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Background: LRP1 is a cell signaling receptor in neurons.
Results: LRP1, NMDA receptor, and Trk compose a single system, activating cell signaling in response to tPA and �2-macro-
globulin. MAG binding to LRP1 recruits p75NTR but not Trk.
Conclusion: Ligand-specific co-receptor recruitment explains how LRP1 activates distinct cell signaling pathways in response
to different ligands.
Significance: Distinct co-receptor assemblies allow LRP1 to regulate the cellular response to its microenvironment.

In addition to functioning as an activator of fibrinolysis, tis-
sue-type plasminogen activator (tPA) interacts with neurons
and regulates multiple aspects of neuronal cell physiology. In
this study, we examined the mechanism by which tPA initiates
cell signaling in PC12 and N2a neuron-like cells. We demon-
strate that enzymatically active and inactive tPA (EI-tPA) acti-
vate ERK1/2 in a biphasic manner. Rapid ERK1/2 activation is
dependent on LDL receptor-related protein-1 (LRP1). In the
second phase, ERK1/2 is activated by tPA independently of
LRP1. The length of the LRP1-dependent phase varied inversely
with the tPA concentration. Rapid ERK1/2 activation in
response to EI-tPA and activated �2-macroglobulin (�2M*)
required the NMDA receptor and Trk receptors, which assem-
ble with LRP1 into a single pathway. Assembly of this signaling
system may have been facilitated by the bifunctional adapter
protein, PSD-95, which associated with LRP1 selectively in cells
treated with EI-tPA or �2M*. Myelin-associated glycoprotein
binds to LRP1 with high affinity but failed to induce phospho-
rylation of TrkA or ERK1/2. Instead, myelin-associated glyco-
protein recruited p75 neurotrophin receptor (p75NTR) into a
complex with LRP1 and activated RhoA. p75NTR was not
recruited by other LRP1 ligands, including EI-tPA and �2M*.
Lactoferrin functioned as an LRP1 signaling antagonist, inhib-
iting Trk receptor phosphorylation and ERK1/2 activation in
response to EI-tPA. These results demonstrate that LRP1-initi-
ated cell signaling is ligand-dependent. Proteins that activate
cell signaling by binding to LRP1 assemble different co-receptor
systems. Ligand-specific co-receptor recruitment provides a
mechanism by which one receptor, LRP1, may trigger different
signaling responses.

Tissue-type plasminogen activator (tPA)2 is a serine protease
and activator of fibrinolysis, used in recombinant form to treat

ischemic stroke, myocardial infarction, and other disorders in
which thrombosis is central to the pathogenesis (1). In neurons
and neuron-like cell lines, membrane depolarization results in
the release of tPA (2, 3). tPA alsomay be transported across the
blood-brain barrier by LDL receptor-related protein-1 (LRP1)
(4). It is thus important to understand the numerous effects of
tPA on neuronal cell biology and function, including effects on
long term potentiation (5–7), excitotoxic neurotoxicity (3, 8),
axonal regrowth following injury (9), neuroprotection in
hypoxia and ischemia (10, 11), and permeability of the blood-
brain barrier (12).
Various mechanisms have been proposed to explain the

activity of tPA in the CNS, including pathways that require
plasminogen activation (9, 13, 14), direct proteolytic cleavage of
the NR1 subunit of the NMDA receptor (NMDA-R) (3), bind-
ing to LRP1 and activation of LRP1-dependent cell signaling (7,
10, 12, 15), and binding to annexin A2 (16). In addition to tPA,
other proteins that bind to LRP1, such as apolipoprotein E
(apoE) and activated �2-macroglobulin (�2M*), trigger cell sig-
naling in neurons and neuron-like cell lines, activating kinases
such as ERK/MAPK (ERK1/2), promoting neuronal survival,
and supporting neurite outgrowth (17–21). There is substantial
evidence that the mechanism by which LRP1 signals in
response to tPA, apoE, or �2M* in neurons requires NMDA-R
as a co-receptor and that targeting either LRP1 or theNMDA-R
may attenuate the signaling response (22–26). Other receptors
in the LDL receptor family, such as apoER2/LRP8, also signal in
association with NMDA-R (27, 28). The bifunctional adaptor
protein, postsynaptic density protein 95 (PSD-95), plays an
important role, bridging NMDA-R to LRP1 and other LDL
receptor family members (27, 29, 30).
We recently demonstrated that the ability of �2M* to pro-

mote neurite outgrowth in PC12 cells, N2a cells, and cerebellar
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granule neurons requires binding of �2M to LRP1 and Trk
receptor transactivation, which occurs downstream of acti-
vated Src family kinases (SFKs) (31). Antagonizing SFK activity
or Trk receptor blocked ERK1/2 activation and inhibited neu-
rite outgrowth in response to activated �2M* and tPA. Trk
transactivation has been described as a potentially distinct
pathway by which LRP1 may activate cell signaling independ-
ently of NMDA-R (32).
In this study, we examined cell signaling in PC12 and N2a

