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The low density lipoprotein receptor-related protein (LRP) is an
endocytic receptor that is a member of the low density lipoprotein
receptor family. We report that the LRP ligand, activated a.-
macroglobulin (a«2M*), induces robust calcium influx in cultured
primary neurons, but not in nonneuronal LRP-containing cells in
the same culture. The calcium influx is mediated through N-methyl-
p-aspartate receptor channels, which explains the neuron specific-
ity of the response. Microapplication of a;M* leads to a localized
response at the site of application that dissipates rapidly, suggest-
ing that the calcium signal is temporally and spatially discrete.
Calcium influx to a2M* is blocked by the physiological LRP inhib-
itor, receptor-associated protein. Bivalent antibodies to the extra-
cellular domain of LRP, but not Fab fragments of the same anti-
body, cause calcium influx, indicating that the response is specific
to LRP and may require dimerization of the receptor. Thus, LRP is
an endocytic receptor with a novel signaling role.

he low density lipoprotein (LDL) receptor is one of the best

studied examples of an endocytic receptor, delivering cho-
lesterol-containing lipoproteins and other ligands to acidic com-
partments within cells for further metabolism. A family of
homologous receptors plays similar roles in various tissues,
including the very low density lipoprotein receptor (VLDL-1),
the apolipoprotein E receptor 2 (apoER2), the LDL receptor-
related protein (LRP), and megalin (or GP330). We now report
a neuron-specific signaling role for LRP: ligand binding and
receptor dimerization lead to calcium influx via N-methyl-D-
aspartate receptor (NMDAR) channels.

LRP is a widely expressed endocytic receptor that is strongly
expressed in brain on neurons and reactive astrocytes (1). LRP
is a >600-kDa (4,454-aa) protein cleaved in the trans-Golgi
network to form a heterodimer with a single transmembrane-
spanning domain, a ~515-kDa extracellular region containing
four ligand-binding repeat regions, multiple epidermal growth
factor and other growth factor repeats, and a smaller intracel-
lular domain containing two NPXY sequences that direct en-
docytosis of the receptor to clathrin-coated pits (2-4). LRP has
more than 15 identified ligands that fall into several broad
categories: proteinase/proteinase inhibitor complexes including
activated ap-macroglobulin (a,M*), apoE and lipid-related li-
gands, and others such as lactoferrin. The 39-kDa receptor-
associated protein (RAP) is an endoplasmic chaperone protein
tightly bound to LRP, which, when used pharmacologically,
specifically blocks and prevents uptake of all known LRP ligands
(3, 5, 6). Like other members of the LDL receptor family, LRP
binds and imports these ligands into intracellular vesicles, where
the ligand is released and the receptor is recycled to the surface.

a;M is a unique pan-protease inhibitor that is synthesized and
secreted in the brain (7). A tetrameric complex undergoes a
conformational alteration when a “bait” region is cleaved by a
protease. This both sterically traps the protease and generates an
activated form of aoM (a,M*), which is then a ligand for LRP
(8). Treatment with methylamine leads to the same conforma-
tional change and is used experimentally to generate a,M* (9).

LRP (3) and apoER2 (10) are the only known brain receptors
for a,M*, mediating clearance of protease/protease inhibitor
complexes.

Our current study demonstrates unequivocally that LRP is also
a signaling receptor in neurons. A robust, spatially and tempo-
rally discrete calcium signal is observed in neurons treated with
ligand-competent eoM (a;M™). The calcium influx is blocked by
RAP. LRP containing nonneuronal cells in the same cultures do
not have a calcium response. The calcium signal is dependent on
extracellular calcium and is blocked by the NMDAR antagonist
MK-801. Calcium influx in neurons also occurs after treatment
with R777, an antibody directed against the extracellular domain
of LRP, and this response can be blocked with MK-801. Calcium
entry does not occur after treatment with Fab fragments of
R777, suggesting that receptor dimerization may be critical.
These results demonstrate a distinct signaling role for the
multifunctional receptor LRP in neurons.

