to detect sLRP1. Results are representative
of two independent experiments.

LRP1 shedding from microglia is proinflammatory
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Fig. 5G shows that RAP induced detectable LRP1 shedding at
concentrations down to 15 nM.

tPA and �2M* are LRP1 ligands that induce anti-inflamma-
tory responses in peripheral macrophages (20, 21). Fig. 6A
shows that enzymatically-inactive tPA (EI-tPA) (12 nM) and
�2M* (10 nM) both failed to induce IL-6 mRNA expression in
microglia. Fig. 6B shows that EI-tPA and �2M* also failed to
induce expression of IL-1� mRNA. The concentrations of EI-
tPA and �2M* studied in these experiments were selected to
match those that generate maximum anti-inflammatory
responses in macrophages (20, 21). When microglia were
treated with 12 nM EI-tPA or 10 nM �2M* for 24 h, LRP1 shed-
ding was not observed (Fig. 6C). In separate experiments,
we studied EI-tPA at concentrations up to 100 nM; again LRP1
shedding was not observed (results not shown). These results
suggest that LRP1 ligands do not, in general, induce LRP1
shedding.

Although lactoferrin generates proinflammatory responses
in macrophages (20, 21), in microglia, lactoferrin, at concentra-
tions up to 100 nM, did not significantly regulate TNF-� mRNA
expression or induce LRP1 shedding (results not shown). We
did not explore why microglia do not respond to lactoferrin;
however, we did study another LRP1 ligand with known proin-
flammatory activity. CRT is a heat-shock protein known to
bind directly to LRP1, induce LRP1-dependent inflammatory
responses in antigen presenting cells, and function together
with LRP1 in efferocytosis (43– 46). Fig. 6, D and E, shows that
CRT increased expression of TNF-� protein and IL-6 protein in
CM from microglia. CRT also induced LRP1 shedding (Fig. 6F).
These results suggest that the ability of a reagent to stimulate
LRP1 shedding from microglia correlates with its ability to
stimulate a proinflammatory response. Stimulation of shedding
is a property of some but not all LRP1 ligands.

Shed LRP1 activates microglia in vitro

To test whether sLRP1 regulates cell signaling and gene
expression in microglia, sLRP1 was purified from human
plasma. A single major band with a mobility consistent with
that of the 515-kDa LRP1 �-chain was detected by SDS-PAGE
(Fig. 7A). RAP ligand blotting confirmed that the high molecu-
lar mass band was the LRP1 �-chain.

Wild-type microglia were treated with increasing concentra-
tions of purified sLRP1 in 0.5% serum-supplemented medium
for 6 h. sLRP1 robustly increased expression of TNF-� mRNA
(Fig. 7B) and stimulated TNF-� protein accumulation in CM
(Fig. 7C). sLRP1 also increased expression of the mRNAs for
IL-6 (Fig. 7D), IL-1� (Fig. 7E), and iNOS (Fig. 7F). In all four
mRNA expression studies, the responses were sLRP1 concen-
tration-dependent and statistically significant with 60 ng/ml
sLRP1 (0.15 nM). A significant increase in TNF-� protein accu-
mulation in CM was observed with 30 ng/ml sLRP1. Boiling
sLRP1 at 100 °C for 5 min neutralized its ability to induce cyto-
kine expression at the mRNA and protein levels, excluding LPS
contamination as an explanation for the activity of sLRP1.

Next, we compared the ability of sLRP1 to increase cytokine
expression in LRP1-expressing and -deficient microglia, iso-
lated from LRP1fl/fl–LysM–Cre-positive and LysM–Cre-nega-
tive mice. sLRP1 increased expression of TNF-� (Fig. 7G), IL-6
(Fig. 7H), and IL-1� (Fig. 7I) similarly in LRP1-expressing and
-deficient cells. These results suggest that membrane-anchored
LRP1 is not essential in the pathway by which sLRP1 induces
expression of proinflammatory mediators in microglia.