neuron-like cell lines treated with enzymatically inactive tPA
(EI-tPA). By using an inactive formof tPA,we focused on recep-
tor-dependent signaling mechanisms, in isolation from path-
ways that require plasminogen activation or NR1 cleavage. We
find that ERK1/2 activation in response to EI-tPA occurs in two
phases: a rapid phase that is dependent on LRP1 and a slower
response that is LRP1-independent. Similar results were
obtained with enzymatically active tPA.
We then focused on the LRP1-dependent phase of tPA-ini-

tiated cell signaling and demonstrated that NMDA-R and Trk
receptors function with LRP1 as part of a single signaling sys-
tem to activate ERK1/2. p75 neurotrophin receptor (p75NTR),
which serves as an essential LRP1 co-receptor for activation of
RhoA and inhibition of neurite outgrowth when myelin-asso-
ciated glycoprotein (MAG) binds to LRP1 (33), was not part of
the LRP1 signaling receptor complex formed in response to
EI-tPA or �2M*. Recruitment of PSD-95 to LRP1 occurred
selectively in cells treated with tPA and �2M*. These results
suggest a model in which the effects of LRP1 on cell signaling
and cell physiology are regulated in a ligand-specific manner by
selective co-receptor recruitment.

MATERIALS AND METHODS

Proteins and Reagents—Active tPA (85% single-chain, 15%
two-chain) and EI-tPA, which is mutated at two amino acids
(S478A and R275E) and thus inactive and non-cleavable were
purchased from Molecular Innovations (Novi, MI). The enzy-
matic activity of both forms of tPA was determined by meas-
uring the rate of hydrolysis ofH-D-isoleucyl-L-prolyl-L-arginine
p-nitroanilide 2HCl (S-2288, Chromogenix, Bedford, MA).We
compared hydrolysis of 1.0 mM S-2288 by 12 nM active tPA and
EI-tPA. The first order rate constant (v/Et) for active tPAwas 16
s�1. Comparing this valuewith kinetic parameters published by
the manufacturer (kcat and Km) suggested that the tPA prepa-
ration was nearly 100% active. S-2288 hydrolysis was com-
pletely absent with EI-tPA.

�2M was purified from human plasma by the method of
Imber and Pizzo (34) and activated for binding to LRP1 by dial-
ysis against 200 mM methylamine HCl (�2M*) (35). Modifica-
tion of �2M by methylamine was confirmed by demonstrating
the characteristic increase in �2M electrophoretic mobility by
nondenaturing PAGE (36). The LRP1 ligand-binding antago-
nist, receptor-associated protein (RAP), was expressed as a
GST fusion protein (GST-RAP) in bacteria and purified as pre-
viously described (37). As a control, we expressed GST in bac-
teria transformed with the empty vector, pGEX-2T. MAG was
expressed as an Fc fusion protein and purified by affinity chro-
matography onProteinA-Sepharose (GEHealthcare) (33). Free
Fc also was prepared as a control. Purified Fc fusion proteins,

RAP and GST, were subjected to chromatography on Detoxi-
Gel endotoxin-removing columns (Thermo Scientific, Rock-
ford, IL). Lactoferrin was from Sigma-Aldrich. Murine NGF-�
was from Invitrogen. The Rho assay reagent, in which residues
7–89 of the rhotekin Rho-binding domain is expressed as a
GST fusion protein (TRBD-GST) was fromMillipore (Billerica,
MA).
For immunoblotting experiments, we used an antibody that

detects the LRP1 85-kDa �-chain (Sigma). Rabbit polyclonal
antibodies that detect the NR1 subunit of the NMDA-R, PSD-
95, RhoA, phospho-Trk, phospho-ERK, and total ERK were
from Cell Signaling Technologies (Danvers, MA). The poly-
clonal antibody that detects p75NTR was from Millipore.
Monoclonal antibody specific for �-actin was from Sigma.
Horseradish peroxidase-conjugated secondary antibodies were
from Cell Signaling Technologies.
Cell Culture—Rat PC12 pheochromocytoma cells were

obtained from the ATCC (catalog no. CRL-1721) and cultured
in Dulbecco’s modified Eagle’s medium (DMEM, high glucose;
Invitrogen) containing 10% fetal bovine serum (FBS; Hyclone),
5% heat-inactivated horse serum (Omega Scientific Inc.), pen-
icillin (100 units/ml), and streptomycin (1 mg/ml). Mouse N2a
neuroblastoma cells were a generous gift from Dr. Katerina
Akassoglou (Gladstone Institute of Neurological Disease,
University of California, San Francisco, CA). N2a cells were
cultured in DMEM containing 10% FBS, penicillin, and
streptomycin.
Gene Silencing—Rat NR1-specific siRNA ON-TARGETplus