Methods

Primary cultures of mouse cortex were prepared from embryonic
day 15-17 CD1 mice. The cortices were isolated and triturated
in Ca?*-free PBS and plated onto 35-mm polylysine-coated
culture dishes at a density of 2 X 10° cells/ml in neurobasal
medium containing 10% FBS (Intergen, Purchase, NY), 2 mM
glutamine, 100 units/ml penicillin, and 100 pg/ml streptomycin.
After 45-60 min at 37°C, supernatants containing unattached
cells were removed, and attached cells were incubated in neu-
robasal medium supplemented with 1X B27 (GIBCO). After
48 h, 5 pg/ml cytosine-B-D-arabinofuranoside (Sigma) was
added for 48 h in serum-containing medium, and then the
medium was replaced with neurobasal plus B27. Cultures were
used between 7 and 14 days after plating. Although highly
enriched for neurons, the cultures contained some nonneuronal
cells.

a;M (Sigma) was activated (a,M*) by incubating with 100 mM
methylamine at pH 7.6 in PBS for 1 h at room temperature,
followed by dialysis in PBS for 24 h at 4°C, with at least three
buffer changes. Native a,M was treated identically except for the
addition of methylamine.

For calcium-imaging experiments, indo-1/AM (Calbiochem)
was mixed with 20% pluronic F-127 (Molecular Probes) in
DMSO and then added to the culture dishes at a final concen-
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tration of 1 pM indo-1/AM and 0.02% pluronic F-127 for 30 min
(11). The cells then were washed and maintained in HBSS
supplemented with 1 g/liter glucose, pH 7.4.

The dishes were placed on the stage of an upright microscope
(Olympus BX50WI) and imaged with a multiphoton confocal
microscope (Bio-Rad). A femtosecond-pulsed Ti:Saphire laser
(Spectra-Physics) tuned to 725 nm provided approximately 300
mW of excitation power. External photomultiplier tubes
(Hamamatsu Photonics, Hamamatsu City, Japan) that did not
require descanning the emission signal were used to capture the
two wavelength channels, which were discriminated with inter-
ference filters corresponding to 390-nm, 65-nm band pass and
495-nm, 20-nm band pass (Chroma Technology, Brattleboro,
VT). A X60 water-immersion objective, numerical aperture =
0.9 (Olympus, New Hyde Park, NY), was used to view the cells.

Time-course experiments were performed by acquiring an
image pair (512 X 512 pixels, 8 bits per pixel) at a relatively slow
rate (generally, 0.2 Hz) and saving the images to disk. Regions
of interest (ROI) within an image were selected, corresponding
to the cell bodies of single cells. The average intensity from
within each ROI was obtained for each emission wavelength, the
appropriate background level was subtracted, and the ratio was
calculated. The ratio reflects changes in intracellular calcium
concentration ([Ca?"];), independently of excitation strength,
concentration of indo-1, volume of the cell, or the optical path.
The ratios were converted to calcium concentration after cali-
brating the dye in vitro with a series of calcium buffers (Molec-
ular Probes) and plotted as a function of time.

Fab fragments were generated from the polyclonal antibody as
follows. R777 was dialyzed against 20 mM sodium phosphate/10
mM EDTA, pH 7.0, and mixed with 0.5 ml of Pierce immobilized
papain in 20 mM sodium phosphate/10 mM EDTA, pH 7.0,
containing 20 mM cysteine. Digestion was carried out at 37°C for
12 h with gentle mixing. After digestion, the digest was applied
to protein A-Sepharose, and the nonbinding Fab fragments were
collected. The Fab fragments were analyzed by immunoblotting
cell extracts (using 5 pg/ml), revealing positive reactivity against
only LRP.

Statistics were performed by using a paired Student’s ¢ test.
Data from all cells within an experiment were averaged, and
statistics were performed based on the number of experiments.
Data are expressed as mean * SD.

Results

Primary cultures of mouse cortex were loaded with the fluores-
cent calcium indicator indo-1/AM. Addition of methylamine-
activated aoM (apM*, 35 nM) elicited an increase in [Ca®*]; in
a subset of cells within the mixed cultures (Fig. 1). a,M*
increased [Ca?*]; in responsive cells from 88 = 29 nM to 396 +
22 nM [n = 24 experiments, 211 cells, P < 0.001). Unresponsive
cells did not exhibit a significant increase in [Ca?™];, [106 * 22
nM vs. 107 = 18 nM; n = 8§ experiments, 26 cells, not significant
(NS), P > 0.05].

Morphologically, the responding cells resembled neurons, and
the nonresponding cells had the appearance of glia or fibroblasts.
To help distinguish the identity of cells after an experiment,
NMDA (100 uM) was added to the bath. Nonneuronal cells
generally do not respond to NMDA (12), whereas neurons that
do express NMDA receptors allow calcium entry in the presence
of NMDA (13). Using this criterion, the responding cells all were
identified as neurons. Greater than 95% of NMDA-responsive
cells responded to a,M* (203 of 208 cells), whereas greater than
90% of all non-NMDA-responsive cells failed to show a calcium
response to aoM* (67 of 72).