To rule out the possibility that species differences between
the cells (mouse) and sLRP1 (human) contributed to the results
observed, we repeated the cytokine expression studies using
full-length LRP1, purified from mouse liver (mLRP1). In bone

Figure 6. Select LRP1 ligands induce LRP1 shedding. A–C, microglia were cultured in low serum medium in the presence of LPS (1 �g/ml), EI-tPA (12 nM), or
�2M* (10 nM). After 24 h, mRNA levels for IL-6 (A) and IL-1� (B) were determined by RT-qPCR (mean � S.E.; n � 4; ***, p � 0.001, one-way ANOVA followed by
Dunnett’s post hoc test). C, CM was recovered and subjected to RAP ligand blotting to detect sLRP1. D–F, microglia were cultured in the presence of increasing
concentrations of recombinant human CRT. After 24 h, CM was recovered. TNF-� protein (D) and IL-6 protein (E) in CM were determined by ELISA. F, sLRP1
released into CM was determined by RAP ligand blotting (mean � S.E.; n � 3; **, p � 0.01; ***, p � 0.001, one-way ANOVA followed by Dunnett’s post hoc test).
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marrow-derived macrophages, sLRP1 and mLRP1 are equally
effective at inducing inflammatory responses (30). Purified
mLRP1 robustly increased expression of the mRNAs for TNF-�
(supplemental Fig. 1A), IL-6 (supplemental Fig. 1B), IL-1� (sup-
plemental Fig. 1C), and iNOS (supplemental Fig. 1D). Boiling
purified mLRP1 blocked its activity or significantly inhibited it.

sLRP1 and mLRP1 were purified by affinity chromatography
using GST-RAP covalently coupled to Sepharose (30). Because
of the covalent coupling method, it is unlikely that RAP co-
eluted with and contaminated purified LRP1 preparations. The
low concentrations of sLRP1 and mLRP1 necessary to induce
cytokine expression (100 pM or less) further argue against RAP
contamination as an explanation for the activity of these pro-
teins. When purified sLRP1 and mLRP1 (up to 1.0 �g of each
protein) were subjected to immunoblot analysis to detect GST-
RAP, no signal was observed (supplemental Fig. 2).

sLRP1 amplifies the microglial response to RAP

We hypothesized that LRP1 shedding contributes to the pro-
inflammatory response observed in RAP-treated microglia. To
test this hypothesis, first we examined cell signaling in micro-
glia treated with RAP or sLRP1. Yang et al. (25) demonstrated
that RAP activates NF�B and JNK in microglia.

To examine RAP-initiated cell signaling in an unbiased man-
ner, we treated microglia with RAP or vehicle for 1 h and iden-
tified protein phosphorylation events using the phosphopro-
tein proteome-profiler from R&D Systems, which profiles 43
distinct protein phosphorylation events. I�B� is not repre-
sented in the array; however, we did observe increased phos-

phorylation of c-Jun N-terminal kinase (JNK), together with its
downstream substrate c-Jun (Fig. 8, A and B). ERK1/2 and p38
MAPK were phosphorylated, as was Akt at Ser-473 and its
downstream target GSK3�. Phosphorylation of GSK3� by Akt
results in GSK3� inactivation (47). The transcription factor,
cAMP-response element-binding protein (CREB), is a target
for multiple kinases (48).

The results of the phosphoprotein array experiment were
confirmed in separate immunoblotting studies. Fig. 8C shows
that RAP caused phosphorylation of p38 MAPK, ERK1/2,
c-Jun, and Akt Ser-473. The results of three separate immuno-
blotting experiments are summarized in Fig. 8D.

Next, microglia were treated with sLRP1 (60 ng/ml) for up to
8 h. Fig. 8E shows that p38 MAPK was phosphorylated, and this
response was sustained. ERK1/2 activation also was observed;
this response was apparent throughout the time course but
appeared to maximize at 2 h. Ser-473 in Akt was phosphorylat-
ed transiently within the 8-h incubation. These results demon-
strate overlap in the phosphorylation events caused by RAP and
sLRP1.

To test whether inhibiting LRP1 shedding may attenuate the
response of microglia to RAP, microglia were pre-treated with
the general metalloproteinase inhibitor GM6001 (50 �M) and
then with RAP. LRP1 shedding was largely blocked when
assessed 12 h after adding RAP (Fig. 9A) and remained substan-
tially decreased 24 h after adding RAP (Fig. 9B). Cell viability
was not compromised (results not shown). Next, we examined
expression of the cytokines IL-6 and IL-1�. GM6001 markedly