SMARTpool, which targets the NR1 subunit of the NMDA-R,
the previously described LRP1-specific siRNA, L2 (CGAGC-
GACCUCCUAUCUUUUU) (20), and pooled non-targeting
control (NTC) siRNA were from Dharmacon. PC12 cells (2 �
106) were transfected with NR1-specific siRNA (50 nM), LRP1-
specific siRNA (25 nM), or NTC siRNA (25–50 nM) by electro-
poration using the Cell Line Nucleofector Kit V (Amaxa), as
described previously (38). The degree of gene silencing was
determined at the mRNA level by real-time qPCR and at the
protein level by immunoblot analysis. Experiments were per-
formed 48 h after siRNA transfection.
Activation of TrkA and ERK1/2—PC12 and N2a cells were

plated in 100-mm dishes at a density of 2 � 106 cells/well in
serum-containingmedium and cultured until �70% confluent.
The cultures were then transferred into serum-free medium
(SFM) for 4 h before adding candidate cell signaling activators,
including �2M*, EI-tPA, MAG, lactoferrin, NGF-�, or vehicle.
Where indicated, the NMDA-R antagonist,MK801 (1�M), was
added 2 h before adding stimulants. RAP (250 nM) or GST was
added 30min before other LRP1 ligands. Incubationswere con-
ducted for 10 min unless otherwise stated. The cells were then
rinsed twice with ice-cold phosphate-buffered saline (PBS).
Cell extractswere prepared in radioimmune precipitation assay
buffer (PBS with 1% Triton X-100, 0.5% sodium deoxycholate,
0.1% SDS, protease inhibitor mixture, and sodium orthovana-
date). The protein concentration in cell extracts was deter-
mined by a bicinchoninic acid assay. An equivalent amount of
cellular protein (40�g for analysis of ERK1/2 activation and 100
�g for analysis of TrkA activation) was subjected to 8 or 12%
SDS-PAGE and electrotransferred to nitrocellulose mem-
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branes. The membranes were blocked with 5% nonfat dry milk
in 20 mM Tris-HCl, 150 mM NaCl, pH 7.4, with Tween 20 and
incubated with primary antibodies. The membranes were then
washed and treated with horseradish peroxidase-conjugated
secondary antibodies for 1 h. Immunoblots were developed by
enhanced chemiluminescence (PerkinElmer Life Sciences).
Immunoblotting studies were performed at least three times.
Co-immunoprecipitation Experiments—N2a cells were cul-

tured until 80% confluent in 10-cm tissue culture dishes and
then treated with �2M* (10 nM), EI-tPA (12 nM), lactoferrin (20
nM),MAG-Fc (20 nM), or Fc (20 nM). The cultures were washed
twice with ice-cold PBS and extracted in 1 ml of 50 mM Hepes,
150 mM NaCl, pH 7.4, 1% Triton X-100, 10% glycerol, protease
inhibitor mixture, 2 mM EDTA, 1 mM sodium vanadate (cell
extraction buffer). Extracts were cleared by centrifugation at
4 °C. The supernatants were collected, and protein content was
determined by a bicinchoninic acid assay. Equal amounts of
cellular protein were subjected to sequential immunoprecipita-
tionwith control IgG and then LRP1-specific antibody (7.5�g),
which were precoupled to Protein A-Sepharose beads by incu-
bation for 2 h at 4 °C. Incubations with cell extracts were
allowed to progress for 12 h at 4 °C. The beadswere collected by
centrifugation and washed three times with ice-cold extraction
buffer. Immunoprecipitates were subjected to SDS-PAGE.
Immunoblot analysis was then performed to detect LRP1 and
co-immunoprecipitated proteins.
RhoA Activity Assays—Affinity precipitation of active RhoA

was performed using TRBD-GST. N2a cells were plated in
100-mm dishes at a density of 2 � 106 cells/well in serum-
containing medium and cultured until �85% confluent. The
cultures were then transferred into SFM for 4 h before adding
candidate LRP1 ligands, includingMAG, lactoferrin,�2M*, and
EI-tPA.Cell extractswere obtained and incubatedwith 30�g of
TRBD-GST coupled to glutathione-Sepharose for 45 min at
4 °C. The beads were washed and then treated with SDS sample
buffer to dissociate TRBD-GST and active GTP-coupled Rho.
Immunoblot analysis was performed to detect active RhoA.
Samples of each cell extract were subjected to immunoblot
analysis prior to incubationwithTRBD-GST to determine total
RhoA.
Statistical Analysis—Data processing and statistical analysis

were performed using Microsoft Excel (Microsoft Corp.) and
GraphPad Prism (GraphPad Software, Inc.). p values less than
0.05 were regarded as statistically significant and are indicated
with an asterisk. p values of �0.005 are indicated with a double
asterisk.