The time course and magnitude of the response to bath
application of a,M* varied to some extent even among neurons
within a field. The calcium response occurred within several tens
of seconds after ligand addition, and, in most cases, the response
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Fig. 1. a;M* increases [CaZ*]; specifically in neurons. Primary cultures of
mouse cortex were loaded for 30 min with 1 uM indo-1/AM and imaged by
using a Bio-Rad 1024 Multiphoton confocal microscope. The traces represent
atime course of intracellular calcium concentrationin a field of cellsin asingle,
representative experiment. Each trace is the average of six cells within the
field, = SD. Not all cells in the mixed cultures responded to a;M* treatment.
The cells that did respond resembled neurons morphologically and also re-
sponded to NMDA application. Nonresponders had the generally flat appear-
ance of glia and/or fibroblasts and did not respond to NMDA addition.

was sustained for several tens of minutes until the end of the
experiment. However, occasionally, the calcium response was
transient, returning to baseline within several minutes. No
consistent difference in these subpopulations in terms of re-
sponse to NMDA or in morphology was noted.

The response is specific for activated auM* because treatment
of neurons with native «;M (70 nM) had no effect on [Ca?*];
(139 = 80 nM vs. 144 = 80 nM; n = 4 experiments, 54 cells, NS,
P > 0.05). Likewise, to test the possibility that residual methyl-
amine was initiating the increase in calcium, we added methyl-
amine at concentrations of up to 100 uM directly to the cultures
with no effect on [Ca®*]; (data not shown). Thus, activated a,M
appears to be critical for the calcium response.

To test the possibility that the a;M*-induced increase in
intracellular calcium is an indirect effect of synaptic activity in
the cultures, a;M* was added in the presence of 2-5 uM
tetrodotoxin (TTX). At this concentration, the cultured neurons
are unable to generate action potentials. However, aoM* was
capable of eliciting a calcium response even in the presence of
TTX (data not shown). This result indicates that the observed
calcium response elicited by a,M* is not an indirect result of
synaptic glutamate release.

Although the time course of the calcium response in neurons
was not suggestive of calcium release from intracellular stores,
we tested this hypothesis by adding aM* in the absence of
extracellular calcium (Fig. 2). Under this condition, a;M™* (35
nM) is unable to increase [Ca®"]; (n = 3 experiments, 31 cells,
82 = 20 nM vs. 64 = 14 nM, NS, P > 0.05). This indicates that
the observed calcium entry is not from release of calcium from
intracellular stores. When the calcium-free buffer was replaced
with a calcium-containing buffer, [Ca®*]; increased to the typical
stimulated levels (n = 3 experiments, 266 = 70 nM, P < 0.05).
This suggests that (i) the a;M* was able to bind to its receptor
in the absence of calcium; (ii) receptor-mediated processes
allowing calcium entry were activated in the absence of calcium;
and (iif) the source of the calcium entry is from the extracellular
environment through plasma membrane calcium channels. Con-
sistent with this idea, pretreating the cultures with the nonspe-
cific calcium channel blocker NiCl, (2-5 mM, n = 5 experiments,
25 cells 89 = 8 nM vs. 107 + 23 nM, NS, P > 0.05) or CoCl, (5
mM, n = 4 experiments, 44 cells, 86 = nM vs. 107 = 23 nM, NS,
P > 0.05) abolished the calcium response to a;M*.
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Fig.2. The calcium increase requires extracellular calcium. Cells were placed
in nominally calcium-free buffer (not containing EGTA), and a,M* was added
at approximately t = 150 sec. No intracellular calcium increase was observed.
In fact, a small decrease was indicated. The calcium-free buffer was washed
and replaced with calcium-containing buffer (2 mM) at t = 500 sec. After
replacement of calcium, [CaZ*]; levels increased to about 400 nM, similar to
levels normally observed after stimulation by a;M* in calcium-containing
buffers. This suggests that a;M* was able to bind to LRP in the absence of
calcium and initiate a calcium-signaling event. The response requires extra-
cellular calcium, but not release of calcium from intracellular stores. The trace
is the average of n = 7 cells in a field.