Figure 7. Purified sLRP1 induces inflammatory mediator expression in microglia in vitro. A, Coomassie-stained gel (left panel) and RAP-ligand blot (right
panel) showing purified human sLRP1. B–F, microglia from mouse pups were cultured in the presence of increasing concentrations purified sLRP1 for 6 h.
Control cells were treated with vehicle (0 ng/ml sLRP1) or boiled sLRP1. B, RT-qPCR was performed to determine TNF-� mRNA (*, p � 0.05; one-way ANOVA with
Tukey’s post hoc test). C, TNF-� protein in CM was determined by ELISA (mean � S.E.; n � 4; *, p � 0.05; ***, p � 0.001; one-way ANOVA with Tukey’s post hoc
test). D–F, RT-qPCR was performed to determine mRNA levels for IL-6, IL-1�, and iNOS. G–I, microglia were isolated from adult LRP1fl/fl–LysM–Cre-positive (black
bar) and LysM–Cre-negative (open bar) mice and treated with increasing concentrations of sLRP1 for 6 h. mRNA levels of TNF-�, IL-6, and IL-1� were determined
by RT-qPCR (mean � S.E.; n � 3; one-way ANOVA followed by Tukey’s post hoc analysis). iNOS mRNA expression was not studied in this experiment.
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inhibited expression of IL-6 mRNA (Fig. 9C) and IL-1� mRNA
(Fig. 9D) in cells treated with RAP for 12 or 24 h.

When sLRP1 is released from cells, the residual membrane-
anchored LRP1 fragment may be further processed by �-secre-
tase to release a cytoplasmic fragment, which has been reported
to attenuate inflammation (17). We therefore tested whether
inhibiting �-secretase further increases the proinflammatory
response to RAP in microglia. Cells were pre-treated with 10
�M N-[N-(3,5-difluorophenacetyl)-L-alanyl]-S-phenylglycine
t-butyl ester (DAPT) for 2 h and then with RAP or vehicle. The
concentration of DAPT selected for this experiment was previ-
ously shown to block processing of LRP1 by �-secretase in
mouse macrophages (17). Although DAPT slightly increased
expression of TNF-� (Fig. 9E), IL-6 (Fig. 9F), and IL-1� (Fig.
9G) in RAP-treated cells, the increases were not statistically
significant.

RAP and sLRP1 induce neuroinflammation when injected into
the spinal cord

To test whether RAP induces neuroinflammation in vivo, 120
pmol of RAP (2 �l of 60 �M stock solution) or vehicle (PBS) was
injected directly into the right dorsal horn of the spinal cord
(T10 –T11) of wild-type adult mice using a stereotaxic instru-
ment. Tissue was harvested 24 h later and immunostained for
Iba-1 to assess microgliosis (Fig. 10A). RAP induced a signifi-
cant increase in the density of Iba1-immunopositive cells, as
determined by image analysis (Fig. 10B).

Next, 120 pmol of RAP, 0.2 pmol of sLRP1 (2 �l of 0.1 �M

stock solution), or vehicle was injected into spinal cords, using
the equivalent procedure. RNA was isolated from the ipsilateral
side, 24 h later. Expression of proinflammatory mediators was
determined by RT-qPCR. RAP significantly increased expres-
sion of TNF-�, IL-6, IL-1�, and iNOS (Fig. 10, C–F). sLRP1 also
increased expression of TNF-�, IL-6, IL-1�, and iNOS (Fig. 10,
G–J). sLRP1 is thus capable of inducing neuroinflammation in
vivo. Overall, our results support a model in which LRP1 shed-
ding from microglia converts an anti-inflammatory receptor
into a proinflammatory product in the CNS (Fig. 10K).

Discussion

LRP1 gene deletion is embryonic lethal in mice, implying a
critical function for LRP1 in development (49). In adult mam-
mals, the function of LRP1 remains incompletely understood;
however, there is increasing evidence that LRP1 regulates the
activity of cells that respond to tissue injury (11, 14). Previous
studies suggest that in microglia, LRP1 may function to oppose
activation (24 –27). Our results suggest a more complicated
model in which the effects of LRP1 on microglial activation
reflect a balance between the opposing activities of membrane-
anchored and shed LRP1. The balance may be controlled by
signals in the microglial microenvironment that either promote
or attenuate LRP1 shedding.