RESULTS

LRP1-dependent and -independent Phases of tPA-initiated
Cell Signaling—In neurons and neuron-like cell lines, activa-
tion of ERK1/2 is essential for neurite outgrowth and as a pro-
survival signal (39–41).�2M that is transformed into the recep-
tor-recognized conformation with methylamine (�2M*) is a
highly specific ligand for LRP1, with a binding affinity (KD) of
about 1 nM (42–44). Fig. 1A shows that ERK1/2 was robustly
phosphorylated in PC12 cells that were treated with 1.0, 10, or
50 nM �2M* for 10 min. GST-RAP completely blocked ERK1/2

phosphorylation induced by�2M*, suggesting that LRP1 is nec-
essary for the signaling response.
Next, we studied EI-tPA. By examining an enzymatically

inactive formof tPA,we ruled outmechanisms of activating cell
signaling that require plasminogen activation or cleavage of cell
surface proteins (3, 9, 13, 14). tPA binds directly to LRP1 but
with substantially lower affinity then �2M* (45–47). Neverthe-
less, ERK1/2 was robustly activated in PC12 cells that were
treated with EI-tPA for 10 min at concentrations as low as 1.0
nM (Fig. 1B). RAP blocked ERK1/2 phosphorylation in response
to 12 nM EI-tPA but consistently failed to block ERK1/2 phos-
phorylation when the concentration of EI-tPA was 50 nM or
higher.
The effects of RAP on ERK1/2 phosphorylation by EI-tPA

suggested a role for LRP1 but did not rule out involvement of
other LDL receptor gene family members that also are antago-
nized by RAP (48). To confirm that LRP1 was involved, we
silenced the LRP1 gene with siRNA. Fig. 1C shows that the
extent ofLRP1 gene silencingwas about 85% at themRNA level.
Fig. 1D shows that LRP1 gene silencing blocked ERK1/2 phos-
phorylation in response to 12 nM EI-tPA in a 10-min incuba-

FIGURE 1. The role of LRP1 in ERK1/2 activation by EI-tPA and �2M*. PC12
cells were treated with vehicle (SFM) or with increasing concentrations of
�2M* (1–50 nM) (A) or EI-tPA (1–50 nM) (B) for 10 min. GST-RAP (250 nM) was
added to the cultures 30 min before �2M* or EI-tPA, as indicated (�RAP). C,
PC12 cells were transfected with NTC or LRP1-specific siRNA. Relative LRP1
mRNA expression was determined by qPCR. D, transfected PC12 cells were
treated with NGF-� (50 ng/ml) or EI-tPA (12 nM) for 10 min. E, PC12 cells were
pretreated with GST-RAP (250 nM) for 30 min (�RAP) or with vehicle (�RAP)
and then with EI-tPA (12 nM) for the indicated times, up to 2 h. Equal amounts
of cellular protein (50 �g) were loaded into each lane and subjected to SDS-
PAGE. Immunoblot analysis was performed to detect phosphorylated ERK1/2
(p-ERK) and total ERK (T-ERK). The blots shown are representative of at least
three independent studies. **, p � 0.005.
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tion. As a specificity control, we treated PC12 cells in which the
LRP1 gene was silenced with NGF-�. ERK1/2 phosphorylation
was not blocked but, instead, increased. This result is discussed
below.
To determine why ERK1/2 phosphorylation was not blocked

by RAP when PC12 cells were treated with 50 nM EI-tPA (see
Fig. 1B), first we conducted a time course experiment. Fig. 1E
shows that ERK1/2 was robustly phosphorylated within 5 min
in response to 12 nM EI-tPA, and the level of phospho-ERK1/2
remained essentially unchanged through 2 h. In the initial 15
min, ERK1/2 phosphorylation was inhibited by RAP, indicating
an essential role for LRP1. Subsequently, the signaling response
became RAP-resistant.
The results presented in Fig. 1, B and E, suggested a model in

which rapid cell signaling in response to EI-tPA requires LRP1.
When LRP1 is neutralized, EI-tPA still activates ERK1/2; how-
ever, the response is slower. To test whether ERK1/2 activation
may be accelerated when LRP1 is neutralized by increasing the
EI-tPA concentration, PC12 cells were treated with various
concentrations of EI-tPA for 10 min. In the absence of RAP,
ERK1/2 activation was similar throughout the EI-tPA concen-
tration range (Fig. 2A). When RAP was added, the extent of
ERK1/2 phosphorylation at 10 min increased as a function of
the EI-tPA concentration.
Next, we examined ERK1/2 activation in PC12 cells treated

with enzymatically active tPA (12 nM). The results were equiv-
alent to those obtained with EI-tPA. ERK1/2 phosphorylation

was observed at 10–60min (Fig. 2B). At 10min, the response to
active tPAwas blocked by RAP. By 30min, comparable levels of
ERK1/2 phosphorylation were observed in the presence and
absence of RAP.
As a second model system, we studied N2a cells, which

express high levels of LRP1 (33). EI-tPA (12 nM) and �2M* (10
nM) induced ERK1/2 phosphorylation in these cells at 10 min,
and the response was blocked by RAP (Fig. 3A). In Fig. 3B, we
treated N2a cells with 12 nM EI-tPA for increasing periods of
time. As was the case with PC12 cells, robust ERK1/2 phosphor-
ylation was observed by 5 min, and the response was sustained
for 2 h. InN2a cells, phosphorylated ERK1 (p44) appearedmore
stable than phosphorylated ERK2 (p42).When RAPwas added,
the rapid phase of ERK1/2 phosphorylationwas inhibited; how-
ever, by 30 min, ERK1/2 was equally phosphorylated in the
presence and absence of RAP.
Fig. 3C shows that in N2a cells, as in PC12 cells, the require-

ment for LRP1 in order to observe rapid ERK1/2 phosphoryla-
tion in response to EI-tPA (at 10min)was overcome by increas-
ing the EI-tPA concentration. When cells were treated with 60