To test whether NMDAR channels might be involved in the
response, cultures were pretreated with 5 uM MK-801, a potent
NMDAR antagonist. This treatment abolished the [Ca®"]; re-
sponse mediated by aoM* (Fig. 3) (n = 4 experiments, 60 cells,
84 = 12 nM vs. 113 = 26 nM, NS, P > 0.05). This result
demonstrates that the calcium signal observed by activation of
LRP with a,M* is mediated by calcium entry through NMDARSs.
This also explains the observation that the response is specific for
neurons in the mixed cultures.

A variety of other channel antagonists were tested; however,
none was able to prevent the ap,M*-stimulated calcium in-
crease when used alone, including nimodipine, w-conotoxin,
and w-agatoxin IVA (Table 1).

We next examined whether the apM*-induced calcium influx
was mediated by LRP. Preincubation with a specific physiologic
inhibitor of LRP, RAP (500 nM), blocked the response to a,M*
(n = 4 experiments, 27 cells, 114 = 17 nM vs. 125 = 9 nM, NS,
P > 0.05; Fig. 4). RAP blocks ligand-receptor interactions with
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Fig. 3. Calcium entry occurs through NMDAR channels. In this experiment,

the cells were pretreated with 5 uM MK-801 for 5 min, and the NMDAR
antagonist remained in the bath throughout the procedure. At t = 350 sec, 35
nM a;M* was added to the bath, resulting in a small but insignificant increase
in [CaZ*];in this field of cells. At t = 700 sec, 100 uM NMDA was added, and no
change in [CaZ*]; was observed. Glutamate (10 uM), however, was capable of
eliciting a calcium response at t = 900 sec. This is a representative trace of n =
4 experiments and is the mean of n = 15 neurons in a field.
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all members of the LDL receptor family proteins. We therefore
next used an anti-LRP antibody that specifically interacts with
LRP but not other members of the LDL receptor family.
Western blots of brain homogenates probed with the rabbit
polyclonal antibody R777 (3), directed against the ligand-binding
repeat region of LRP, showed no cross-reactivity with apoER2,
VLDL-r, or GP330 (data not shown). R777 was added to
neuronal cultures at a concentration of 10 ug/ml (Fig. 5). This
resulted in an immediate, marked increase in neuronal calcium
(n = 8 experiments, 92 cells, 84 = 13 nM vs. 728 = 426 nM, P <
0.01) but no response in nonneuronal cells (data not shown). The
response to R777 was blocked completely when the cultures were
pretreated with 5 uM MK-801 (n = 3 experiments, 61 cells,
102 + 12vs. 120 = 4 nM, NS, P < 0.05). The rabbit polyclonal
antibody R704 (3), which is directed against a C-terminal portion
of LRP, did not elevate [Ca®*]; (n = 3 experiments, 29 cells, 86 *
5nMyvs. 120 = 5nM, NS, P > 0.05). Thus, the ability of antibody
R777 to recognize the ligand-binding region of LRP activates the
calcium response.

Both a,M*, which is tetrameric, and the bivalent R777 antibody
potentially lead to dimerization of the ligand-binding domains of
LRP. To test the possibility that dimerization of the receptor or
cross-linking of the ligand-binding sites is important for the calcium
response in neurons, Fab fragments were derived from R777;
Western blot analysis showed that the Fab fragments specifically
recognized LRP (data not shown). Addition of up to 275 ug/ml Fab
showed no response (n = 5 experiments, 59 cells, 79 = 9nMvs. 80 =
13 nM, NS, P > 0.05). To examine this issue further, and to test the
hypothesis that endocytosis is sufficient to evoke a calcium signal,
we examined neuronal responses to another LRP ligand that is
bound and readily endocytosed by LRP but is monomeric. Lacto-
ferrin is readily taken up by neurons via LRP (14), but lactoferrin
(up to 5 uM) did not evoke a calcium response (n = 4 experiments,
32 cells, 79 = 9 nM vs. 89 = 21 nM, NS, P > 0.05). These results
demonstrate that although the Fab fragments and lactoferrin bound
to the receptor, they were unable to activate calcium entry, sup-
porting the hypothesis that dimerization of LRP may be important
for the calcium-signaling event.