Our work that led to the identification of LRP1 shedding as a
proinflammatory pathway were initiated in an attempt to
explain why RAP treatment was so much more robust at induc-
ing cytokine expression in microglia, compared with LRP1 gene
silencing or deletion. A key observation was the ability of RAP
to cause LRP1 shedding, like LPS. We then showed that sLRP1
is potently proinflammatory against cultured microglia. When
LRP1 shedding was inhibited with GM6001, expression of IL-6
and IL-1� in response to RAP was attenuated. Similarly, expres-
sion of IL-6 and IL-1� in response to RAP was substantially
decreased in LRP1-deficient microglia isolated from LRP1fl/fl–
LysM–Cre-positive mice. We interpret this result to reflect a
decreased capacity for LRP1-deficient microglia to generate
sLRP1.

In addition to RAP and LPS, we showed that CRT also
induces LRP1 shedding from microglia. CRT was selected for
study because it is known to bind to LRP1 and also to trigger
proinflammatory cell signaling in antigen-presenting cells (43,
45). We did not confirm that CRT-induced LRP1 shedding
resulted from an interaction with LRP1. CRT may interact with
other cell surface-associated proteins such as C1q as well, either
independently of LRP1 or as part on an LRP1-containing mul-

Figure 8. RAP and sLRP1 activate cell signaling in microglia. A–D, micro-
glia isolated from mouse pups were treated with RAP (150 nM) or vehicle (PBS)
for 1 h. A, protein phosphorylation was determined using the Phospho-kinase
Array Proteome ProfilerTM. The membranes were processed simultaneously
and have internal controls to ensure equal loading of cell extracts and equal
exposure. The second blot is annotated with proteins that demonstrated
altered phosphorylation. B, arrays were subjected to densitometry. Changes
in phosphorylation are shown (fold-increase, n � 1). C, to confirm the results
of the array, immunoblot analysis was performed to detect the indicated
phosphorylated proteins, including phospho-p38 MAPK, phospho-ERK1/2,
phospho-c-Jun, and phospho-Ser-473 in Akt. Blots were probed to detect
�-actin as a loading control. D, immunoblots like those shown in C were sub-
jected to densitometry. The results of three separate experiments were aver-
aged (mean � S.E.; *, p � 0.05; ***, p � 0.001, unpaired t test). E, microglia
were cultured in low serum medium for 30 min and then treated with sLRP1
(60 ng/ml) for the indicated times. Immunoblot analysis was performed to
detect the phosphorylated forms of p38 MAPK, ERK1/2, and Akt Ser-473. Blots
were re-probed for �-actin as a loading control. Results are representative of
two independent experiments.
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tiprotein complex (50, 51). Results obtained with RAP, LPS, and
CRT suggest that LRP1 shedding may represent a common
pathway by which diverse proinflammatory mediators promote
microglial activation.

Purified sLRP1 was potently proinflammatory at concentra-
tions under 1.0 nM in experiments with cultured microglia. The
mechanism by which sLRP1 activates cell signaling in microglia
and induces cytokine expression remains to be determined.
Because sLRP1 binds ligands similarly to membrane-anchored
LRP1, sLRP1 may serve as a “receptor decoy” competing for
endogenously-produced ligands (31, 35, 52), including proteins
that stimulate anti-inflammatory responses if they bind to cells.
Alternatively, sLRP1 may interact directly with microglia. This
interaction, if essential, does not appear to require membrane-
anchored LRP1. The response to sLRP1 is similar in microglia
and peripheral macrophages (30); however, in Schwann cells,
sLRP1 has an apparently opposite effect, attenuating cellular
activation, which induces cytokine expression and recruits
macrophages to injured peripheral nerves (33). Direct binding
of sLRP1 to Schwann cell surfaces was demonstrated (33). Fur-
thermore, Schwann cells may be pre-conditioned by sLRP1 and
resist subsequent challenges with inflammatory agents in the
absence of sLRP1. It is therefore likely that the mechanism by
which sLRP1 regulates Schwann cell physiology is different
from that which is operational in microglia and macrophages.

To test whether RAP and sLRP1 induce neuroinflammation
in vivo, these proteins were injected directly into spinal cords in
mice. Induction of cytokine expression was observed. In mice
injected with RAP, we observed microglial activation; however,
microglia may not be the only cells responsible for the changes
in gene expression in the spinal cord. Diverse cells in the CNS
express LRP1, including neurons and astrocytes (53–55), and
thus may respond to RAP. Furthermore, cells in the CNS in
addition to microglia may be targets for exogenously-adminis-
tered sLRP1 and contribute to the proinflammatory responses
observed.