FIGURE 2. Enzymatically active tPA and EI tPA demonstrate similar activ-
ity. A, PC12 cells were pretreated with 250 nM GST-RAP (�RAP) or with vehicle
(�RAP) for 30 min and then with increasing concentrations of EI-tPA (2– 60
nM) for 10 min. B, PC12 cells were pretreated with 250 nM GST-RAP (�RAP) or
with vehicle (�RAP) for 30 min and then treated with EI-tPA (12 nM) for 10 min
or with enzymatically active tPA (12 nM) for different periods of times up to
1 h. Immunoblot analysis was performed to detect phosphorylated ERK1/2
(p-ERK) and total ERK1/2 (T-ERK). FIGURE 3. EI-tPA-initiated cell signaling is biphasic in relation to the role

of LRP1 in N2a cells. A, N2a cells were pretreated with RAP (250 nM) for 30
min as indicated (�RAP) and then treated with vehicle (SFM), �2M* (10 nM), or
EI-tPA (12 nM) for 10 min. B, N2a cells were pretreated with GST-RAP (250 nM)
for 30 min, as indicated (�RAP), and then treated with EI-tPA (12 nM) for
different times up to 2 h. C, N2a cells were pretreated with GST-RAP (250 nM)
for 30 min and then with increasing concentrations of EI-tPA (2– 60 nM).
Immunoblot analysis was performed to detect phosphorylated ERK1/2
(p-ERK) and total ERK1/2 (T-ERK).

Co-receptors in LRP1 Signaling

34012 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 288 • NUMBER 47 • NOVEMBER 22, 2013



nM EI-tPA, equivalent ERK1/2 phosphorylation was observed
at 10 min in the presence and absence of RAP.
NMDA-RandTrkReceptorsCollaboratewith LRP1 to Forma

Single tPA Signaling Receptor System—We previously demon-
strated that in PC12 cells, ERK1/2 activation in response to
EI-tPA and �2M* requires Trk receptors (31). In this study, we
examined the role of NMDA-R in relation to Trk receptors. All
of our incubations were conducted for 10 min to focus on the
time period when LRP1 is required. First, we treated PC12 cells
with MK-801, a noncompetitive antagonist of the NMDA-R.
Fig. 4A shows thatMK-801 blocked ERK1/2 phosphorylation in
response to EI-tPA but not in response to the control protein,
NGF-�. Similar results were obtained when we examined N2a
cells. In this second model system, MK-801 blocked ERK1/2
phosphorylation in response to EI-tPA and �2M* (Fig. 4B).
These results suggest that in PC12 and N2a cells, the NMDA-R

is a necessary co-receptor for ERK1/2 activation in response to
LRP1 ligands.
The amount of intact heterodimericNMDA-R is low in some

PC12 cell variants; however, the NR1 subunit is typically
expressed in higher amounts (49). Fig. 4C shows that in our
cells, the NR1 subunit was readily detected at the mRNA and
protein levels. In order to prevent assembly of intact NMDA-R,
we silenced the gene for the NR1 subunit in PC12 cells. NR1
gene silencing was effective, decreasing the level ofNR1mRNA
by 80% andNR1 protein so that it was barely detectable. Fig. 4D
shows that in PC12 cells inwhich theNR1 subunit was silenced,
ERK1/2 phosphorylation in response to EI-tPA was blocked.
The response to NGF-� was slightly increased.

Next, we treated PC12 cells, in which the NR1 subunit of the
NMDA-R was silenced, with 12 nM EI-tPA for up to 2 h, well
beyond the time period when LRP1 is required for ERK1/2 acti-
vation. Control cells, which were treated withNTC siRNA, also
were treated with 12 nM EI-tPA for 2 h. ERK1/2 activation was
not observed in cells in which the NR1 subunit was silenced
throughout the time course (Fig. 4E).
WhenEI-tPAor�2M* binds to LRP1, SFKs are activated, and

the SFKs transactivate Trk receptors (31). Fig. 5A shows that
TrkA was phosphorylated in PC12 cells treated with 12 nM EI-
tPA for 10 min and in cells treated with NGF-�, which binds
directly to TrkA. Antagonizing theNMDA-RwithMK-801 had
no effect on TrkA phosphorylation in response to NGF-�, as
anticipated. By contrast, MK-801 blocked TrkA phosphoryla-
tion in response to EI-tPA.
Next, we tested whether MK-801 blocks TrkA phosphoryla-

tion in response to higher concentrations of EI-tPA (60 nM) or
when the EI-tPA is incubatedwith cells for up to 60min. Fig. 5B
shows thatMK-801 blocked TrkA phosphorylation under all of
our experimental conditions.
To confirm that NMDA-R is required for TrkA phosphory-

lation in response to EI-tPA, we conducted studies using PC12
cells in which the NR1 subunit of the NMDA-R was silenced.
NR1 gene silencing had no effect on TrkA phosphorylation in
response to NGF-�; however, TrkA phosphorylation in
response to EI-tPA was entirely blocked (Fig. 5C). Taken
together with previously publishedwork (10), these results sug-
gest that LRP1 and the NMDA-R function as co-receptors
upstreamofTrkA in a single pathway bywhich EI-tPA activates
ERK1/2.
The LRP1 Signaling Response Is Ligand-specific—When the