We postulated that aoM* concentrations might provide in-
formation about the local microenvironment to neurons and,
therefore, might alter local dendritic calcium levels in a spatially
restricted fashion. As a means of examining the spatial charac-
teristics of the response, several picoliters of a 5 uM a,M*
solution was applied via micropipette to various regions of
individual neurons by using a pressure pulse. Fig. 6 shows four
snapshots of the time course of one such experiment, where the
micropipette was positioned over dendrites of the cell, distant to
the cell body. The delivery of apM* was restricted to a circular
area with a radius of about 25 wm, and this is the only area that
responds with a calcium increase. The response is localized and
decays within several tens of seconds. Indeed, a second pressure
pulse is able to stimulate the same area again, without affecting
the calcium concentration in the cell body. In a similar experi-
ment, positioning the pipette near the cell body is capable of
eliciting a calcium transient that is restricted to the cell body and
does not spread to the dendrites. Thus, the response can be
spatially restricted and does not lead to a global increase in
calcium nor probably to a large cellular depolarization.

Discussion

Members of the LDL receptor family, including LRP, have been
studied extensively as multiligand endocytic receptors (2, 15, 16).
Our data support several conclusions suggesting that LRP serves
an unexpected role as a signaling receptor as well. Stimulation
of neurons by the LRP ligand a,M* elicits a robust calcium
response. The calcium influx is local to the area of stimulation
and is temporally linked to the stimulus. The response appears
to require LRP receptor dimerization. The response is neuron-
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Table 1. The effect of channel blockers on the a,M*-mediated calcium response

Channel antagonist

Type of channel affected

Result

Ca2* removal

NiCl, (2-5 mM)

CoCly (5 uM)

MK801 (5 uM)
w-Agatoxin IVA (2 uM)
Nimodipine (5 uM)
w-Conotoxin (1 uM)
Tetrodotoxin (5 uM)

All Ca2* channels

All Ca2* channels

All Ca2* channels
NMDAR channels

P/Q type CaZ* channels
L type Ca2* channels

N type Ca2* channels
Na* channels

Blocked Ca2* response
Blocked Ca2* response
Blocked Ca2* response
Blocked Ca2* response
No effect
No effect
No effect
No effect

The table lists the channel blockers used (at the indicated concentrations), as well as the target of the blockers,
and the experimental result. Each experimental test was performed in at least three cultures.

specific and is mediated through NMDAR channels. Nonneu-
ronal cells containing LRP within the same culture wells do not
respond to aoM* with calcium influx.

LRP is implicated as the mediator of this response because it
is an a,M™ receptor on neurons (1, 16), and the effect is blocked
by RAP, which is a specific physiologic inhibitor of the LDL
family of receptors. That LRP is specifically involved is demon-
strated by the observation that an antibody directed against the
extracellular domain of LRP also can induce calcium influx in
neurons. Of note, both a,M*, which is tetrameric, and the
bivalent antibody potentially could lead to dimerization of the
receptor; the Fab fragments of the same antibody and a mono-
meric ligand, lactoferrin, did not evoke a calcium response,
supporting the conclusion that dimerization may play a role in
calcium signaling. LRP is present on both neurons and astrocytes
in culture and in adult brain (1, 16, 17), although only neurons
have an LRP-mediated calcium response. We postulate that
there may be a neuron-specific intracellular adapter protein that
mediates opening of NMDAR channels after LRP dimerization
or that LRP may interact directly with NMDARs.

Links between aoM* and calcium influx have been examined
in several systems. Previous studies in macrophages (18) and
trabecular meshwork cells (19) suggest two classes of a,M
methylamine receptors: LRP and a separate ‘“‘signaling recep-
tor.” Stimulation of the latter leads to a rapid rise in intracellular
calcium in macrophages, which is not blocked by RAP or altered
by LRP antibodies. By contrast, a,M* binding to LRP does not
appear to induce a calcium influx in macrophages, consistent
with the lack of response we observed in nonneuronal cells. The
current study establishes a calcium signaling role for a,M* via
LRP.

35nM
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Fig.4. The calcium response is blocked by RAP. RAP (500 nM) was added to
the bath at t = 200 sec. RAP had no discernible effect on intracellular calcium.
At t=650sec, 35nM a;M* was added to the bath, but calcium was unaffected.
NMDA was able to elicit a normal response in the seven cells in this field.
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In neurons, the role of LDL receptor family members in calcium
influx may be complex. A rise in intracellular calcium in hippocam-
pal neurons has been observed after treatment with apoE (20);
these apoE-evoked Ca?* increases are dependent on extracellular
calcium and blocked by the Ca channel antagonists nickel and
w-Agatoxin-I'Va, implicating activation of P/Q type Ca?* channels
(21). More similar to the current findings, proteolytic fragments of
apoE or a tandem dimer repeat peptide derived from apoE elicited
calcium responses in both hippocampal cultures and chick sympa-
thetic neurons; in this case, the calcium increases were blocked by
RAP and by the NMDAR antagonist MK-801 (22). It is not clear
which receptor mediates this response. The relationship among
these various experimental systems must be examined more closely,
but the accumulating evidence strongly suggests that, in neurons,
stimulation of LRP by ligands such as a«;M* or apoE leads to a
calcium-signaling event. We postulate that this acts as a neuronal
sensor for proteolytic activity or lipid breakdown within a dendrite’s
microenvironment.