Chuang et al. (24) demonstrated that LRP1 expression is
increased in microglia in association with multiple sclerosis
lesions and that microglial LRP1 is protective in experimental
autoimmune encephalomyelitis. Because multiple sclerosis
lesions are considered the focus of inflammation, the study by
Chuang et al. (24) emphasizes the importance of identifying
mediators that regulate microglial LRP1 expression in vivo. If
LRP1 expression is increased in vivo, the quantity of substrate
available for shedding also may be increased, and the resulting
sLRP1 may contribute to the chronicity of inflammation. In
macrophages, LRP1 expression is up-regulated by colony-stim-
ulating factor-1 and then decreased by factors such as interfer-
on-� and LPS (56 –58). This example of dynamic regulation of
gene expression suggests that the abundance of LRP1 may be

Figure 9. Preventing LRP1 shedding inhibits RAP-induced cytokine expression. A–D, microglia were treated with the metalloproteinase inhibitor, GM6001
(50 �M), or DMSO for 3 h in low-serum medium and then with RAP (150 nM) or vehicle (PBS) for 12 or 24 h, as indicated. CM was recovered and subjected to RAP
ligand blotting to detect sLRP1 at 12 h (A) and 24 h (B). RT-qPCR was performed to determine mRNA for IL-6 (C) and IL-1� (D) (mean � S.E.; n � 4; **, p � 0.01;
***, p � 0.001, one-way ANOVA followed by Tukey’s post hoc test). E–G, microglia were pre-treated with DAPT (10 �M) or DMSO for 2 h and then with RAP (150
nM) or PBS for 24 h. RT-qPCR was performed to determine expression of the following: E, TNF-�; F, IL-6; and G, IL-1� (mean � S.E.; n � 4; ns, not significant,
one-way ANOVA with Tukey’s post hoc analysis).
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fine-tuned to the degree of differentiation and activation in cells
of monocytic lineage.

Although our data indicate that sLRP1 contributes to the
potency of RAP in activating microglia, the mechanism by
which RAP initially triggers a cellular response remains to be
determined. In this study, we added a fairly high concentration
of RAP (150 nM), assuming that RAP functions by blocking
autocrine LRP1 signaling initiated by endogenously-produced
ligands. However, RAP at concentrations as low as 15 nM was

effective at inducing LRP1 shedding. The ability of RAP to acti-
vate cell signaling in microglia, as demonstrated here and else-
where (25), raises the possibility that RAP regulates microglial
cell physiology autonomously and directly through LRP1, as
opposed to functioning as an antagonist of other ligands. This
model is supported by results obtained with macrophages (20).
In these cells, I�B� phosphorylation was observed within 5 min
of adding RAP. For all LRP1 ligands that trigger cell-signaling
responses, there is now evidence that diverse essential co-re-
ceptors may be involved (21, 59, 60). The presence or absence of
an essential co-receptor may explain why the response to a
specific ligand, such as lactoferrin, may be cell type-specific.

Overall, we view two pathways by which the cell-surface
abundance of LRP1 may be regulated in microglia in response
to proinflammatory mediators. First, LRP1 gene expression
may be down-regulated (22, 25). Second, LRP1 is subject to
shedding. In both cases, an anti-inflammatory receptor was
removed from the cell surface. With LRP1 shedding, a proin-
flammatory agent was added to the microglial microenviron-
ment. The same proinflammatory mediators may stimulate
both processes simultaneously.

In conclusion, we have identified sLRP1 as a biologically
active product, capable of activating microglia and promot-
ing neuroinflammation. The opposing activities of mem-
brane-anchored and shed LRP1 suggest that proteinases,
which release LRP1 from the cell surface, also may be potent
regulators of microglial activation. Understanding the func-
tion of this novel biochemical system is an important goal for
future work.