CNS is injured, proteins in myelin, including MAG, inhibit
axonal regeneration (50, 51). We demonstrated that binding of
MAG to LRP1 is necessary for inhibition of neurite outgrowth
in PC12 cells, N2a cells, and cerebellar granule neurons (33), in
contrast with tPA and�2M*, which promote neurite outgrowth
in the same cell types (20, 31). MAG binding to LRP1 recruits
p75NTR into a complex with LRP1 to activate RhoA (33).
p75NTR recruitment has not been described with other LRP1
ligands. Like MAG, RAP has effects on cell signaling that are
different from those induced by tPA and�2M*. RAP induces no
discernible, independent signaling response. Instead, RAP
inhibits activation of cell signaling and effects on cell physiology
induced by other LRP1 ligands (7, 12, 17, 19, 20, 22, 26, 31). This
prior work raised the hypothesis that LRP1-initiated cell signal-

FIGURE 4. NMDA-R is required for ERK1/2 activation by EI-tPA and �2M*.
A, PC12 cells were pretreated with MK-801 (1 �M) or vehicle for 2 h and then
treated with vehicle (SFM), NGF-� (50 ng/ml), or EI-tPA (12 nM) for 10 min. B,
N2a cells were pretreated with MK-801 (1 �M) for 2 h and then treated with
vehicle (SFM), EI-tPA (12 nM), or �2M* (10 nM) for 10 min. C, PC12 cells were
transfected with NTC siRNA or NR1-specific siRNA (siNR1). NR1 mRNA was
determined by qPCR. NR1 protein was determined by immunoblot analysis
48 h after transfection. D, PC12 cells in which NR1 was silenced and control
cells transfected with NTC siRNA were treated with NGF-� (50 ng/ml) or EI-tPA
(12 nM) for 10 min. E, PC12 cells in which NR1 was silenced and control cells
transfected with NTC siRNA were treated with EI-tPA (12 nM) for different
times up to 2 h. Immunoblot analysis was performed to detect phosphory-
lated ERK1/2 (p-ERK) and total ERK1/2 (T-ERK). *, p � 0.05.
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ing may be ligand-specific. To test this hypothesis, first we
examined ERK1/2 phosphorylation in response to LRP1 ligands
other than EI-tPA and �2M*. Fig. 6A shows that MAG (20 nM)
failed to activate ERK1/2 in PC12 cells. Lactoferrin (20 nM)
induced very weak ERK1/2 phosphorylation in some experi-
ments and had no discernible effect in others. The response to
EI-tPA is shown as a positive control. Because MAG is
expressed as an Fc fusion protein, we treated PC12 cells with
free Fc as a negative control. No ERK1/2 phosphorylation was
observed.
Because lactoferrin failed to trigger a significant cell signaling

response when it bound to LRP1, we tested its effects on cell

signaling initiated by another LRP1 ligand. In Fig. 6B, PC12 cells
were treated with EI-tPA (12 nM) in the presence of 250 nM
lactoferrin. ERK1/2 activation in response to EI-tPA was
blocked. These results suggest that lactoferrin may function
similarly to RAP, as an LRP1 signaling antagonist in the pres-
ence of other LRP1 ligands.
We also examinedTrkA transactivation in PC12 cells treated

with different LRP1 ligands. TrkA was not phosphorylated in
response to MAG (Fig. 6C). Robust TrkA phosphorylation was
demonstrated with EI-tPA and �2M*. TrkA phosphorylation
was not observed in lactoferrin-treated cells (results not
shown).WhenPC12 cells were treatedwith 12 nMEI-tPA in the
presence of 250 nM lactoferrin, TrkA phosphorylation in
response to EI-tPAwas blocked, confirming the ability of lacto-
ferrin to function as an LRP1 signaling antagonist in PC12 cells.
We previously reported thatMAG binding to LRP1 activates

RhoA (33). This result is confirmed in Fig. 7A. Lactoferrin, EI-
tPA, and �2M* all failed to activate RhoA. Next, we performed
co-immunoprecipitation experiments to test whether p75NTR
functions as an LRP1 co-receptor in response to ligands other
thanMAG. N2a cells were treated with EI-tPA, �2M*, lactofer-
rin, or MAG. Vehicle and Fc were studied as controls. As dem-
onstrated previously (33), p75NTR co-immunoprecipitated
with LRP1 from N2a cells treated with MAG (Fig. 7B). By con-

FIGURE 5. NMDA-R is required for Trk receptor transactivation. A, PC12
cells were pretreated with MK-801 (1 �M) for 2 h and then with NGF-� (50
ng/ml) or EI-tPA (12 nM) for 10 min. B, PC12 cells were pretreated with MK-801
(1 �M) for 2 h and then with EI-tPA (12 or 60 nM) for 10 min or 1 h. C, PC12 cells
in which the NR1 subunit of the NMDA-R was silenced and cells transfected
with NTC siRNA were treated with NGF-� (50 ng/ml), EI-tPA (12 nM), or vehicle
for 10 min. Equal amounts of cellular protein (100 �g) were subjected to
SDS-PAGE and immunoblot analysis to detect phosphorylated Trk (p-Trk).
Blots were reprobed to detect �-actin as a loading control. Each blot is repre-
sentative of at least three independent studies.