The influx of calcium into spatially segregated dendritic
elements because of LRP-mediated activation of NMDAR
channels is likely to impact locally a wide variety of downstream
signaling cascades, including IP3, protein kinase C, and calcium-/
calmodulin-dependent kinase (23). This cascade implies that
a,M* interaction with LRP may provide a novel mechanism of
altering local dendritic excitability and, thus, synaptic efficacy.
a;M™ previously has been implicated in inhibiting long-term
potentiation (24). Of note, another LRP ligand, tPA, contributes
to activity-dependent synaptic plasticity in the hippocampus via

add a2M*

[Ca*} uM

0.0 T L] T ¥ T
0 300 600 300 1200 1500
Time (sec)

Fig. 5. An antibody to the ligand-binding domain of LRP increases [CaZ*];,
but an antibody to an intracellular domain of LRP does not. This figure
illustrates two experiments using rabbit polyclonal antibodies directed
against LRP. In the top trace (®), R777 was added, which recognizes the
ligand-binding domain of LRP. The addition of R777 increases [Ca?*]; in a
neuron-specific manner. In the bottom trace (m), the addition of R704, which
recognizes an intracellular domain of LRP, is unable to elicit an increase in
[Ca?*];. However, the subsequent addition of a;M* is able to generate a
calciumresponsein these cells. Each trace is the average of seven cellsin a field.

Bacskai et al.



micro
" position

*

7 ) : .
sec after,
applicatior

Fig. 6.

The calcium response is spatially restricted. A single cell was imaged with a multiphoton confocal microscope. «;M* was loaded into a glass micropipette,

which was positioned with a micromanipulator near dendritic processes of the cell in the lower right corner of each image, as indicated by the asterisk (*). (A4)
Pseudocolor image of the cell immediately before administering «;M*. Blue colors represent low [Ca2*];, and greens to yellows then reds represent increasing
[Ca2*].. (B) An image immediately after a 100-msec pressure pulse through the pipette, emitting a restricted cloud of a;M* just above the dendrites. (C) The cell
approximately 15 sec after the pressure pulse, when the calcium change reaches its peak within a radius of about 25 um of the tip of the pipette. (D) An image
of the cell 2.5 min after the pressure pulse. The calcium concentration has returned to baseline by this time point. This result is representative of n = 6 experiments.

LRP (25); we postulate that the LRP-mediated NMDAR chan-
nel activation and calcium influx we observe might contribute to
these phenomena.

In addition to its well established role as a multiligand
endocytic receptor, there is some precedence for the LDL
receptor family having a role in neuronal signaling pathways.
aM*, apoE, and other LRP ligands have been shown to
promote neurite outgrowth via LRP (26-29). apoER2/
VLDL-r double-null animals develop a reeler phenotype (30),
and because reelin is a ligand for apoER2 and VLDL-r, this
supports the idea that these receptors directly mediate reelin

Bacskai et al.

signal transduction (30, 31). It is interesting to note that both
VLDL-r and apoER2 also are expressed strongly on mature
neurons (32, 33), and apoER2 has been reported to be an a,M*
receptor (10). Our data with a specific anti-LRP antibody
clearly implicate LRP itself but do not rule out a role for
apoER2 in calcium signaling.

Several LRP ligands have been implicated strongly in the
pathophysiology of Alzheimer’s disease. The amyloid precursor
protein (APP) is a protease inhibitor and ligand for LRP (34).
ApoE and a,M™* bind amyloid-B, and the complexes can be
cleared by LRP (14, 35, 36). Genetic studies strongly implicate
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polymorphisms in the apoE, a,M, and LRP genes in affecting
risk for late-onset Alzheimer’s disease (see ref. 37 for review).
Finally, it should be noted that APP can bind DAB1 and Fe65
adapter proteins, proteins that also interact with LRP (38). Our
current observations that LRP may be both an endocytic and a
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