Experimental procedures

Proteins and reagents

RAP was expressed as a GST fusion protein in bacteria and
purified as described (61). As a control, free GST was expressed
in bacteria transformed with the empty vector, pGEX-2T. GST
fusion proteins were subjected to chromatography on Detoxi-
Gel endotoxin-removing columns (Pierce). Recombinant hu-
man CRT was purchased from Sino Biological. LPS, serotype
055.B5, was from Sigma. DAPT and GM6001 were from EMD
Millipore. Primers and probes for RT-qPCR experiments were
purchased from Thermo Fisher Scientific.

sLRP1 was purified from human plasma by the method of
Gorovoy et al. (30). In brief, fresh-frozen human plasma was
supplemented with proteinase inhibitors, dialyzed against 50
mM Tris-HCl, 150 mM NaCl, pH 7.5, with 1 mM CaCl2 (TBS-Ca)
for 12 h at 4 °C, and then subjected to affinity chromatography
on GST-RAP covalently coupled to Sepharose 4 Fast Flow (GE
Healthcare). RAP-associated proteins were eluted in 0.1 M

sodium acetate, 0.5 M NaCl, pH 4, and neutralized by rapid
mixing with 50 mM Tris-HCl, pH 8.0. Each sLRP1 preparation
was examined for integrity and purity by SDS-PAGE with Coo-
massie staining and by RAP ligand blotting.

mLRP1 was purified from mouse livers, as described previ-
ously (30). EI-tPA was from Molecular Innovations. �2M was
purified from human plasma and activated for binding to LRP1
as described previously (56).

Figure 10. RAP and sLRP1 induce neuroinflammation in spinal cords. A–F,
adult C57BL6/J mice were injected with 2 �l of RAP (stock solution 60 �M) or
PBS into the right dorsal horn of the spinal cord (T10 –T11). Tissue was recov-
ered 24 h later. A, IHC was performed to detect Iba1 immunoreactivity (scale
bar, 250 �m for main figure and 25 �m for insets). B, number of Iba1-positive
cells in the ipsilateral dorsal horn was determined by a blinded investigator
(mean � S.E.; n � 3; ***, p � 0.001, unpaired t test). C–F, mRNA encoding
TNF-�, IL-6, IL-1�, and iNOS was determined by RT-qPCR (mean � S.E.; n � 4;
*, p � 0.05; **, p � 0.01, paired t test). G–J, sLRP1 (2 �l of 0.1 �M stock solution)
was injected into spinal cords following the same protocol, and RT-qPCR was
performed to determine mRNA for TNF-�, IL-6, IL-1�, and iNOS (mean � S.E.;
n � 4; *, p � 0.05, paired t test). K, model showing how membrane-anchored
and shed LRP1 oppose each other in controlling activation of microglia and
neuroinflammation. The 515-kDa LRP1 �-chain is shown in purple. The 85-kDa
�-chain is shown in pink. Shedding truncates the �-chain so that a small frag-
ment of its ectodomain is associated with sLRP1.
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Mice

Wild-type C57BL/6J mice were from The Jackson Labora-
tory. Mice in which the promoter and first two exons of the
LRP1 gene are flanked by loxP sites were originally generated by
Rohlmann et al. (62). Mice that are homozygous for the floxed
LRP1 gene (LRP1fl/fl) were bred with mice that express Cre
recombinase under the control of the lysozyme-M promoter
(LysM–Cre) in the C57BL/6J background to generate LRP1fl/fl–
LysM–Cre-positive mice. Littermate controls were LRP1fl/fl

and LysM–Cre-negative. All animal experiments were ap-
proved by the Institutional Animal Care and Use Committee at
University of California San Diego.

Isolation of microglia

Microglia were isolated from C57BL/6J mouse pups, as
described previously (63). In brief, brains were harvested from
postnatal day 1– 6 mice. The cortices were dissected from the
forebrain, and the surrounding meninges were removed. Intact
cortices were mechanically and enzymatically dissociated using
the neural tissue dissociation kit (Miltenyi Biotec). Mixed glial
cultures were established in Dulbecco’s modified Eagle’s medi-
um/F-12 (DMEM/F-12) supplemented with GlutaMAXTM

(Life Technologies, Inc.), 10% fetal bovine serum (FBS,
Hyclone), and 100 units/ml Fungizon� (Life Technologies,
Inc.). After culturing for 10 –14 days, microglia were harvested
by shaking the mixed cultures at 200 rpm for 30 min at 37 °C.
The floating cells were collected by centrifugation (5 min, 1500
rpm) and re-plated at 3 � 105 cells/well. Culture purity was
	96% as determined by immunofluorescence microscopy for
Iba1 (positive), glial fibrillary acidic protein (negative), �-III
tubulin (negative), and OLIG1 (negative). Experiments were
performed within 24 h of completing cell isolations.