FIGURE 6. LRP1-initiated cell signaling is ligand-specific. A, PC12 cells were
treated with free Fc (20 nM), EI-tPA (12 nM), MAG (20 nM), or lactoferrin (20 nM)
for 10 min. Cell extracts were subjected to immunoblot analysis to detect
phosphorylated ERK1/2 (p-ERK) and total ERK1/2 (T-ERK). B, PC12 cells were
pretreated with lactoferrin (250 nM) or vehicle for 1 h and then treated with
vehicle or EI-tPA (12 nM) for 10 min. C, PC12 cells were treated with free Fc (20
nM), MAG (20 nM), EI-tPA (12 nM), �2M* (10 nM), or EI-tPA in the presence of 250
nM lactoferrin for 10 min. Cell extracts were subjected to immunoblot analysis
to detect phosphorylated TrkA (p-TrkA) and �-actin as a loading control.
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trast, neither EI-tPA nor �2M* caused p75NTR to associate
with LRP1. p75NTR also was not observed in LRP1 immuno-
precipitates obtained from cells treated with lactoferrin or Fc.
These results suggest that p75NTR, likeTrk receptor, functions
as a ligand-specific LRP1 co-receptor.
PSD-95 is a bifunctional intracellular adapter protein that

has been implicated in the bridging of LRP1 to NMDA-R (27,
29, 30). Fig. 7B shows that PSD-95 co-immunoprecipitatedwith
LRP1 selectively from cells treated with EI-tPA or �2M*. Trace
levels of PSD-95 were observed in immunoprecipitates isolated
from MAG-treated cells. PSD-95 was not detected in LRP1
immunoprecipitates isolated from lactoferrin-treated cells or
cells treated with Fc or vehicle.

DISCUSSION

In addition to its primary function as an activator of fibrin-
olysis, there is abundant evidence demonstrating a role for tPA
in cell signaling, especially in the central nervous system, where
tPA regulates neuronal cell physiology (5–12). Different mech-
anisms have been described to explain tPA-initiated cell signal-
ing. Even when the described mechanisms are limited to those
that do not require enzymatic activity, the role of LRP1 versus
other receptors remains unsettled. The results presented here
demonstrate that experimental design parameters, including
the tPA concentration and the time of incubation with cells,
may influence whether a role for LRP1 is detected. In N2a and
PC12 cells, rapid activation of ERK1/2 was LRP1-dependent
and, thus, inhibited by LRP1 gene silencing or by RAP. This was
followed by a second LRP1-independent phase that was not
inhibited by RAP. Thus, in these two cell culture model sys-
tems, standardizing the incubation time could lead to the con-
clusion that tPA-induced ERK1/2 activation either requires
LRP1 or does not. Similar results were obtained with EI-tPA
and with enzymatically active tPA. As might be predicted by
kinetic models, the length of the first LRP1-dependent phase is
shortened by increasing the tPA concentration.
The biphasic nature of ERK1/2 activation in response to EI-

tPA may be explained by different models. Biphasic ERK1/2
activation may be explained if EI-tPA interacts with two dis-
tinct and non-interacting cell surface receptors. It would be
necessary that both receptors induce ERK1/2 phosphorylation
to a saturated level independently of the other, as determined
by immunoblotting, because we observed no evidence of an
additive effect from engaging two receptors simultaneously.
According to the “two-independent receptor model,” when
LRP1 is neutralized, the second receptor, which engages tPA
more slowly than LRP1, would eventually phosphorylate
ERK1/2 to the level observed in the presence of LRP1.
We favor a second model in which LRP1 and an interacting

receptor, which is most likely the NMDA-R, function as a unit
to bind EI-tPA and trigger cell signaling. In this model, the
second receptor still binds EI-tPA and activates ERK1/2 in
the absence of LRP1 but with slower kinetics. Evidence that the
second receptor is the NMDA-R includes our results showing
that MK-801 andNR1 gene silencing block Trk receptor phos-
phorylation (Fig. 5B) and ERK1/2 activation (Fig. 4E) in
response to high concentrations of EI-tPA for up to 2 h. Under
these conditions, EI-tPA activates cell signaling independently
of LRP1. Thus, the NMDA-R is either functioning as the pri-
mary EI-tPAbinding site or in conjunctionwith a second recep-
tor other thanLRP1. If theNMDA-Rbinds EI-tPA and activates
cell signaling in the absence of another receptor, our results
suggest that tPA binding to the NMDA-R triggers cell signaling
without cleaving NR1 because EI-tPA lacks enzymatic activity.
Although it has been suggested that the NMDA-R and Trk

receptors may constitute alternative pathways for activation of
cell signaling downstream of LRP1 (32), our results demon-
strate that LRP1, theNMDA-R, and Trk receptors function as a
single signaling system to activate ERK1/2 in response to EI-
tPA and �2M*. A pivotal event required for Trk receptor trans-
activation downstream of diverse receptors is SFK activation