Microglia also were isolated from 8-week-old male LRP1fl/fl–
LysM–Cre-positive and LysM–Cre-negative mice. Brains were
harvested and dissociated using the neural tissue dissociation
kit. Myelin debris was removed using Myelin Removal Beads II
(Miltenyi Biotec). Microglia were then isolated by magnetic cell
sorting using CD11b microbeads (Miltenyi Biotec). Cells were
plated in medium supplemented with 10% FBS and 5 ng/ml
GM-CSF (R&D Systems) and studied within 5 days.

LRP1 gene silencing

Mouse LRP1-specific siRNA pool (ON-TARGETplus mouse
LRP1 siRNA; L-040764-00-0005) and NTC siRNA (ON-
TARGETplus non-targeting pool; D-001810-10-20) were from
GE Dharmacon. siRNA (20 pmol) was transfected into primary
microglia (4 � 105) using Lipofectamine 2000 (Invitrogen). The
cells were studied 24 – 48 h after transfection.

RT-qPCR

Total RNA was isolated using the NucleoSpin� RNA kit
(Macherey-Nagel) and converted into cDNA using the iScript
cDNA synthesis kit (Bio-Rad). RT-qPCR was performed with
TaqMan� gene expression products and an AB Step One Plus
Real-Time PCR System (Applied Biosystems). The relative
change in gene expression was calculated using the 2

Ct

method and GAPDH mRNA as a normalizer. The following

primer-probe sets were used: GAPDH (Mm99999915_g1);
TNF-� (Mm00443258_m1); IL-6 (Mm00 – 446190_m1); IL-1�
(Mm00434228_m1); iNOS (Mm00440502_m1); and LRP1
(Mm00464608_m1).

Immunoblot analysis and RAP ligand blotting

Microglia were extracted in RIPA buffer (PBS with 1% Triton
X-100, 0.5% sodium deoxycholate, 0.1% SDS) supplemented
with Complete Protease Inhibitor Mixture (Roche Diagnostics)
and sodium orthovanadate. The protein concentration in cell
extracts was determined by bicinchoninic acid assay. An equiv-
alent amount of cellular protein was subjected to SDS-PAGE
and electrotransferred to PVDF membranes (Bio-Rad). The
membranes were blocked with 5% nonfat dry milk in TBS with
0.1% Tween 20 (TBS-T buffer) and incubated with primary
antibodies targeting the following: LRP1 �-chain (L2170; Sig-
ma); LRP1 �-chain (L2295; Sigma); phospho-p38 MAPK (9211;
Cell Signaling Technologies); phospho-ERK1/2 (4695; Cell Sig-
naling Technologies); phospho-c-Jun (9165; Cell Signaling
Technologies); phospho-Ser-473 in Akt (9271; Cell Signaling
Technologies); GAPDH (GTX627408; GeneTex); and �-actin
(A5316; Sigma). Primary antibody was detected with horserad-
ish peroxidase-conjugated species-specific secondary antibody
(Cell Signaling Technologies).

In RAP ligand-blotting studies, blocked PVDF membranes
were incubated with 100 nM RAP-GST in 5% nonfat milk for 1 h
at 22 °C. As a control, equivalent membranes were incubated
with 100 nM free GST. The membranes were washed three
times and then incubated with GST-specific antibody coupled
to horseradish peroxidase (84 – 814; Genesee Scientific). Con-
jugated antibody was detected with ECL PlusTM (GE Health-
care) and HyBlot CL autoradiography film (Denville Scientific).
Blots were scanned (Canoscan), and densitometry was per-
formed using ImageJ software.

Analysis of conditioned medium

Microglia were allowed to condition medium that contained
0.5% FBS. TNF-� and IL-6 in CM were determined with mouse
quantikine ELISA kits (R&D Systems). sLRP1 was determined
by immunoblot analysis without concentrating samples. Nitric
oxide was determined by measuring nitrite in CM with the
Griess reagent system (Promega). In these studies, CM (50
�l) was incubated with 100 �l of Griess reagent in 96-well
plates for 30 min at 22 °C. The absorbance was determined at
540 nm using a SpectraMax M2e microplate reader (Molec-
ular Biodevices).