FIGURE 7. p75NTR associates with LRP1 selectively in MAG-treated cells.
A, N2a cells were incubated with free Fc (20 nM), MAG (20 nM), lactoferrin (20
nM), EI-tPA (12 nM), or �2M* (10 nM) for 10 min. GTP-bound RhoA was deter-
mined by affinity precipitation. The original cell extracts were studied by
immunoblot analysis using the same antibody to determine total RhoA. B,
N2a cells were incubated with vehicle (SFM), EI-tPA (12 nM), �2M* (10 nM),
lactoferrin (20 nM), free Fc (20 nM), or MAG (20 nM) for 10 min. Extracts were
prepared and adsorbed sequentially with nonspecific IgG coupled to Protein
A-Sepharose and LRP1-specific antibody coupled to Protein A-Sepharose.
Proteins that precipitated (IP) with LRP1-specific antibody were subjected to
immunoblot analysis (IB) to detect p75NTR, PSD-95, and LRP1. The cell
extracts from which the immunoprecipitates were prepared also were sub-
jected to immunoblot analysis to detect PSD-95 and LRP1. The blots are rep-
resentative of five independent experiments.
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(52). In PC12 cells, v-Srcmimics the activity of NGF-�, proba-
bly by transactivating TrkA (53). SFKs may be activated as a
result of NMDA-R channel activation (54), providing a possible
link between EI-tPA, the NMDA-R, and Trk receptors. Fig. 8
presents amodel inwhich LRP1 and theNMDA-R cooperate to
activate SFKs in response to permissive ligands, such as EI-tPA
or �2M*. The SFKs then transactivate Trk, which is necessary
for ERK1/2 phosphorylation. Once activated, SFKs also may
target sites on the NMDA-R, modulating the activity of this
neurotransmitter receptor (55).
Cells in culture produce LRP1 ligands (48, 56). These ligands

may activate LRP1 signaling to some degree in the absence of
added proteins, such as EI-tPA or �2M*. Trk receptor transac-
tivation downstream of LRP1 would be expected to down-reg-
ulate cell surface Trk receptor, possibly explaining why
ERK1/2 activation in response toNGF-�wasmore robustwhen
the LRP1-Trk signaling system was inactivated by silencing the
LRP1 gene (Fig. 1D) or the gene for the NR1 subunit of the
NMDA-R (Fig. 4D). Interestingly, TrkA phosphorylation in
response to NGF-� was not increased in NR1 gene-silenced
cells (Fig. 5C). Thus, other mechanisms may explain why the
response to NGF-� appears more robust when LRP1 or the
NMDA-R is neutralized. Understanding the relationship
between Trk transactivation and direct Trk receptor activation
by neurotrophins is an important problem.
The abundance of LRP1 ligands introduces unique questions

regarding the function of this receptor in cell signaling. In neu-
rons and neuron-like cell lines, neurite outgrowth has been
studied as a cellular response linked to activation of LRP1-ini-
tiated cell signaling. Many LRP1 ligands, including tPA, �2M*,
and apoE, promote neurite outgrowth (18–20, 31). By contrast,
MAG binds with high affinity to LRP1 and inhibits neurite out-
growth (33). The results presented here provide a possible
explanation for the apparently opposite effects of different
LRP1 ligands by demonstrating ligand-specific co-receptor
recruitment. In response to EI-tPA and �2M*, TrkA was
recruited as a functional LRP1 co-receptor, allowing for activa-
tion of ERK1/2. TrkA phosphorylation was not observed with

MAG. Conversely, p75NTR was recruited into a physically
associated complex with LRP1 in response to MAG and not
when cells were treated with EI-tPA or �2M*. Ligand-specific
co-receptor recruitment may allow LRP1 to function as a true
sensor of the cellular microenvironment, inducing different
changes in cell physiology that depend on the spectrumof avail-
able ligands.
Finally, we demonstrated that lactoferrin is an LRP1 ligand

that has little or no independent ability to activate cell signaling.
Instead, lactoferrin inhibited cell signaling induced by another
LRP1 ligand, EI-tPA. Itmay be appropriate to cluster lactoferrin
and RAP into a category of ligands considered “LRP1 signaling
antagonists.” tPA and �2M* may be clustered into a second
category of ligands that transactivate Trk receptors. MAG
would be placed in a third category that includes LRP1 ligands
that recruit p75NTR.Determining howother LRP1 ligands sort
into these three categories is an important goal.
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