Phosphoprotein array studies

Phosphorylated proteins were detected in an unbiased man-
ner using the human Phospho-kinase Array Proteome Pro-
filerTM (R&D System). Although this system was originally
developed to examine human proteins, we have demonstrated
its effectiveness using rodent cell extracts (21, 64). Microglia in
0.5% serum-supplemented medium were treated with RAP
(150 nM) or vehicle (PBS) for 1 h. Protein extracts were prepared
and applied to the membranes. The membranes were devel-
oped using ECL, as described by the manufacturer. Blots were
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scanned (Canoscan), and densitometry was performed using
ImageJ software.

Cell proliferation assay

Microglia were plated in 96-well plates at a density of 105

cells per well and cultured in low-serum medium for 48 h in the
presence of LPS (1 �g/ml), RAP (150 nM), GST (150 nM), or
vehicle (PBS). Cell proliferation was determined using the Cay-
man’s WST-1 assay according to the manufacturer’s instruc-
tions. Briefly after 48 h, cells were incubated at 37 °C for 2 h with
WST-1 mixture. Absorbance at 450 nm was measured using a
SpectraMax M2e microplate reader (Molecular Biodevices).

Transwell cell migration assays

Microglia (1 � 104) were treated with LPS (1 �g/ml), RAP
(150 nM), GST (150 nM), or vehicle (PBS) for 10 min at 37 °C and
then added with the same reagents in 0.5% FBS-supplemented
medium to the top chamber of 24-well Transwell units with
8.0-�m pores (Corning Glass). The underside of each mem-
brane was coated with 10 �g/ml fibronectin (Millipore). The
bottom chamber contained 10% FBS. Cells were allowed to
migrate at 37 °C in 5% CO2 for 16 h. Non-migrating cells were
removed from the upper surface using a cotton swab. The lower
surfaces were stained with Hema 3 (Thermo Fisher Scientific).
Stained membranes were mounted on microscope slides and
imaged using a Leica DMIRE2 microscope. The number of
migrated cells was determined in four representative fields,
selected by a blinded investigator, using ImageJ software. Three
separate membranes from four independent experiments were
analyzed for each condition.

Stereotaxic injection of spinal cords

Mice were anesthetized and placed in a stereotaxic frame.
Under sterile conditions, an incision was made from thoracic
vertebrae T8 to T12, and the spinal cord was exposed by lami-
nectomy between T10 and T11. A total volume of 2 �l of each
experimental solution (RAP, sLRP1, vehicle) was slowly
injected into the right dorsal horn of the spinal cord using a
Hamilton neuro-syringe. The needle was withdrawn after 5 min
to avoid efflux of the injected solution. The wound was closed
with 6-0 nylon suture.

Immunohistochemistry

Spinal cords were harvested 24 h after stereotaxic injections.
Mice were deeply anesthetized and subjected to intracardiac
perfusion with fresh PBS followed by 4% paraformaldehyde.
Tissues were paraffin-embedded, and 4-�m sections were pre-
pared (at least 3/tissue). Tissue sections were incubated with
10% nonfat milk and then with primary antibody against Iba-1
(019-19741; Wako) for 1 h. Next, sections were incubated with
anti-rabbit antibody conjugated to HRP and developed with
3�,3-diaminobenzidine. Control sections were treated with sec-
ondary antibody only. Light microscopy was performed using a
Leica DFC420 microscope with Leica Imaging Software 2.8.1
(Leica Microsystems). IHC studies were subjected to image
analysis using ImageJ software (National Institutes of Health).
The total number of Iba1-positive cells on the ipsilateral side of
the spinal cord was determined by a blinded investigator.

Fluorescence microscopy

Microglia were cultured on NuncTM Lab-TekTM II CC2TM

chamber slides (Thermo Fisher Scientific). The cells were fixed
in 4% paraformaldehyde, permeabilized in 0.3% Triton X-100
(Sigma), and blocked with 10% normal donkey serum (Sigma).
Cells were stained with Oregon Green-Phalloidin (Molecular
Probes). Slides were mounted using Prolong Gold Antifade re-
agent with DAPI (Molecular Probes) and viewed under an
inverted fluorescence microscope.

Statistics

Statistical analysis was performed using GraphPad Prism 5.0
(GraphPad Software Inc.). All results are expressed as the
mean � S.E. Comparisons between two groups were performed
using paired or unpaired t test. Results from more than two
groups were analyzed by one-way ANOVA followed by Tukey’s
or Dunnett’s post hoc analysis as stated. p � 0.05 was consid-
ered as statistically significant.
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